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PREFACE 

The United States Air Force Summer Faculty Research Program (USAF-SFRP) 

is a program designed to introduce university, college, and technical 

institute fsculty members to Air Force research. This is accomplished by 

the fsculty members being selected on a nationally advertised competitive 

basis for a ten-week assignment during the summer intersession period to 

perform resesrch at Air Force laboratories/centers. Each assignment is in a 

subject area and at an Air Force facility mutually agreed upon by the 

faculty members and the Air Force. In addition to compensation, travel and 

coat of living allowances are also paid. The USAF-SFRP is sponsored by the 

Air Force Office of Scientific Research, Air Force Systems Command, United 

States Air Force, and is conducted by the Southeastern Center for Electricsl 

Engineering. 

The specific objectives of the 1983 USAF-SFRP are: 

(1) To provide a productive means foe Scientists and Engineers holding 

Ph.D. degrees to participate in research at the Air Force Weapons 

Laboratory* 

(2) To stimulate continuing professional association among the 

Scholers and their professional peers in the Air Force. 

(3) To further the research objectives of the United States Air Force; 

end 

(4) To enhance the research productivity and capabilities of 

Scientists and Engineers especially as these relate to Air Force 

technical interests. 

During the summer of 1983, 101 faculty members participated. These 

researchers were assigned to 25 USAF laboratories/centers across the 

country. This two volume document i» a compilation of the final reports 

written by the assigned faculty members about their summer resesrch 

efforts. 
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PERFORMANCE OF IHAGE RESTORATION FILTERS 

IN MACHINE RECOGNITION 

by 

K 
£ David C. Lai 

IK 

ABSTRACT 

Various Image restoration filters are evaluated and compared based on their 

performances In machine classification under a variety of blur and noise 

conditions. These filters are analyzed to provide 1n-s1ght that may lead to 

Ideas for designing new filters and the development of guidelines for 

applications of these filters In practice. Experimentation 1s designed to 

evaluate and compare performance of selected filters under various conditions. 

Performance measures appropriate to our application are derived. Result * are 

reported and suggestions for further research ^re offered. 

:<* 

55-2 

■ v. 

'. •". ■ . * m  ». ' 



I 
ACKNOWLEDGEMENT 

The author wishes to thank the A1r Force Systems Command, the Air Force 

Office of Scientific Research and the Southeastern Center for Electrical 

Engineering Education for giving him the opportunity to spend an interesting and 

exciting summer at the Rome A1r Development Center, Grlfflss AFB, N.Y. He 

wishes also to acknowledge the hospitality and good working conditions provided 

by the Image Exploitation Section at RADC. 

Of course, this work would not have been possible without the support of 

many Individuals at RAOC. The author wishes to thank particularly Mr. John 

Potenza for his collaboration and many fruitful discussions, and Mr. Frederick 

W. Rahrig for his helping hand on the computer facility and valuable 

suggestions. 

Finally, he would like to thank Mr. Kevin Verfallle of the University of 

Vermont for carrying out the experimental work. 

55-3 

* 



V 

I. INTRODUCTION: 

The Image restoration problem is mathematically 111 conditioned, hence there 

ifi Is no unique solution. A variety of restoration filters have been proposed 1» 

2i 3. *t 5
t 

6t 7# 8. notably the Inverse, welner, parametric wiener, geometrical 

mean, power spectrum equalization (PSE), pseudo-inverse, homomoiphic, Kaiman, 

^ MAP, ML, MEM, median etc filters.  These filters were designed according to 

different sets of specific mathematical criteria based on various assumptions of 

the Image models* In practice filter performance varies with the type of image, 

the blur and the noise conditions. It 1s nacural to ask the following question: 

How well do the various filters enhance human Interpretation of the Image or 

facilitate machine recognition? Or, which filter is better than the other and 

under what conditions? Systematic evaluation and assessment of relative 

performance between filters Is badly needed, since it will facilitate judicious 

selection of filters for use in Air Force automatic target classification and 

identification systems using high resolution reconnaissance imagery. 

Furthermore the resultant Information will provide Insight and a sound basis in 

designing new filters for similar Air Force Image exploitation missions. 

This project concentrates on the Investigation and evaluation of performance 

of six image resotration filters; viz, Inverse, wiener, parametric wiener (V"%). 

geometrical mean (JL ■ H»V* h}9 PSE, and median filters. The basic model for a 

permanently recorded or observed image g (x,y) is usually given as: 

where s is a function representing the image semor response; H, an operator 

representing the Image formation process; fl*,y}t the original undistorted image 

or original object Images; n(x,y), a random noise (formulated as either an 

additive or multiplicative) process due to the record medium and/or electronic 

Circuit used in image recording. The goal of image restoration is to retrieve 
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f(x,y) from g(x,y). To be more precise, the restoration problem may be stated 

as: given the recorded and distorted image &{v.,y), knowledge about the type of 

the noise n{xty), possibly some knowledge of the original image f(xty)t and some 

knowledge about the Image formation 1n terms of the point-spread-function (?SF), 

estimate the original undlstorted image or original object intensity 

distribution f(xty). The model given In Eq. (1) 1s too general to be useful in 

designing restoration filters. In practice, assumptions and approximations are 

made to render the aesign and Implementation of restoration filters to be 

reasonably manageable. In many Instances, the non-linear function or operator 

Is approximated by a linear one; the Image formation is approximated by 

convolution with a space-Invariant point-spread function (SIPSF); and the noise 

is assumed to be additive white Gaussian. It 1s apparent that the 111 

conditioned nature of the restoration problem together with the variety of Image 

model, assumptions and approximations, and mathematical criteria for 

optimazation results In the many different restoration filters available. 

Moreover, It would be impossible to test and evaluate all of the filters. With 

the desire to encompass a wide range of restoration filters and to keep 

computation within the support of "IRAMS" (Image Restoration and Manipulation 

Software) implemented by PAR Corp for RADC, the above six filters were selected 

for evaluation. 

Since the Air Force is emphasizing machine classification and identification 

and the restoration filters 9trt Intended to be used as preprocessor for a 

pattern recognition system, it seemed more appropriate to evaluate the 

restoration filters based on how well they perform for machine classifiers 

rather than for photolnterpreters. Most of image restoration work was aimed at 

producing "nice looking* pictures to please human observers.9 However, lack of 

knowledge about the psychophysical processes of human vision and a universal 

criterion for "beauty* hindered efforts 1n a systematic evaluation and 
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comparison of restoration filters. Cannon, et al 1U did work on the evaluation 

and comparison of restoration filters based on a mathematical criterion and the 

judgment of a panel of photointerpreters. They compared three filters; vii, 

Wiener, PSE, and MAP. They concluded that based on the subjective quality of 

photointerpreters, all filters perform equally well on Gaussian blurred images 

regardless of signal-to-noise ratio (SNR) level, blur severity, or Image type; 

however, MAP filter seems to work best on defocused image 1n high signal-to- 

noise environment. Based on the particular mathematical criterion (minimum mean 

square error), the Wiener filter, as expected performed best. Another closely 

related work** aimed at evaluating the effect of degradation of images on photo 

interpretability and subjective quality without any restoration performed on the 

Images. The criteria which was used in measuring the degradation effect on 

Human observers ire: 

(1) Performance by trained photointerpretaters (Pi's) in the extraction of a 

set of essential elements of information from degraded photos, and 

(2) Subjective quality as scored by the Pi's based on the 10-polnt NATO 

standardized scale. 

Their conclusion was, indeed, that the interpretabiity has been reduced in 

proportion to the degree of degradation by both blur and noise; however, the 

noise had less effect In reducing interpretability. Somehow, the Pi's can see 

through noise but not blur. The subjective quality as measured by the NATO 

Scale was worsened in either case when noise was increased but blur was 

decreased or when noise was decreased but blur was incresed. For Individual 

Pi's, the correlation between subjective quality and interpretability was low; 

however, for Pi's as a group, the mean correlation was high. To the best 

knowledge of the author, there has been no work reported on for evaluating image 

restoration filters for machine recognition. However, the effects of median 

filtering on machine analysis of images, for edge detection , shape analysis. 

•N S5-6 
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and texture analysis were reported.12 

II. OBJECTIVES: 

The main objective of this project 1s to systematically evaluate and compare 

the performances of different image restoration filters 1n machine 

classification so as to ascertain their usefulness in facilitating machine 

recognition. More specifically, the following Items were planned: 

(1) To analyze Image restoration filters to gain Insights that may lead 

to the development of guidelines for practical applications and Ideas for 

designing new filters. 

(2) To test and evaluate si\ restoration filters: Inverse, Wiener, 

parametric wiener, geometrical mean, PSE, and median filter on images of various 

degrees of degradation based on their performances In machine classification of 

the scene In the Image. 

(3) To derive an appropriate performance measure In order to quantify 

performances of the filters. 

(4) To compare these filters under different distortion conditions. 

This project will not be concerned with the interrelationship between 

restoration filtering, feature extraction and classifying. In other words, the 

mutual effets between filters, feature extractors, and classifiers will not be 

considered. Moreover, the many Image enhancement techniques which , 

undoubtedly, facilitate machine recognition will also not be considered here. 

III. ANALYSIS OP IMAGE RESTORATION FILTERS 

The Image model given In Eq. (1) provides an accurate characterization of 

Image formation but it is too general to be useful for filter design. For most 

linear filters proposed, the sensor function s Is approximated by a linear 

function; the Image or blur operator H Is assumed to be linear and represented 

by spatial-invariant point-spread function; and the noise is assumed to be 
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additive. Then the observed image becomes: 

C% where ^signifies two-dimensional convolution and h(x,y), the PSF. Six filters 

were chosen for testing and evaluation as mentioned prevously. The first five; 

viz., inverse, Wiener, parametric Wiener, geometrical mean, and PSE filters, 

represent essentially the entire range of linear filters.  They were derived 

$ based on the linear model given in Eq. (2). Wiener filtering is perhaps the 

most common restoration method used. Parametric Wiener filtering seems to give 

visibly good results. 13 Geometrical mean filtering allows the inverse filter 

to boost the high-frequency components in a controlled fashion.14 PSE filtering 

seems to give a pleasing clear picture.15 The sixth, median filter, is a 

nonlinear filter which is useful for noise reduction and edge preservation.8 

Thus, the filters chosen for evaluation represent a wide range of available 

filters. Derivation of these filters can be found in References (1) and (2) and 

will not be repeated here. A brief analysis of these filters are given below: 

(1) Inverse filter - Based on the model given in Eq. (2) and the criterion 

of minimizing the norm (i.e., power) of the noise, the inverse filter expressed 

as transfer function 1s derived as: 

Hxt*..*,>* HtL.^r (3) 

where H (^x, ^y) is the optical transfer function (OTF); i.e. the 2-0 Fourier 

transform of the PSF h(x,y) in Eq. (2). The restored image is then 

Using the operator matrix and vector notation, It Is seen that 

4  = H"Hf  -r H"Vi * f* H''n {b) 

which gives the original image f plus the transformed noise. In the absence of 

noise and singularities of the filter, one could restore the distorted image to 
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the original form perfectly. It is s*"\ that the inverse filter concentrates on 

regaining the original image but d t ds (even amplifies) the noise. It is 

reasonable to expect that the inverse filter will perform well if the noise 

level is low and there are no singular values of H (^<, ty) for any^x and^y. 

In general, OTF's exhibit a low frequency "hump", and thus H-l f^x, ^) tends to 

boost the high-frequency portion of an image. 

(2) Wiener filter - Using the linear model in Eq. (2) and minimizing the 

mean squared error between the original and the restored image one obtains the 

Wiener filter. ^        H*f*V,*,)  

where H (^, &y) is again the OTF; Sn Px/«V), the noise power spectrum density 

(PSO); and Sf (^x, ^y), the PSD of original (or desired) image. In practice, 

d.c. components in Sn and Sf are subtracted, if there 1s any. It is obvious 

that Wiener filtering reduces to Inverse filtering in the absence of noise. For 

this reason, the no1se-to-s1gnal ratio term [ Sn/Sf 3 In the expression of 

Wiener filter may be viewed as a modification function that smoothes the Inverse 

filter and even eases the problem created by the singularities of OTF to provide 

optimum restoration 1n the presence of noise. The restored image 1n the 

frequency domain 1s: 

ri^'^' lHw^>rttw%y/^%^   '«^AftwvvVH-^I (7) 
where F (^(, ^y) and N (^x, ^y) are the Fourier transforms of sample functions 

of the original image process and the noise process, respectively. This shows 

that the restored Image consists of somewhat distorted original and reduced 

noise.  In other words, Wiener filter does not concentrate all its effort in 

regaining (deblurring) the original image but spares some ammunition for 

combat',^ noise as represented by the fSn/Sfl term in the denominator.  Since 

| H| ar.d[sn/Sf J in the denominator are equa^y weighted, the effort of 

Wiener  filter  In  deblurring  the  Image  and  reducing  the  noise 
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is equally distributed.  If it is desired that more emphasis should be put on 

deblurring and less emphasis on reducing noise, then the influence of the [Sn/Sf] 

term in Eq. (7) should be reduced so that the Wiener filter behaves more like 

inverse filter. This leads to the idea of adjusting the effect of [Sn/Sf] term 

by multiplying it by a factor Jf in Eq. (6) which gives rise to the so-called 

parametric Wiener filter. 

The presence of H C^r/^)in the numerator of Wiener filter tends to make the 

filtering biased towards the low frequency end. To combat this low-frequency 

bias the so called geometrical mean filter was developed and will be discussed 

later. 

(3) Parametric Wiener Filters - Although parametric Wiener filter could be 

derived via the herulstlc approach discussed previously, it does not provide a 

sense of optlmallity nor insight for obtaining the best y value to multiply to 

the £Sn/Sf3 term. Mathematically, using the model 1n Eq. (2) and minimizing the 

effective no1se-to-s1gnal ratio of the restored Image subject to the constraint 

that the residual norm between the observed Image and the reblurred restored 

Image equal to the norm of the noise results In 

u    ttA   u, J/VH/<\J  m 

where, in order to obtain optimum filtering in the constrained least-squares 

sense, the factor f must be chosen such that the constraint is satisfied. An 

algorithm for determining this Rvalue exists.13 

It Is seen from Eq. (8) that when JT« 1, parametric Wiener filter becomes 

Wiener filter and when feo, it becomes Inverse filter. Choosing arbitrarily a 

value ( Jf^o ) will cause the Wiener filter either to behave more like Inverse 

filter ( y<| ) or to combat noise more vigorously (f?l ). The If value cannot 

be arbitrarily assigned to obtain optimum filtering. It must be chosen to 

satisfy the above mentioned constraint. 
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(4) Geometrical mean filters - From the previous discussion, it is 

understood that the inverse filtering regains the original image completely in 

the absence of noise provided the filter is non-singular. However, in the 

presence of severe noise and/or filter singularities, the inverse filtering will 

perform badly; it not only will amplify noise but also accentuate both noise and 

Image signal at the singularities. Wiener filter, on the other hand, will 

restore the image (not perfectly) as well as reduce noise and it can never be 

singular in the presence of noise; however, it does tend to favor the low 

frequency portions of the image and thus loses sharp edges. One thought is to 

combine inverse filter and parametric Wiener filters in such a way as to 

parameterize the ratio of their effects on restoration. By judicious choice of 

the parameters, 1t is hoped that the low frequency dominance of Wiener filter 

may be lessened while some singularities of the inverse filter may be avoided. 

Therefore, geometrical mean filters are defined as: 

w1th0*o(<! and o$ *< 00 

For JV| , H^M changes from a complete Wiener filter to Inverse filter when 

4\    changes continuously from 0 to 1. At the geometric mean (o( = ^) with 

jr- 1   , and for symmetrical PSF; I.e. H (ci^cJ^) is a real funcMon and /^ftV^)in 

Eq. (9) becomes 

(10) 

which has the same form as the magnitude of PSE filter. 

For the range of Jr</ and any c( or fl^>x an<* any ^ » *he ^nverse filtering 

effect dominates. On the other hand, for A<^ and f>l . the Wiener filtering 

effect dominates the scene. Hunt** showed that, for moderate blur and low SNR, 
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the geometrical mean filter with J\ - h      and Y - H     produced good result. 

(5) PSE (Power Spectrum Equalization) filter - As stated earlier, the 

inverse filter restores perfectly in the absence of noise, provided there is no 

singularity in the blur function; however, in the presence of noise, it attempts 

I also to regain the image information in the noise bands and thus accentuates the 

noise. One way to remedy this is to limit the gain of the restoration filter 

;-• for the low SNR bands of the image spectrum. Based on the image model in Eq. 

j (2) and with the constraint that the PSD of the restored image is equal to that 

< of the original image, the PSE filter was derived as: , 

and the phase is set equal to the negative of the phase of the blur spectrum.*5 

It is seen that the design of this filter does not require knowledge about the 

noise (spectrum). 

The PSE filter can also be obtained by setting o( * H and JT= 1 in the 

design of geometrical mean filters. Thus PSE filtering has the combined effect 

of inverse filtering and Wiener filtering In equal strength. 

(6) Median filter - Median filters are non-linear filters. This family of 

filters 1s not derived on the basis of an Image model and a set of mathematical 

criteria. Median filtering was first suggested by Tukeyl^ in 1971 for smoothing 

time series and noticed its property In prservlng large sudden changes of level 

(edges) in time series. It has later been adapted for use in Image processing. 

Median filtering is performed by moving a window over the pixels of an image and 

replacing the pixel at the center of the window by a pixel whose value is the 

median of the original pixel values within the window. It was shown that median 

filtering preserves sharp edges and is ^ery efficient in smoothing "salt-and- 

pepper" noise but not ^ery effective in reducing Gaussian noise.8 

The mathematical definition of median filtering is given as follows: 
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wherewis the filter window; ( fa, $c) denotes a pixel of the image usually the 

center pixel of the window and (yr>*js)» a pixel inside the window, r and s are 

varied to cover all the pixels in the window and varying i and j to move the 

window to cover another portion of the image. The filter window may take many 

forms such as line segments, rectangles, squares, circles, crosses, square 

frames, etc. For border points, the median is usually computed on those points 

covered by the window (without padding zeros). In general, the number of pixels 

inside the window is odd; otherwise, the mean of two middle points Is taken as 

the median value. Because of the difficulty Involved 1n the theoretical 

analysis of median filters, there has been practically no published results. 

However, efficient median filter algorithms have been developed.17,18 

Furthermore many attempts were made to Implement median filters in hardware 

which will perform 1n real time.19. 20 

A median filter was chosen for evaluation because of its s1ml1dty 1n design 

and potential for VLSI Implementation. It should be noted that this family of 

filters were designed mainly for suppreslon of noise while preserving sharp 

edges with no attempt or regard to restore a blurred Image to Its original form. 

It must be used with caution. 

IV. EXPERIMENT FOR FILTER EVALUATION AND COMPARISON: 

Because of time limitation for this project, only one picture was chosen for 

the Image restoration filter evaluation experiment. It 1s a section of an 

aerial photo of a test site. The Image selected consists of a B-52 on a 

pedestal, shadows, and soil. It was chosen mainly for the reason that the scene 

can be easily classified by machine. This Image 1s shown 1n Its original 

undlstorted form and blurred forms 1n F1g. 1.  The Image size Is 256 x 256 

•; 
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pixels. In order to create a diverse group of distorted images to allow 

different filters to work under various conditions, the image was subjected to 

different degrees of degradation. 

Due to, again limitations in time, only one kind of blur was chosen; viz; 

the blur with a Gaussian PSF. Three levels of Gaussian blurs with standard 

deviations CJJ^ = 3.5, 4.5 and 6.5 were used. The original and the three 

blurred images were then subjected to further degradation by additive zero-mean 

white Gaussian noise. The original is not completely noise free. It has a 

small amount of noise. Two levels of additive noise corresponding to SNR of 

12dB and 5 dB were used. Thus, it produced 12 images as our data base for 

testing. They include the original, three images degraded by blur only (shown 

in Fig. 1) two images degraded by additional noise only, and the rest degraded 

by both blur and noise in combinations of degrees of severity. The degraded 

images were restored by six different filters which are described in the 

previous section. Thus 66 restored images were produced along with the 11 test 

Images and the original. They were submitted for machine classification. The 

scene of each of those images was classified Into three categories; viz., metal 

(airplane), shadow, and soil. The number of pixels classified into each class 

was then counted. The result of classification performed on the original image 

was taken as the reference (truth) based on the assumption that the machine can 

do no better on the degraded Images than on the original. It was observed that 

noise alone had less effect on machine classification. For the ease to compare 

the effect due to blur, the 77 Images (11 degraded but unrestored and 66 

restored) were divided Into three groups according to their noise levels. Each 

group contains 28 Images except the one with the original SNR which has only 21 

images. They were then evaluated and compared numerically based on the 

performance measures which will be described in next section. 
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For the parametric Wiener filter used here, If was arbitrarily set equal to 

H. No attempt was made to determine the best Y value. Similarily, for the 

geometrical mean filter, c^ and Y value were arbitrarily chosen to be h and k> 

respectively. Therefore, the results reported here for the parametric Wiener 

and the geometrical mean filters are pertinent only to these special cases. For 

the median filter, a 3 x 3 filter window was used. No attempt was made to 

select the best window shape and size. 

In the machine recognition scheme, two features (average intensity over a 3 

x 3 window and minimum intensity over a 3 x 3 window) were measured and the 

condensed nearest neighbor classifier?! was used. /he features and the 

classifier were selected by cut-and-try method. No attempt was made to find the 

best features and the best classifier for use on each of these Images. 

Similarly, a set of training regions was determined by cut-and-try on the 

original Images and this set was used throughout the experiment so as to 

minimize the effect of training regions used. Undoubtedly, one could better the 

classification performance on each Image by choosing the best features, 

classifier, and training regions for the particular Image, however, that would 

defeat our purpose of evaluating and comparing the filters for facilitating 

machine recognition. For our purpose, the effect on classification due to 

factors such as training regions and features selected, classifier used, etc 

must be minimized. Therefore, in the strictest sense, our results pertain only 

to the specific set of experimental circumstances. However, It Is felt that the 

results obtained may be generalized to other types of Images, classifiers, etc. 

as far as that they are applicable. 

There was also no attempt to select features which were Improved or enhanced 

by particular restoration filters.  In other words, the problem of feature 

selection 1n relation to the use of restoration filters as preprocessor to 

machine recognition was not addressed here.   The understanding of the 

interrelation between the preprocessor (filters and enhancements) and the 
55-15 
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feature extractor is important for any practical application of machine 

recognition. 

Two software packages were employed to carry out the experiment. They are 

"IRAKS" (Image Restoration And Manipulation Software) and "AFES" (Automatic 

Feature Extraction System") on DEC 11/70 and 11/34; both were installed by PAR 

Technology Corp for RADC. 

V. PERFORMANCE MEASURE 

In the experiment, after performing classification on the images, pixels 

classified Into each class were counted. Comparing directly these pixel counts 

of Images restored by various filters 1s not only cumbersome but also leads to 

difficulty 1n ranking the filters. The conventional percentage of correct 

classification or confusion matrix cannot be used here since it is not feasible 

to identify each Individual pixel as being wrongly or correctly clasifled; only 

the number of pixels classified into each class can be counted with little 

difficulty. 

The deviation of the pixel counts per class obtained on the restored images 

from those counted on the original image gives a measure of the size of the area '- 

being wrongly classified. It was thought that this deviation for the particular 

class would serve as a figure of merit to measure the filter's capability in 

facilitating the claslficatlon of pixels. However, with a little more 

reflection, the severity of each deviation should be considered since it Is more 

severe to wrongly classify 2 pixels out of 10 pixels than to misclasslfy 2 

pixels out of 100. Therefore, the mlsclassificatlon Index for the i*n class 

was formulated as: 

Afc (12) 

where   A^- ■ no. of pixels truly belonging to the i*h c'<ass. 

A4; - no. of pixels actually classified into the 1th class by machine. 
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In our case, N<t- is determined by performing machine classification on the 

original undegraded image as discussed before. It is noted that &\  has a range 

where N^ * total no. cf classified pixels in the image. The extreme points 

in the range indicate that either no pixel is classified Into the 1th class or 

all pixels are classified into it. It is seen then that a negative value for 

ct signifies that the 1th class is underclasslfied and a posit* .-■» value, 

overclassifled. When £,-« 0, It Indicates the best performance for classifying 

plxe's Into the ith class. However, it does not provide a single-number as a»? 

'5      overall performance measure. 

Often, it 1s desireable to have a single-number Index to gauge the overall 

performance in classifying pixels into all classes under consideration. Summing 

over i*\ would not do since that allows underclassiflcation and 

overclassification to cancel each other but both kinds of misclassUication are 

equally harmful. A meaningful overall performance measure is thus defined as 

lt± K.-/H.I   , jh/&/ (13) 

where n designates the number of clases. 

This measure has a theoretical range of 

0  *   t    <   £„,«„ 
where £max is derived under the worst siti- itlon when every pixel Is classified 

into the class of the smallest size. Let N^ be the number of pixels In the 

smallest class, then 

«-v =<»-<)'J*^ =""4" "£-    <»> 
However, In practice, it is more likely that every  pixel is swamped Into the 
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class of the largest size. In that case, the largest value of £ that will ever 

result will be less than the£max in Eq. (14). A practical range of £  values is 

O £ Z   & (n-Z,) + 
*x 

where N«^ is the number of pixels in the largest class. Therefore, in order to 

apprehend the significance of the values for £ , one should always analyze the 

range of i values that may arise in any particular application. This realistic 

maximum value may be used to normalize t so that the index varies between 0 and 

1. The best performance occurs when£« 0. This misclassification index gives a 

good indication of the performance of a filter pertinent to the machine 

classification for all *K    classes under consideration. 

Both types of the misclassification indices were used herein. The class-by- 

class Index was employed to evaluate and compare the Image restoration filters 

for their capability 1n aiding the classification of pixels into a particular 

class; the overall measure was used to evaluate and compare the filters for 

their overall performance In classification for all the classes under 

consideration. 

VI. RESULTS AND DISCUSSIONS - The numerical evaluation and comparison 1s based 

on the m1sclass1f1cat1o/i Indices (classification errors) described in the 

previous section. These results are presented in Tables I, II, il, and IV. The 

values of Table I represent the classification errors for the metal (airplane); 

those of Table I!, the errors for the soil; those of Table III, the errors for 

the shadow; and the values of Table IV, the classification errors for all three 

classes. The consistency and patterns exhibited by these values show \\\t 

utility of the performance measures derived. The range for the values of each 

table is listed below: 
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Table Range 

I -1 ~ 6.0115 

II -1 w 0.3304 

III -1~ 8.4608 

IV 0^10.4608 

The range for the overall misclassification index (Table IV) was computed based 

on the assumption that every pixel would be classified as shadow when the image 

is hopelessly degraded. In all cases, a zero value indicates the best 

performance. Hence, the closer to zero the index value, the better the 

performance. 

The metal is much brighter than soil or shadow. It is easier to classify. 

However, shadow and soil are quite similar to begin with and become more alike 

after degradation of the image. They are much harder to separate. It is seen 

from Table I that practically all of the filters facilitated the classification 

of pixels into metal under any distortion condition. From Tables II and III, it 

is seen that the performances of filters hrt not clear cut; some of them 

facilitated the Classification for soil at the expense of shadow and vice versa. 

For example, Wiener filter Improved the classification of pixels Into soil and 

shadow at all noise levels and blur severities of (JJJ* 4.5 and 6.5; however, at 

$HR * 12 db and CT£ • 6.5, it did not improve the soil classification but 

helped greatly for the shadow classification; on the other hand, at SMR • 5 d8 

and (FJ ■ 4.5 it performed well for the soil but bid\y for the shadow. For 

the overall performance; i.e., facilitating the classification for alt three 

classes, it is seen from Table IV that at high noise level and severe blur, all 

filters except the inverse and parametric Wiener filters improved overall 

classification. The behavior of inverse filter at high noise level and severe 

blur is expected.  The erratic performances of parametric Wiener (PW) and 
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geometrical mean (GM) filters proved »qa1n the Importance of selecting the X 

value (for the PW filter) and the c* and r values (for the GM filter). The 

value for X used for PW filter here does not seem to work well for high level 

of noise and severe blur condition. The PSE filter has the worst record 

(3.5845) among all the filters; this occurred at the original SNR and blur of 0"^ 

■ 6.5. It did Improve metal classification but misclassified many soil pixels 

y*j into the shadow class. As mentioned earlier, the PSE filter limits the gain for 

the low SNR bands of the Image spectrum. After severe blur, at the original 

SNR, the SNR of the soil band became relatively lower. Hence, many soil pixels 

became darker and thus »ere classified as shadow. 

The median filter (3 x 3 window) Improved the classification of metal for 

Images of high noise and severe blur; for classification of shadows and soil, 

Us performance was mixed. This is in line with Its character in preserving 

contrast while reducing noise. It also showed good overall performance in 

facilitating classification of pixels into all three classes. 

Examining Table IV, filters did not help under noise alone situation though 

supposedly that filters had filtered out noise. This shows that noise alone has 

little effect on classification. The filters Improved classification In the 

situations when high noise and severe blur were combined. These results agree 

somewhat with the results reported in Ref. 11 for human observers as stated 1n 

Sec. I of this report. Of course, the results obtained could be due to the 

characteristics of our particular features (measurements) used in the pattern 

recognition system. Any generalization of our results must be taken with 

caution. 

For ease of comparison, graphs may be constructed from the tables. A 

typical graph Is shown in Fig. 2. The graph represents the group of Images at 
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12 db SNR In Table IV which portrays the overall classification performance. 

The abscissa of the graph shows the blur severity mesured in the standard 

deviation of the Gaussian blur and the ordinate represents the relative overall 

classification error within the group. The graph shows that the Wiener filter 

performed well for all blur severities at 12 dB SNR; the geometrical mean filter 

(4 * Ht f-h) 1s best for the blur of 0^ * 4.5 at 12 dB SNR; the PSE and 

Wiener filters performed at about the same level under the most severe blur; the 

Inverse filter did not work well for the most severe blur at this noise level as 

expected; the parametric Wiener filter did not perform well because the Rvalue 

used here 1s not suitable for this combination of blur and noise; the median 

filter did not help at all since there were no sharp boundaries between shadows 

and soil. It also shows that even at this noise level filtering did not Improve 

classification for less severe blur. It seems that the line connecting all the 

UR (unrestored) points in the graph and the line through the middle of the 

filters Intersects at GJ « 3.5. In other words, at this noise level for a 

blur less severe than a Gaussian blur of ^ * 3.5, one should not use Image 

restoration filter to facilitate machine classification. Other graphs can be 

constructed for groups of other noise levels. They show similar patterns of 

behavior except that most of the filters Improved classification for less severe 

blur at high noise level. The Wiener filter had the most steady predictable 

performances. 

In summary, the major objective of this project was to evaluate and compare 

various Image restoration filters in facilitating machine classification. The 

experimental method used applied a variety of filters to images containing 

various degrees of degradation with the aim to determine under what conditions a 

given filter performed the best. The performance was determined by how well the 

machine classified the filter restored Image. Results were obtained for a vtry 
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specific pattern recognition system. Hence, caution must be exercised in 

generalizing our results. It may be categorically stated that the image 

restoration filtering should be employed under a combination of high noise level 

and moderate or severe blur, and the combination of low noise and severe blur, 

furthermore care must be taken in selecting the filter for use. 

VII. RECOMMENDATIONS; 

Since the image restoration filtering problem is mathematically ill- 

conditioned, there is no unique solution. Traditionally, the selection of a 

specific solution from the infinite family of solutions was guided by some 

mathematical or ad hoc criterion or criteria 22 such as minimum mean square 

error, edge preservation, etc. The results of filtering were judged by human 

observers based on subjective quality or interpretability of the filtered 

Images. However, in most machine pattern recognition problems, the features 

(measurements) and classifiers were selected based on the criterion of minimizing 

misclassification or maximizing correct recognition if feasible, compatibility 

between classifier and features, or convenience. Therefore, 1n order to design 

restoration filters to facilitate machine recognition, a recommendation for 

future research 1s made as follows: 

(1) To solve the filtering problem based on a selected set of features 

(measurements) to be used in the machine recognition system. 

Since there exists a variety of Image restoration filters as attested in 

previous sections, it 1s natural to ask what features do these filters enhance 

*o that the appropriate features may be extracted for use in the machine 

recognition system. The second recommendation 1s: 

(2) To determine the set of features enhanced by a specific filter or a set 

of filters. 

As the cliche goes "The proof of the pudding is in the eating"; the performance 
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of a machine recognition system should be examined in total. It is important to 

understand the interrelation between filters (as preprocessors), feature 

extractors, and classifiers in. order to improve upon the performance of the 

system as a whole. A more fundamental problem for follow-on research is: 

(3) To study how image restoration filters or enhancement techniques 

interrelate with feature extractors and classifiers. 

Recommendations for other follow-on research include: 

(4) To evaluate and compare filters realized in different forms such as 

various FIR and IIR implementations since in practice any image restoration 

filters must be implemented in one form or another. 

(5) To design adaptive filters to adapt to the changing conditions of the 

feature extractor. 

(6) To study the effect of median filter window shape and/or size on the 

filter's performance in machine recognition. 
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TABLE I - RELATIVE CLASSIFICATION ERORS FOR METAL (AIRPLANE) 

SNR      (T£     UR      I      W      PW      GM      PSE 

Original 

12dB 

5 dB 

j 

2.5 -.0462 -.0414 -.0678 -.0724 -.0625 -.0371 -.0722 

4.5 -.1500 -.1373 -.0623 -.1349 -.0884 -.1399 -.1514 

6.5 -.3528 -.1442 .0593 .1499 -.0645 -.0434 -.1544 

0 .0051 .0063 -.0024 -.0007 .0001 .0077 .0255 

2.5 -.0536 -.0619 -.0422 -.0416 -.0388 -.0413 -.0287 

4.5 -.1470 -.0926 -.1148 -.1446 -.1299 -.143b -.0750 

6.5 -.2032 .0221 -.2209 -.2237 .0623 -.1970 .1560 

0 .0136 .0077 .0221 ,0111 .0020 .0392 .0506 

2.5 -.0298 -.0065 -.0092 -.0169 -.0102 -.0021 .0225 

4.5 -.1314 -.0635 -.0996 -.0758 -.1936 -.0810 -.0290 

6.5 -.1920 -.2238 -.1467 .0315 -.0980 -.2447 -.1256 

Range: -1.000 ^ 6.0115 

°V standard deviation of Gaussian blur 

UR: Unrestored 

I:  Inverse filtering 

W:  Wiener filtering 

PW: Parametric Wiener filtering (  * h) 
GM: Geometrical Mean filtering ( » %,  - k) 

PSE: Power spectrum equalization filtering 

M:  Median filtering 

Neg. No.: Underclassified 

Pos. No.: Overclassifled 
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TABLE II RELATIVE CLASSIFICATION ERRORS FOR SOIL 

SNR ^h UR I W PW GM PS£ M 

Original 2.5 .0125 .0029 .0150 .0115 .0168 .0112 .0141 

4.5 .0348 .0322 .0162 .0383 -.0121 .0303 .0373 

6.5 -.0345 .0172 .0026 -.1601 -.1312 -.4293 .0357 

12dB 0 -.0020 .0182 .0036 .0053 .0105 .0025 -.0089 

2.5 .0141 .0212 .0175 .0207 .0209 .0250 .0131 

4.5 .0497 .0330 .0367 .0389 .0245 .0382 -.0380 

6.5 -.0233 -.1106 .0642 -.1082 -.0611 .0064 -2215 

5 dB 0 -.0047 -.0039 .0157 .0095 .0081 -.0035 -.0042 

2.5 .0185 .0114 -.0116 -.0086 .0029 .0129 .0127 

4.5 .0300 .0216 .0125 -.0093 .0476 .0043 .0184 

6.5 -.0683 -.0668 -.0207 -.1479 -.0262 -.0475 -.0106 

Range: -1.000 ~> 0.3304 

Symbols explained in Table I. 
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TABLE III RELATIVE CLASSIFICATION ERRORS FOR SHADOWS 

SNR <rh UR I W PW GM PSE M 
Original 2.5 -.0263 .0355 -.0150 .0157 -.0350 -.0296 -.0027 

4.5 -.0534 -.0440 -.0315 -.1009 .2055 -.0264 -.0608 
6.5 -.1959 .0709 -.0985 .9365 1.0204 3.1118 -.0456 

20dB 0 .0074 .1390 -.0226 -.0367 -.0751 -.0285 .0291 
2.5 -.0283 -.0675 -.0674 -.0915 -.0962 -.1218 -.G541 
4.5 -.1834 -.1098 -.1061 -.0817 .0088 -.0773 .3714 
6.5 .4398 1.4954 -.1583 1.0712 -.3507 .2203 1.3**'5 

5 dB 0 .0153 .0175 -.1411 -.0825 -.0606 -.0281 -.0381 
2.5 -.0910 -.0724 .0947 .8239 -.0066 -.0889 -.1206 
4.5 .3925 -.0680 .2244 .1683 -.0771 .0790 -.0915 
6.5 .7447 .7772 .3450 1.0091 .3185 .6680 .2447 

Range: -1.0000^ 8.4608 

Symbols explained 1n Table I. 
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TABLE IV RELATIVE CLASSIFICATION ERRORS for ALL THREE CLASSES 

SNR % UR I W PW GM PSE M 

Original 2.5 .0350 .0798 .0977 .0996 .1144 .0779 .0889 M 
4.5 .2382 .2135 .1100 .2741 .3060 .1966 .2495 

v.- 
 t- 

6.5 .583? .2323 .1604 1.2466 1.2162 3.5845 .2358 " r 

12 dB 0 .0145 .1641 .0286 .0427 .0857 .0387 .0635 
"," ■ 

2.5 .0960 .1507 .1270 .1538 .1559 .1881 .0958 

4.5 .3801 .2355 .2577 .2652 .1553 .2593 .4844 w 
6.5 .6663 .8891 .4435 1.4031 .4741 .4237 1.7420 

??, 

5 dB 0 .0337 .0292 .1789 .1031 .0708 .0708 .0929 

• K ' 

2.5 .1393 .0903 .1155 .1093 .0197 .1040 .1558 fas 
4.5 .5539 .1532 .3366 .2533 .3183 .1643 .1388 1 
6.5 1.0049 1.0678 .5123 1.1885 .4427 .9602 .3809 

Range: 0 *> 10.4608 

Symtols explained 1n Table I. 
* 

-r, 

ft 
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EVALUATION OF PROPOSED INTEGRATED COMMUNICATION NAVIGATION 

IDENTIFICATION AVIONICS (ICNIA) ARCHITECTURES FOR 

THEIR FAULT TOLERANCE CHARACTERISTICS 

AND POTENTIALS 

By 

Stella Lawrence 

ABSTRACT 

An assessment of the fault tolersnt merits of the hardware and software 

designs of two proposed Integrated Communication Navigation Identification 

Avionics (ICNIA) terminals was made. The ITT candidate system is a 

"software radio" utilizing transversal filters to convert froj carrier 

to baseband frequencies. The TRW candidate system design is a conventional 

superhetrodyne radio nystem utilising mixing and downcorversion, Clssslcal 

fault tolerance implies component redundancy for the entire system; however 

In ICNIA-fsuit-tolerance the communication navigation Identification (CNI) 

system functions sre prioritised and the most critical functions sre preserved 

at the expense of less critical ones. The ITT and TRW architecture represent 

a first step in the application of the principles of fault tolerance to 

avionics CNI system design. Suggestions are offered for further research in 

this area. 
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I,  INTRODUCTION 

The Integrated Communication, Navigation, Identification Avionics (ICNIA) 

program is an Avionics Laboratory effort aimed at reducing total size, weight, 

and cojt of CNI radio equipment. Although space limitations of tactical 

aircraft provide the driving ICNIA design requirements, the resultant ICNIA 

size, weight, and cost savings also are applicable to larger aircraft. 

ICNIA now offers a single Integrated CNI system, compatible with the 

multiplexed Interface of today*s military avionics while retaining the present 

standard CNI waveforms. ICNIA will contain many "building block stages," 

which by means of processor controlled matrix switches can be configured to 

receive or transmit standard CNI signals in the 2-MHz to 2-GHz portion of the 

radio spectrum. 

The control processor accomplishes I/O with the remainder of the avionics 

system via a multiplex bus. It selects the configuration of the building 

blocks thereby controlling which CNI functions arc active.  In the event of a 

function failure the control processor has the capability of substituting 

redundant equipment or, if necessary, of reconfiguring the building blocks to 

regain the use of a function at the expense of a lower priority function. The 

reliability of each CNI function is thus increased by reconfiguration so that 

essential functions are maintained. 

ICNIA possesses the following advantages over discrete function CNI 

subsystems: 

a. A single system that ellmlnaf.es the requirement for many 

dedicated CNI functions with duplleatlve hardware, 

b. Increased CNI functional reliability due to reconflgurabillty, 

c. Space, weif, t, power, and cooling savings brought about by a 

reduction of hardware. 
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Fault tolerance is the unique attribute of a system which c^ika-s it 

possible for the system to continue with its program-specified behavior after 

the occurrence cf faults (malfunctions or failures of physical parameters) . 

Fault tolerance is a vitally important ?md desirable property that ICNIA 

should possess, since it is the survival attribute that will enable the ICNIA 

system to maintain its specified behavior despite hardware or software 

failures. 

Two conceptual design architectures for an integrated communication, 

navigation, identification radio system have been developed; one by ITT 

Avionics, Inc., and the other by TRW, Inc. Both include some degree of fault 

tolerance in their hardware and software designs; but prior to this 

paper no comparative analysis of each had been performed to determine their 

relative fault tolerant merits. 

An assessment of the fault tolerant merits of the hardware and software 

design in each proposed ICNIA was the goal of this work. 

II. OBJECTIVES 

The project had three objectives: 

A. To determine general desirable standards for fault tolerant 

hardware and software designs, 

B. To assess the planned fault tolerant features of the current 

system definition phase for the ITT and TRW designs, 

C. To make recommendations regarding the fault tolerant features to 

be Implemented in the hardware and software of the Advanced 

Development Models. 
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III.  GENERAL FAULT TOLERANT SYSTEMS AND STANDARDS 

The criteria for avionics fault tolerance are that it be cost effective, 

not add to size or weight, be as simple as possible consistent with meeting 

desired reliability goals, and not introduce additional faults and errors. 

Reliability should first be attained by prior elimination of all possible 

causes of failure. The first step consists of fault intolerance. Fault 

intolerance mandates the use of high reliability components and extensive 

testing. The second step is to provide redundancy to raise system reliability. 

Effective fault-tolerant systems may be designed following a systematic 

design methodology that can be summarized in five steps:  1) specify system 

architecture without fault tolerance;  2) identify classes of faults that are 

to be tolerated;  3) select cost-effective forms of protective redundancy to 

cover the identified faults;  4) estimate the effectiveness of the redundancy 

by analytic, simulation, or experimental techniques;  5) devise checkout 

methods to test the redundant features of the system.  In practice, several 

iterations of steps (3) and (4) are usually needed to arrive at a satisfactory 

design. 

Reliability, maintainability, and fault tolerance must be designed into 

the basic system. After the fact, "add-on" concepts rarely accomplish the 

desired goals. 

Two basic methods of recovery are utilized. Hardware-controlled recovery 

is implemented by means of modular replacements or reconfiguration. 

Software-controlled recovery depends on special programs to carry out recovery 

after faults are detected. 

Faults should be detected, isolated, and eliminated. The system must 

then be rechecked to confirm that the fault is no longer present. 

Critical points and critical equipment must be identified and duplicated. 
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The choice of failure unit is crucial .  Its size and complexity must be 

neither too large nor too small.  The replaceable units or modules should be 

self-testing, if possible.  The levels of redundancy of the various elements 

must be chosen to be consistent with required levels of reliability, 

maintainability, and performance. 

The data-processing, control, and internal communications configuration 

should be extremely reliable, maintainable, and vlexible.  The system must 

establish a hierarchial organization. The levels of redundancy of the various 

elements must be chosen consistent with required levels of reliability and 

maintainability.  The data processing system control language used, and the 

3 
software employed should be fault tolerant . 

IV.  FAULT TOLERANT FEATURES OF THE ITT ARCHITECTURE 

The ITT architecture consists of six LRU's (Line Replaceable Units). 

There are four categories of LRUs:.the RF (radio frequency) LRU, the digital 

LRU, the HF transmitter, and the HF antenna coupler. 

The RF LRU is not entirely duplicated.  Its two receiver-transmitter 

units are similar but not identical. Two-thirds of the RF modules in each RF 

LRU are duplicated to provide redundancy for the highest priority functions. 

The L-Band transmitter and front ends are duplicated for IFF and TACAN only, 

however VHF/UHF reception and transmission are duplicated. 

The digital LRU is duplicated. Within the digital LRU's the data 

processor, vector processor, programmable controller, and programmable digital 

matched filter modules are duplicated. 

The system is a "software radio" and its design proposes Initially the 

use of the J73 language and later Ada.  It uses the MIL-STD-1750 instruction 

set, and the MIL-STD-1553 digital data bus interface.  It provides intieciate 

A •• 
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A/D conversion from baseband and is based upon all digital signal processing. 

It utilizes a digitally controlled transversal filter for direct tuning. 

The fault detection and reconfiguration (FDR) software design is similar 

to TIES (Navy Tactical System Information Exchange).  The allocation of 

hardware systeia resources will use a pre-stored linkage table or set of chain 

rules which specify the various resources necessary to provide a CNI function. 

The FDR software is to be stored in each data processor unit. When an error 

condition is detected control will be transferred to unaffected FDR programs. 

The FDR software should be designed to Isolate the problem and select the 

optimum configuration for the remaining resources based on mission priorities. 

Fault tolerance and fall-soft capability are very important aspects of 

data processor design. Each DPU (data processing unit) is independent. When 

faults occur the DPUs should be capable of supporting the top priority 

functions of the system (possibly with a reduction in throughput below normal 

maximum load). Within each DPU, duplicate devices and alternate bus paths 

should provide fail-soft capability. If any device shuts down» part of its 

work load should be absorbed by the spare capacity of a matching counterpart. 

After a hard failure» system capacity will have to be evaluated. The system 

should then be reconfigured by reassigning tasks to the DPUs. 

The design Includes vector processed» high speed computations on 

structured data streams. An example of this is, digital-filtered functions. 

The ITT system plans extensive Implementation of VLSI/VHSIC (Very High 

Speed Integrated Circuit) technology. The vector and data processors will 

utilize VHSIC modules. 
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V*  FAULT TOLERANT FEATTJRES OF THE TRW ARCHITECTURE 

The TRW design is a conventional superheterodyne radio. Its 

architecture is organized as a collect-* a of resource pools, which are 

dynamically allocated resources. It consists of 7 LRUs. 

Each resource pool contains a number of identical elements that are 

available on a highly flexible basis. The pooled elements are line replaceable 

units or modules, within the avionics system. All internal fault isolation is 

carried to the level of these units. Maintenance and logistics procedures are 

designed around them as basic system elements. In addition, the pooled units 

or basic building blocks are hierarchically interconnected to perform the 

necessary avionics system functions. 

Three types of maintenance modes are envisioned . Non-disruptive 

self-testing involves the real-time monitoring of appropriate test points 

to determine subsystem health dynamically. This represents the built-in-test 

(BIT). These tests are non-disruptive in that they involve no changes in 

configuration and will not Interfere with ongoing ICNIA signal and data 

processing. A second test is disruptive self-testing. It provides more 

detailed and diagnostic information. It is a closed-loop test and can require 

some ICNIA reconfiguration and the preemption of other processing tasks. A 

third supplementary test mode consists of a final inventory of system health 

information.  This is part of the data processing tasks for each relevent 

ICNIA system. 

Non-disruptive and disruptive self-testing are conducted by maintenance 

control algorithms . This information oust include mode select commands to 

enable reconfiguration. Failures are to be detected and Isolated by extensive 

built-in computer-controlled performan-'» monitoring, designed for real time 

fault detection, isolation, and system reconfiguration. The data processing 

t - 
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tasks are to be partitioned between the ICNIA subsystem and the core -"S*\> 

avionics . Of the various options, desirable partitlonings will be determined tT*S* 

in the course of the ADM design.  The terminal will be designed to interface 

with a MIL-STD-1553B multiplex bus, and to be compatible with future high • \V 

I                           speed digital or analog buses. /' / 

It is desirable for some degree of system autonomy to support stand-alone *«*."•*., 

operation and test. The physical location of the redundant backup data \ V 

processor shold be considered. V-V 

The TRW system proposes extensive use of VLSI/VHSIC. In particular, the P9* 

design incorporates the use of VHSIC technology in the matrix switch signal 

10 processors . 

VI.  RECOMMENDATIONS REGARDING FAULT TOLERANT FEATURES TO BE IMPLEMENTED IN 

THE ITT AND TRW ARCHITECTURES 

The terminals outlined in Sections IV and V represent Interim designs. 

Careful consideration should be given to desirable fault tolerant criteria and 

practices for the next design stage. In the present designs these are 

outlined but should be further developed. Fault tolerance should be an 

Integral part of the designs. Despite size, weight, and cost constraints, 

basic fault tolerant criteria can be applied in the following sense.  ICNIA is 

a complex, time varying, integrated, reconfigurable system.  It involves 

several types of aircraft, different missions, and different functions. 

During the various mission segments, the equipment for noncrltlcal functions 

can be considered redundant backup for the critical functions. With this 

viewpoint In mind, standard fault tolerant practices can be applied. A 

careful analysis should be made via probability models to insure that 

sufficient equipment redundancy is provided for the critical functions In each 
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mission segment.  Levels of redundancy for the various elements must be chosen 

consistent with required levels of reliability, maintainability, and 

performance. 

The first step in fault tolerance design consists of fault intolerance. 

There should be prior elimination of the causes of failure by selection of 

reliable components and appropriate testing. 

Since fault tolerance is an integral part of ehe ICNIA system design, the 

entire system including the fault tolerant implementation, should be subjected 

to hardware, computer, software, and human factor fault tolerance tests. The 

tests should consist of reliability and performance tests using mathematical 

models, simulation models, and actual hardware. 

When it is certain that the system is one hundred percent healthy, it 

should be subjected to representative scenario testing, as determined by 

operational doctrine, to develop confidence that the ICNTA terminal will 

satisfy the criterion of 10,000 hours mean time between critical failure 

(MTBCF). A critical failure is the inability to perform a CNI function during 

any part of a mission that is necessary for mission success. 

A careful study should be made of critical points in the ICNIA terminal. 

These include the transversal filters for ITT, the matrix switches for TRW, 

the control computer, the control executive, control algorithms, and software 

for both designs. Critical parts should be duplicated, or at the very least, 

dual contacts should be provided for the interconnections.  Probability 

analysis is essential to prevent switch overloading.  Control algorithm(s) 

must be carefully analyzed, designed, and tested.  Artificial intelligence 

(adaptive learning networks) might be incorporated into the control algorithm. 

Fault detection and reconfiguration (FAR) software should he fail-safe, 

Incorporating error coding, and perhaps interleaving.  The control computer 

<>i>-\\ 

-—r-v 



8-»l^F* 

•AJ 

should be fault tolerant, or at least duplicated. Provisions should also be 

made for memory storage in case of intermittent or longer time power failures. 

Fault isolation should be at the LRM (Line Replacement Module) rather 

than the LRU level.  Several LRUs could reside in an LRU. The LRMs should be 

self-testing. Careful thought should be given to the choice of complexity and 

LRM size in terms of functions. Failure of one module should not cause any 

impediment to reconfiguration. Failure of a module during self-test should 

set a flag. The module should then be retried. This will help locate 

intermittent faults. 

As a result of VHSIC technology which makes possible the use of 

self-testing, fault tolerant modules, and embedded processors, pooled 

12 
architecture syste&s can be used to obtain economical dependability . 

Tasks should be properly apportioned in a hierarchlal fashion to match 

control and data processor capability.  In addition, redundant units should 

not be "cold spares". Equipment should be rotated periodically and all 

equipment should be subject to periodic test. 

It is highly recommended that a.  further, careful study be made of the 

fault tolerant features of the next design iteration of ICNIA. 

hm V 
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DECISION AIDS FOR SELECTING AIR FORCE MANUFACTURING 

TECHNOLOGY PROJECTS 

By 

DAVID R. LEE 

ABSTRACT 

The availability and level of development of specific manufacturing tech- 

nologies directly Impact the U.S. Government's ability to achieve certain 

national defense objectives. The A1r Force Manufacturing Technology 

(MANTECH) Program, begun some 35 years ago, supports the development of 

advanced manufacturing technologies for application at contractor and Air 

Force facilities. 

In a resource constrained environment, the situation Involves deciding 

which MANTECH projects to select and how to allocate resources. Both of 

these decisions are complex, partially defined processes Involving many 

variables. This research, however, only focuses on the project selection 

process, with specific attention on evaluation of the decision variables. 

With a semi-structured problem, intuitive judgement by the decision maker 

1s an essential part of the decision process. Thus, the objective of this 

research was to develop decision aids, or management tools, to assist the 

decision maker In selectlnq projects to receive MANTECH support.  This 

report describes the methodology employed, describes the major factor 

categories, and presents a method for summarizing these decision 

variables. 
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I. INTRODUCTION; 

The term manufacturing technology, in the more broadly used sense, 

pertains to technologies employed in the production, inspection and 

repair of an item. The availability and level of development of manu- 

facturing technologies affect the cost, quality, quantity, physical 

characteristics, and/or useability of an item. 

Because of Its specific needs and resource limitations, the 

Department of Defense (DOD) is very concerned about the development of 

certain manufacturing technologies which impact its ability to obtain, 

maintain, and effectively utilize military-related items. World War II 

highlighted the close relationship that must exist between the national 

industrial base and the DOO. Since 1947, the US Air Force has been 

involved in fostering the development and growth of specific manufac- 

turing technologies which, without Its participation, would not be 

advanced or perhaps not advanced in a timely fashion. 

The USAF currently conducts their activities 1n this area uaäzr  ftf 

Regulation 800-23, 25 April 1982, entitled Manufacturing Technology 

Program. This progam 1s therein Identified as MANTECH and described as: 

"A program which consists of all actions taken by the Air Force 
to develop and carry out new or significantly improved production 
systems, processes, techniques, or equipment for use {near or long 
range) 1n contractor facilities or ALCs in support of Air Force 
systems, subsystems, or equipment." 
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As noted, MANTECH interests are centered not only on Air Force 

contractor activities but also on those at the Air Logistics Centers 

(ALCs). This expansion, from looking at just contractor activities to 

now considering both internal and external activities, necessitates eva- 

luating additional candidate technologies for possible MANTECH support. 

The Manufacturing Technology Division (MLT) located in the Air Force 

Systems Command Materials Laboratory at Wright-Patterson AFB is respon- 

sible for planning, implementing, managing and controlling the Air Force 

MANTECH program. An important element in the MANTECH program is that 

the payback and improvements in military capability generated as a 

result of the proper MANTECH support can be awesome. For instance, a 

MANTECH investment of $267,550 on just one aircraft engine project is 

estimated to produce a savings of $195.8 million over an eleven-year 

period. 

In essence, there is a sizeable MANTECH budget (approximately $60 

million for FY 1983), a large number of candidate projects, and oppor- 

tunities for significant payback. Proper project evaluation, as well as 

the accompanying selection and resource allocation decisions Involve 

many factors and are not well defined processes. 

Topic N8?-01, "Assessment of Productivity Potential of Manufacturing 

Technologies," contained 1n the Air Force Business Research Management 

Center's publication, Business Research Topics for FY-83, addressed the 

need for developlnq a methodology or planning model in the MANTECH 

area. This topic was the generating source for this research effort. 

The objective of N82-01, as submitted by AFSC/PMDP, was to: 

"Develop a methodology or planning model for identifying manu- 
facturing technologies wnich generate the highest marginal 
increases in productivity growth, potential areas of appli- 
cation, and the availability of such technologies." 
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Early investigation of that topic showed that productivity alone, 
is just one of the many factors entering into the selection and resource 
allocation decision processes. Since there are so many factors to con- 
sider, preliminary attention needed to be directed toward identifying 
the influencing factors, assessing their relevancy, and then bringing 
these factors together in a comprehensible way to aid the decision 
makers. This study focuses on these elements. 

II.  OBJECTIVE OF THE RESEARCH EFFORT: 

The main objective of this research effort was to develop decision 
aids, or management tools, to be used in evaluating and selecting which 
manufacturing technology projects should be supported under the USAF 
MANTECH Program. The major supporting goals were: (1) determine what 
factors influence MANTECH selection decisions, (2) categorize these fac- 
tors into major groups, (3) develop ways to assess the strength of the 
factors, their interrelationships, and/or ensure that they were not 
overlooked, and (4) to summariz» the relevancy of these factors in a 
comprehensible format for use by the key decision-makers. 

III. RESEARCH APPROACH: 

The first step in this research effort centered on collecting 
background information. This was accomplished by performing literature 
searches, reviewing several reports written on MANTECH activities, and 
conducting initial Interviews. These Interview results suggested that 
before the topic of productivity itself should be addressed, we needed 
to look deeper into the current decision process. 

tip 
From the onset, it is helpful to realize that the section and /..\ 

funding of MANTECH projects is a comprehensive and complex decison pro- v^v 
cess Involving a variety of factors and is compounded by many future ^<\ 
uncertainties. Pressures are on MANTECH projects that they produce use- >;*;! 
ful results In a timely manner. v,,fc 

Mm 
The generation of MANTECH ideas come from numerous sources. Many *.-> 

ideas originate from discussions with contractors regarding problems, V% 
potential solutions, and promising opportunities. Projects are also '/y. 
generated by Systems Program Offices (SPOs), higher Headquarters, other f-v 
A1r Force Major Air Commands, other DOD and Government agencies, pro- y^ 
fesslonal and academic associations, and from the basic research labora- '.-".. 
tor1es. Obviously, there are other input sources, but the point of this ys. 
Is to demonstrate that there are numerous activities attempting to .\> 
Impose their thouahts and projects into the MANTFCH selection process. *<\- 
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In an effort to manage and evaluate this multiplicity of inputs, 

the Materials Laboratory has developed a Focal Point System. There are 

currently ten Focal Points such as thermal protection materials, metalic 

structural materials, non-metalic structural evaluation, CAM/manufacturing 

R&D, systems support, etc. These Focal Point managers employ a matrix 

structured organizational approach in prioritizing MANTECH candidate 

projects within their specific area. That is, representatives from other 

interested Air Force offices are charged with providing information to 

and confering with the Focal Point manager. At the appropriate time, 

these managers present their projects to a Materials Laboratory Executive 

Group which determines what projects will be selected for MANTECH funding, 

and at what level of funding. Not all annual project funds are for new 

project starts: a portion of the MANTECH fiscal year monies are directed 

toward projects that began in previous years but which are not yet com- 

pleted. The annual MANTECH program is then approved at the appropriate 

Air Force level as outlined in AFR 800-33. While the MANTECH Divison 

manages and controls the program, this occurs primarily after the projects 

are selected and funding is determined. 

Following collection of initial background information, we could 

see that while the basic flow of the selection decision process seemed 

reasonable, perhaps a meaningful contribution could be made by adding 

more structure to assessment of the evaluation factors. Our research 

objective was re-formulated to that wh4ch appeared earlier in Section 

II. Since an expanded data base was required to achieve the objective, 

further interviews were then conducted with people inside and outside 

the Materials Laboratory. This included interviewing people in the AFSC 

Aerospace Industrial Modernization office, ASO Plans and Programs 

office, former MANTECH personnel, several Focal Effort managers, project 

engineers, the current MANTECH Branch Chiefs , the Materials Laboratory 

Director, and other personnel within the Materials Laboratory. From 

these discussions, numerous considerations were collected and then cate- 

gorized Into appropriate evaluation groups. 
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•\V" IV. RESEARCH RESULTS: 

A. Evaluation Scheme: 

The proposed project evaluation scheme involves 16 factor 
categories as listed below: 

I. Title 

II. Objective 

III. Description 

IV. Nature of Need 

V. Support 

VI. Funding for Development 

VII. Non-Direct Financial Requirements 

VIII. System Integration 

IX. Interlock with Other Thrust Areas 

X. Technical Success 

XI. Future Investment Requirements for Implementation 

XII. Federal Agency Implementation 

XIII. Industrial Implementation 

XIV. Benefits 

XV. Global Relationships 

XVI. Return on Investment 
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Except for the first three factors (Title, Objective and 

Description), the remaining 13 factors are to be scored on a Project 

Evaluation Summary Sheet, which follows later in this report. There are a 

variety of elements in each of these major factor categories. In reaching a 

mating in each category, a systemized thought process is necessary to ensure 

that the essential elements are not inadvertently excluded. The categories 

are not totally independent or mutually exclusive of one another. The pro- 

posed method does attempt to minimize duplication and places most elements 

(or evaluation considerations) in only one factor group. 

.* AVhVw. 

Mathematically directed formats and straight checklists were con- 

sidered for arranging the elements, but were dismissed in favor of a deci- 

sion stimulation format involving questions, fill in the blanks, and 

comparisons. The elements are included in a 38-page document entitled 

"MANTECH Project Evaluation Back-Up Sheets." Space limitations, however 

prevent their being published as an attachment to this report. Copies of 

the evaluation Back-Up Sheets have been provided to the AFBRMC and to 

various offices in the Materials Laboratory. Attachment 1 is a portion of 

the Back-üp Sheets which support a rating for the Need factor, Category IV. 

Categories are arranged so as to start with a general view of the pro- 

ject and then become more specific as one progresses through the evalu- 

ation. The Back-Uo Sheets <>re not designed to automatically generate a 

final conclusion on the rating of a particular factor. Their purpose is to 

function as an assessment guide and assist Individuals in reaching their 

conclusions. Effective use of the Back-Up Sheets rely heavily upon 

experienced Intuitive judgement. As with the final Project Evaluation 

Summary Sheet, both tools can be "fudged" to meet a particular person's 

Individual needs and objectives. Project selection in MANTECH or in any 

other Institutions 1s an unstructured, or at best a semi-structured, problem. 

The key 1s to reduce the subjectivity by discretely applying models or 

methodologies and wisely using available information to its full potential. 

57-10 



5.N . 

B. Factor Categories: 

This section provides the philosophy and rationale for the various j$|£ 
categories. !-'/.•; 

«. * '» 

1. Title: Self Explanatory. '/;}'. 

2. Objective: The objective of the project sets the benchmark for "•%*•■* 
the rest of the evaluation. It should be concise, quantifiable, and 
measureable. 

3. Description: In this section, the project is classified as 
generic, repair and manufacture, integrating, or quality technology. More 
so, it stresses the element of ti*e by highlighting the required comple- 
tion date, time for development, time for integration or time for implemen- 
tation Into a manufacturing line, and the recommended project start time. 
Worth noting is that once a MANTECH project is completed, there is still 
some Implementation time until an industrial output or impact is actually 
realized. It 1s not uncommon to be talking of several years for implemen- 
tation, following completion of the project development phase. This sec- 
tion also summarizes the relative funding requirement. 

4. Nature of Need: Who 1s the principal sponsor of the project? Is 
It a project directed by higher Headquarters? Where did the need 
originate? Who will the project serve and 1s the need a current one or a 
projected future need? These elements begin to put the project into 
perspective. Applicability and project timing ire  critical issues. Thus, 
key questions have to be whether or not this project will be directly 
applicable to a weapon system or some support system and will it be done 
In time to have an Impact. The dates 1n this section can be compared to 
the project dates in the Description category. The last part of this -\*"\ 
category centers on what 1s the real driving factor for the project. A 
project will generally serve multiple purposes, which are addressed later •;.-;- 
under Benefits. The question here is to select the single most important »># 
issue. This section also brings out the idea of technology push/pull. •>.; 
Projects which are need driven and pulling technology for the development 
often have a higher probability for implementation success than technology 
push-type projects. 
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£>i 5. Support: Whether or not the project is need-driven is important, 
"•V but who supports the project is critical. This section provides a matrix 

where organizations can be listed vertically with their interest level 
indicated on the horizontal axis, on a scale from -3 to +3. It is impor- 
tant to record the priority which the organizations place on the project 
within their programs, if applicable. Comparisons of their priority 
ratings against the interest ratings help validate their support ratings. 
A potentially good project without the proper interest may have a tough 

>"v time "weathering the storm." Similarity there have to be a sufficient 
number of engineers in MANTECH interested in the project. Also an assess- 

'*[y ment of foreign interest in the project can frequently change opinions 
and thinking about the project. 

6. Funding For Development: In an earlier section, under Descrip- 
tion, the funding picture was summarized. Here, the funding requirement 
is detailed in a matrix arrangement where it shows who is expected to £^ 
pay for the development. Is another Federal agency going to help back r^ 
the project? Are we expecting too much investment from industry? Are \\.' 
the projected funds really adequate for completing the project? What sort >V 
of potential cost overrun is possible? Answering these questions and dis- \"C 
playing the data in a useful manner is a definite aid to reaching an overall jj£ 
category rating. /-\; 

7. Non-Direct Financial Requirements: Government and private contrac- 
tors may have to provide other support or aid to the project which is some- 

|NM 
times not Mcosted-out.M For instance, there may be a need for government >:\ 
equipment and facilities, an interruption of production, and other time -,\ 
demands which could dwarf the direct funding reouirement. Even if it is '-. 
not that significant, decision makers should know what the total require- 
ments are before supporting the project. i 

8. Systems Integration: Essentially there are two types of projects, V 
new requirements and those previously identified. Questions 1n this area 
seek to determine how the particular project fits into the larger system 
or major thrust area's plans. The elements of substitution, completeness / 
of other supporting projects and timing are emphasized. / 
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S, 9. Interlock with Other Thrust Areas. Although a project may be 
managed by one Focal Point manager, it may support other major thrust 
areas. Identification of those other areas is exhibited in this area via 
n Interlock table which shows the criticality of the project to those 

other areas. A comparison of information in this section to that earlier 
displayed under the Support category provides a means for validating the 
interest-level rating. 

10. Technical Success: Before an output or impact can be realized, 
regardless of the need, the project must be technically feasible. MANTECH 
projects are not basic research projects, rather they are developmental 
projects which carry technically feasible projects up to the point of 
showing that they can be implemented on a production basis. This section 
ensures that the evaluators consider such items as: the rationale for 
success; technical assumptions; views of proponents, moderates, and 
skeptics; past successes 1n this area; potential contractors; boundary 
conditions; need for more basic research; and the ability to overcome 
technical problems. In all, there are 20 elements in this category, some 
of which require establishing probability estimates. 

11. Future Investment Requirements For Implementation: If project 
results are favorable, there may be costs on the part of the government, 
private activities, or perhaps both 1n order to achieve actual implemen- 
tation. In some Instances costs could be stagered over several years if 
results are implemented piecemeal or at multiple locations. Return On 
Investment 1s considered separately in a later section. The emphasis here 
1s on defining the facility, equipment, material, personnel and overhead 
requirements for Implementation, plus any other ownership considerations. 

12. Federal Agency Implementation: There can be immediate potential 
users and future possible users of the project's results. This section 
discusses various aspects concerning the Immediate potential users. In 
those instances where a Federal Agency(s) needs to fund at least a portior 
of the Implementation: 1) Do they know the cost requirements? and 2)  Can 
they accommodate the funding «no lead-times? The bottom!ine centers on, 
will the project have a meaningful impact oi, a specific system's acquisi- 
tion, manufacturinq or repair cycles? Arranged in a tabular form, the 
evaluator :an follow down through 13 data points to arrive at a final 
rating of this factor. 
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13. Industrial Implementation: For a large number of projects, pri- 

vate industry will be required to fund the implementation. Some eval- 

uators may balk at this area and plead ignorance of what the private 

sector may or may not do. Without some understanding of the inclinations 

of the implementation thinkings by industry, the possibility exists that 

good project results may just "sit on the shelf." Information needs to be 

obtained on how industry perceives the future investment costs (Section 

XI) and the probability that funds will be available. Project results may 

support two or more different market sectors. Naturally for MANTECH pro- 

jects, the obvious concern is focused on private investments to meet 

DOD/Federal requirements. However, potential for technology transfer to 

the commercial non-DOD marketplace can influence the project's chances for 

success and implementation to meet DOD requiremnients. Thus, intelligence 

on industries' perceptions of commerical applicability, market risk, total 

private developmental funding (independent of MANTECH), and estimates of 

transfer time are useful. Also, the results of the section can be com- 

pared to the Support ratings (Section V). 

.„> 

14. Benefits: In the Need category, (Section IV), the single most 

important driving element was identified. This section is structured so 

that the primary and secondary benefits can be rank ordered a.id benefit 

start-dates estimated. So as not to be overlooked, a critical question is 

asked: "What is the probability estimate that the government will Incur 

lower procurement or other life cycle costs?" For some projects, cost is 

not a basic issue. However, for most projects, lower costs is at least a 

secondary benefit. 

15. Global Relationships: This category includes 14 elements which 

draw attention to possible duplicating efforts, vertical Integration, 

automation enhancements, sub-tier impact, political considerations and 

impact on competition, to name but a few. The thrust of this area is to 

stimulate a macro-perspective and an appreciation of the potential far- 

reaching implications of tne project. 
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16. Return On Investment: The term, ROI, is gaining in popularity. 

The methodology for calculating ROI is relatively straight forward, but 

the estimates of future costs and savings can be quite inaccurate. This 

section 1s rather detailed; however, only applicable portions need be 

completed. Two paths through this section exist. The first deals with 

projects designed to improve or replace an existing/projected method, pro- 

cess or item. As with the next path, procurement cost, process cost and 

Hfe cycle cost are candidate analysis items. When there is a basis of 

comparison, potential financial savings can be computed. On the other 

hand, in the second path where the project generates a new method, process 

or Item and no basis of comparison exists, only costs can be projected. 

The section 1s well outlined for ease of completion and includes guidelines 

for reaching a final rating. 

C. Project Evaluation Summary Chart: The final goal 1n this 

research effort was to summarize the factors into a comprehensible format 

for use by key decision makers. Various schemes are contained 1n the 

literature which attempt to weight factors and/or mathematically mani- 

pulate the data In numerous weys so as to derive a final project Index 

number. (See "R&D Project Selection: An Annotated Bibliography," 

Daniel T. Fetsko, 1983 SCEEE SFRP Report.) Generally, these schemes are 

never really used or are quickly abandoned. With the risk that someone 

will again add up numbers, the final summary chart (Figure 1) contains a 

rating scale ranging from  to ♦?. 

These ratings or as some may call them, "Figures of Merit", are 

not intended at this stage of design to undergo any mathematical operation 

The appropriate blocks 1n the chart should be marked and presented to the 

key decision makers along with the first three sections of the evaluation 

Back-up Sheets (Title, Objective and Description). The rest of the Back- 

Up Sheets support more detailed discussion. Final decisions on project 

selection and funding still rest with the key decision makers. With the 

suggested approach, their view **an now be centered at least initially on 

assimilating the major factors, rather than being inundated with all the 

sub-elements. 
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PROJECT EVALUATION SUMMARY SHEET 

1. Nature of Need 

2. Support 

3. Funding For Development 

4. Non-Direct Financial 
Requirements 

5. System Integration 

6. Interlock With Other 
Thrust Areas 

7. Technical Success 

8. Future Investment 
Requirements For 
Implementation 

9. Feder a)  Agency 
Implementation 

10. Industrial Implementation 

11. Benefits 

13. Global Relationships 

13. Return on Investment 

EVALUATION RA1 TING: 

.2             -1 0 +1 +2 

FIGURE I 
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V. CONCLUSIONS 

MANTECH project selection and resource allocation decisions are 

complex mental processes involving numerous considerations. Without a 

systematic evaluation methodology, some considerations can be overlooked, 

while others may be overemphasized. The Project Evaluation Back-Up Sheets 

and the Summary Chart are management tools designed to support, not 

supplant, the intuitive judgement of the decision makers. The use of 

these evaluation tools can also assist in structuring discussion of can- 

didate projects. Furthermore, these devices can be used to orient new 

employees regarding project assessment considerations. Lastly, they can 

also be applied to temper external pressures when there are obvious project 

shortcomings. 

VI. RECOMMENDATIONS: 

A. Copies of this report and ehe Project Evaluation Back-Up Sheets 

should be provided to interested DOD organizations 

B. The products of this research effort need to be used with the 

view that they are preliminary documents. Local efforts should be made to 

modify these products as needed. 

C. Recommend that an evaluation be conducted within one year to 

determine If this research was of value and If future refinement of the 

methodology 1s appropriate. 

a 
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ATTACHMENT 1 

EXTRACTED SECTION FROM MANTECH PROJECT EVALUATION BACK-UP SHEETS 

IV. NATURE OF NEED: 

A. Principal Sponsor:  

B. Directed Project: 
TTesTNoT 

Office: Date: 
(As Applicable) 

C. Source of Need Identification: (Specify) 

IT Other DOD   Industry    Other U.S. 

Report 

D. Required to meet: 

Current Need: 

Future Need: 

Conference   Other 
Date: 

AF JX3D   Industry Other U.S. 

E, Applicability to Weapon System(s): 

Is this project directly related to a weapon system? 
15" Ho" 

Is the weapon system: 
Current Tuture" 

Name of System(s); 

Projected Obsolescence Date: 

57-18 
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F. Applicability to Support System(s): 

Is project Qirectly related to sup?Tt system? 
Yes No 

Is the support system: 
Current"" Future 

Name of System(s): 

Projected Obsolescence Date: 

37-19 
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G. The Single Most Important driving factor for this project is: 
Note: Other factors are listed in Section XIV, Benefits. 

  System will not function without this project 
  Counter a potential hostile threat 

Improve system performance *>V 

». 

& 

  Major focus of a thrust area 
  User demand Jc%-" 
  Basic technological problem preventing general use 

Speed up development for DOD use 
Lead time reduction 

  Stimulate capital Investment 
  Improve readiness 
  Meet surge requirements 
  Increase production throughput/yields 
  Satisfy health requirement £Cv 
  Improve safety features 
  Minimize an environmental problem 
  Achieve MILSPEC standards 
  Reduce change-out problems 
  Enhance sust a inability -£-". 
  Improve Dower efficiency '.y.\ 
  Decrease energy consumption >y 
  Improve engineering properties OS 
 __ Gain an improved understanding of a production problem jjjjr; 
  Develop reliable domestic sources ™ 

>:   Minimize *he need for critical materials 
  Reduce/eliminate foreign dependency £> 
  Correct a spares problem S;i 
  External organizational pressure ^ 
  Achieve a high return on Investment (ROI) - EJ 
  Accomplish a key step In a thrust area ^/. 

>! __ Complete a thrust area •// 
  Reduce maintenance/repair costs "*v 
  Reduce production costs in the area of: //! 
 direct labor |.$ 
  Indirect labor 
  scrap rate j .;" 
  raw materials .\ 
  capital investment 

  Foster more rapid technology transfer • 
  Need to scale up *r 

Hiqhly promising product/orocess 
Industry capability is low or lacking 
Correct obvious inefficiencies 
Improve productivity (specify:  
Other (specify: ) £ 
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Ai ASSESSMENT OF HARTBC AVAILABUJTT OF RECOVERABLE ITEMS 

by 

E. Stanley Lee, Ph.D. 

ABSTRACT 

The most critical test of the adequacy of the logistics systems of 
the Air Force is during the worst scenario such as the initial war surge 
period or any other critical period when the demands far exceed the anti- 
cipated repair or transportation capabilities. In order to assess the war 
time readiness and sustainability and in order to obtain the best logis- 
tics policies during the worst scenario, the true dynamics during this 
period must be analyzed and accurately modeled based on war time emergency 
criteria and characteristics which are completely different from peace 
time. 

>."• 

the true dynamics with limited repair and transportation capabilities 
for recoverable items during the worst scenario are analyzed by the use of 
sample exa* ies. Due to its simplicity in computation, the deterministic 
fluid approximation is analyzed and appears to be ideally suited to model 
the complicated and large Air Force logistics system during the worst 
scenario. To further up-grade the model to Include the stochastic charac- 
teristics, diffusion approximation of the queueing theory can be used. 
Another possible approach is the formulation of new stochastic processes 
which may be easier to handle than the traditionally stochastic processes 
encountered in queueing theory. 
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I.    IMTRODUCnON 

The most critical logistics problem in a war is during the initial 
surge period after D-Day.    Both because of the sudden surge of war 

£■ activities and the need of rapid transition from peace time to war time 
£ environment, the logistics policies and resource levels for sustaining a 
m

ms war are subjected to the most severe test during this surge period. 
| Thus,  the preparation of logistics support of a war should be primarily 

based upon this initial period which is characterized by: 

rj (1)   Because of the very high demands on repair facilities there is 
£ a high probability of a queue of repairable items waiting to  be 
rf repaired. 
£* (2)    Because of the very large volume of items required to be 
r> transported,  there is a high probability of a queue waiting for trans- 
(> portation. 

(3) Because of the war urgency, cannibalization and lateral re- 
supply may become an important part of the logistics system. 

In addition to the above characteristics, the recoverable items are 
generally multi-indenture in structure and multi-echelon in repairable 
stations. Thus, in order to assess the war time materiel readiness and 
sustainability, all these factor? based on the rapidly changing war 
dynamics must be analyzed. These assessments are important not only for 
fighting and sustaining a war, they also allow the Air Force to 
determine, for a given level of support, where funds would best be spent 
in providing logistics support such that the Air Force's ability to 
fight a war is maximized. 

The various important factors for the general resupply process for 
recoverable items during the initial surge of war are illustrated in 
Figure 1. A two echelon system with base and depot repair is assumed. 
B.»cause of the limited facilities in repair and transportation, tandem 
queues or queueing networks are needed for the two echelon repair 
stations and transportation queues *re assumed between the base and the 
depot. 
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üfldjjju Two basic approaches have been used to analyze the 
logistics of recoverable items: (1) Honte Carlo simulation models, and 
(2) analytical models, Monte Carlo simulation models emulate a real 
world process through the use of probabilistic descriptions of process 
activities and events. Although his type of model can represent the 
process In great detail, it suffers from the enormous computation 
requirements* The true dynamics of the process with the consideration 
of queue has been modeled successfully in JEMS (Jet Engine Management 
Siaulator) [13]. 

*A#< 
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Analytical models can abstract the essentials of the logistics 

system and represent it mathematically. Thus, it can be used to handle 

large complex systems such as the logistics of recoverable items. 

However, in order to consider the true dynamics of repairable items 

during the initial war surge, the three characteristics listed above 

must be included. But, unfortunately, very little has been done to 

include these characteristics in the various existing analytical models 

such as Dyna-METRIC, LHI availability model, and WARS [3-10]. One 

reason is because the extreme difficulty encountered in solving the 

dynamic queueing equations. Notice that both of the first two 

charateristics require the solution of this type of equations. 

Although the general dynamic queueing equations are very difficult 

to handle, the dynamic equations representing temporary over capacity 

where the arrival or demand rate temporarily exceeds the service rates 

can be handled reasonably easily. The reason for this is that we are 

not concerned over whether there is a queue, we are only concerned with 

the queue length* Because of the large number of arrivals and the 

certainty that there is a queue, the system behaves like fluid flow with 

diffusion, Thus, the fluid and diffusion approximations of queues can 

be used to handle the limited repair and transportation facilities 

during the initial war surge. 

In this report, these approaches will be explored. Some simple 

examples will be given to explore the fluid approximation approach which 

is a deterministic approach. The stochastic diffusion approach of 

queues and its possible applications to the war surge period will also 

be examined. 

Another approach to avoid the dynamic queueing equation is to 

reformulate the problem in terms of simpler stochastic process. Several 

approaches have been proposed in the literature. These approach also 

will be examined briefly for its suitability to model the Air Force 

logistics systems. 

One of the most effective ways to represent stochastic processes is 

the Nartcov process. This approach combined with basic reliability 

analysis are also examined for the study of cannibalization in a 

separate report [173. It should be noted that Markov decision process 

is ideally suited for treating the opportunistic engine maintenance 
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problem [18]. 

II   OBJECTIVES OF THE RESEARCH EFFORT 

The objectives of this research were: 

(1) To study and to analyze the war dynamics during the initial 

surge period, or any critical period where the demands exceed repair 

capabilities, for recoverable items« The initial surge period after D- 

Day Is the most critical portion of a war and its time dynamics are the 

most important factors in assessing logistics support capabilities« The 

influences of some of the assumptions in existing analytical models such 

as Dyna-METRIC on the war dynamics during this surge will be examined, 

(2) To explore modeling methodologies which can be used to model 
the true fluctuating dynamics with limited repair and transport 

capabilities during the surge period for multi-echelon and multi- 

indenture recoverable items. 

(3) To assess the effectiveness and applicability of these various 
methodologies for modeling recoverable items and for estimating war time 
materiel readiness and sustainability during the surge period. Because 
of the limited time and also because of the extreme complexity of the 
Air Force logistics systems, only an initial start can be made. More 
detailed study and modeling must be carried out during later 
investigations. 

Ill   lEimtlMISTlC FLUID APnOflCDUTIOM 

During the surge of a war where the expected number of units of 
demand is very high, the queueing system behaves like a fluid and thus 
it is called the (deterministic) fluid approximation [14, 15]. Since 
there definitely has a queue and we are only concerned with the surge 
of queue length with a fixed and constant repair rate, the stochastic 
aspects such as whether or rot there is a queue is no longer important. 
Therefore,  deterministic approximation is ideally suited to model this 
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process. 
To illustrate the true dynamics of a war during the initial surge 

after D-day, consider a very simplified example of a single base without 
depot support. In other words, a one-echelon repair system with no 
indenture. 

During peace time, the base has an unlimited repair capacity and 
all repairs are performed at the base. Suppose that an item has a fixed 
daily demand rate of 0.8 units and a fixed base repair time cf 5 days. 
Assume that the initial surge of a war lasts 15 days. The daily demand 
rate during this surge period is 3 units per day. After the first 15 
days of the war, the demand rate gradually decreases following the 
decrease in flying activity which has the form: 

Demand =        X™ = 3.16e "°"lt (1) 

This decrease in flying activity was used by Muckstadt [1] to 
demonstrate the differences between steady state and dynamic models. 
Thus, the expected demand rate in the second column of Table 1 is 
obtained by using: 

dk 8 0.8, k < 1,    k > 28 

d.  = 3.0, 1 £ k £ 14 

dk z I A(t) dt,        k = 15,16,...,28 (2) 

Where d   is the expected demand rate at day k. 

It should be noted that these equations for daily demand are 
arbitrarily assumed. The daily demand rates are also shown in Figure 3. 
Since the repair time is 5 days and the repair capacity is assumed 
unlimited during both peace and war times, the third column in Table 1 
is the summation of the demands of the previous 5 days. Assuming 
Poisson arrival, the last column in Table 1 is the smallest nonnegative 

integer, «k, such that 
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TABLE 1 

UNLIMITED REPAIR CAPACITY, 15 DAYS INTENSIVE WAR 

".N 

Expected Stock level required to 

Expected        no. of units      achieve 0,8 probability of 

Demand in resupply        no   back orders 

V".     . • . 

Day 

0 

1 
2 

3 
4 

5 
10 

15 
16 

17 
18 

19 
20 

21 

22 

23 
24 

25 
26 

21 

28 

29 
30 

0.8 4.0 

3.0 6.2 

3.0 8.4 

3.0 10.6 

3.0 12.8 
3.0 15 
3.0 15 
3.0 15 

2,7 14.7 

2.5 14.2 

2.2 13.4 
2.0 12.4 

1.8 11.2 

1.7 10.2 

1.5 9.2 
1.4 8.4 

1.2 7.6 

1.1 6.9 
1.0 6.2 

0.9 5.6 

0.8 5.0 

0.8 4.6 
0.8 4.3 

6 

8 

11 

13 
16 
18 

18 
18 

18 

17 

17 
15 
14 

13 
12 

11 

10 

9 
8 
8 

7 
6 
6 
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where Mfc is the number of units in resupply during the kth day. In 

other words, the last column of T Me 1 represents the stock level on 

each day such that the probability of having one or more backorders is 

no greater than 0.2. This is the policy the Air Force uses to compute 

the stock level for spare aircraft engines [23. Observe that the peak 

requirement of 18 units occurs on days 5 through 16. (See also Figure 2 

where the third column in Table 1 is shown as Curve A.) The process 

returns to the minimum or peace time stock requirement of 6 on the 29th 

day after D-day. 

Although Table 1 shows the dynamics of initial surge of a war, it 

doea not show the true dynamics of demand due to one important 

unrealistic assumption, namely: the base has unlimited repair capacity« 

Since the war time demand is asssumed 3-0/0.8 = 3.75 times higher than 

peace time demand, it would be very unrealistic and very expensive to 

keep a repair facility with repair capability 3.75 times higher than 

required during peace time, thus, in nearly all practical situations, 

the repair capacity is certainly limited during the initial surge of a 

war. Even if we assume a restricted war limited to a small number of 

bases, we still need time to increase the repair capacity by moving 

equipment and technical personnel from other bases to the bases 

concerned« 

Suppose that during peace time only 80$ of the repair capacity is 

utilized in this single base and 20S of the repair capacity remains 

idle. Since the item requires 5 days to repair and the peace time 

demand is 0.8 unit per day, the base must have 5 simultaneous repair 

facilities for this item* Table 2 Is obtained by assuming 5 sentrs or 

5 repair facilities in the base« Ihe expected demand is the same as In 

Table 1 and is obtained by using the equations In (2). Column 3 shows 

the number of units in resupply which are in repair and Column 4 lists 

the number of units in resupply which are waiting to be repaired because 

of limited service capacity.    The total 
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TABLE 2 

LIMITED REPAIR CAPACITY, 15 DAYS INTENSIVE WAR 

0 0.8 4.0 0.0 4.0 6 

1 3.0 5.0 1.2 6.2 8 
2 3.0 5.0 3.4 8.4 11 

5 3.0 5.0 10.0 15.0 18 
6 3.0 5.0 11.2 16.2 20 

10 3.0 5.0 20.0 25.0 29 
15 3.0 5.0 30.0 35.0 40 
20 1.8 5.0 36.2 41.2 47 
25 1.1 5.0 38.1 43.1 49 
30 0.8 5.0 37.4 42.4 48 

35 0.8 5.0 36.4 41.4 47 

51 0.8 5.0 32.4 37.4 43 
101 0.8 5.0 22.4 27.4 32 

201 0.8 5.0 2.4 7.4 10 

* - Assumed Poisson distribution.    This assumption is not completely 
correct. 

number of units in resupply is the summation of Columns 3 and 4. The 
last column in Table 2 is obtained in the same way as those obtained in 
Table 1 by using Equation (3). However, for large values of the mean, 
M , the cumulative sums for Poisson distribution can be approximated by 
normal distribution. Thus, for Mk > 20, cumulative sums of normal 
distribution are used. 
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It should be emphasized that the last column in Table 2 is not V-J 
correct.   This is because Poisson distribution is assumed.   Thus, the >"v 
last column in Table 2 should only be used with great care. jg#;, 

Notice that, except in day zero, all the servers are busy in Table ."■.**> 
2 for all the time until day 201. (See also Figure 2 where the fifth .v> 
column in Table 2 is shown as Curve C)   The peak requirement of 49 units ;S;> 
occurs around day 25.    The process did not return to the peace time -J^ 
stock requirement even on day 201. 

If the required stock level is obtained based on unlimited repair 
capacity as those listed in Table 1, the stock level would have 
understated starting on the 6th day of war and lasting over 100 days. 
Furthermore, the actual maximum requirements would be understated by 49 
- 18 s 31 units which is 172 percent understocked, 

Suppose this is a limited war and the repair capacity at the base 
can be increased by moving repair equipment and repair technical 
personnel to the base fairly quickly. Furthermore, suppose that this 
movement required ten days. Let us assume that the repair capacity is 
doubled at the 11th day of war. In other words, we have ten servers 
starting on the 11th day« Using the same demand scenario, Table 3 is 
obtained. Observe that the maximum expected number of units in resupply 
(MENUR) is 36.2 and this peak demand occurs at around day 15 to day 20 
(see also Figure 3). Compared to Table 1, the MENUR is understated by 
36.2 - 15 = 21.2 units. This duration of understock started on day 6 
and lasted until day 36. 

Observe that by doubling the service capacity at the 11th day of 
war, the MENUR is reduced by 7 units or only approximately 20%. 
However,  the duration of shortage is considerably reduced. 

Another way to increase the repair capacity is to increase or add 
overtime for the workers* Obviously, there is a limit for this overtime 
because of repair and testing equipment and manpower limitations. Let us 
assume that on D-day we can increase our number of servers from 5 to 8 
immediately by overtime and after 10 days of war we can add repair and 
testing equipments and manpower to 10 servers. The results in Table 4 (see 
also Figure 2) are obtained under these service capability assumptions with 
the same demand scenario. Notice that except peace time and the first day 

of war, all the servers are busy until the 36th day of war.    Compared to 
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Table 1, the MENUR is understated by a maximum of 30.2 - 15 = 15.2 units. 

TABLE 3 

Repair capacity doubled after ten days, 15 days intensive war. 

Expected 

Expected No. in No. in no. of units 

Day Demand service queue in resupply 

0 0.8 4.0 0.0 4.0 
■» 3.0 5.0 1.2 6.2 

5 3.0 5.0 10.0 15.0 

10 3.0 5.0 20.0 25.0 

11 3.0 10 16.2 26.2 

15 3.0 10 25.0 35.0 

20 1.8 10 26.2 36.2 

21 1.7 10 21.1 31.1 

31 0.8 10 11.4 21.4 

Ml 0.8 9.4 0.0 9.4 

46 0.8 3.4 0.0 3.4 

If the required stock is obtained by assuming no repair capacity 

limitation, the duration of understock which would limit the war 

fighting capability starts on day 6 and lasts until day 35. In other 

words, our war fighting capability would be greatly reduced during most 

of the time of the war. 

Thus, the dynamics of war can be influenced greatly by repair 

limitations. The expected number of units in resupply due to both in 

service and waiting to be served from Tables 1, 2 and 4 are plotted in 

Figure 2. Unlimited repair capacity assumption can cause the required 

stock level greatly underestimated even under the most optimistic 
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TABLE 4 

Five servers in peace time, 8 servers during day 1 to day 10 and 10 

servers after day 10. 

Total Expected 

Expected No. in No. in no. of units 

Day Demand service queue in resupply 

0 0.8 4.0 0.0 4.0 

1 3.0 6.2 0.0 6.2 

2 3.0 8.0 0.4 8.4 

5 3.0 8.0 7.0 15.0 

10 3.0 8.0 14.0 22.0 

11 3.0 10.0 12.0 22.0 

15 3.0 10.0 19.0 29.0 

20 1.8 10.0 20.2 30.2 

25 1.1 10.0 17.p 27.3 

30 0.8 10.0 11.6 21.6 

35 0.8 10.0 5.6 15.6 

36 0.8 10.0 1.4 11.4 

37 0.8 9.6 0 9.6 

40 0.8 9.6 0.0 9.6 

41 0.8 5.Ü 0.0 5.4 
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assumptions. The dynamics of war not only depends on the change in 
demand rate, it also depends heavily on the repair capacity of the 
system. Since nearly all of the currently available analytical models 
such as the dyna-METRIC and the LMI availability model do not consider 
the repair capability limitations, it is important to add this aspect 

into the models. This is especially true in view of the fact that 
because of the severe logistics demand during the initial surge of war, 
the required stock level is very sensitive to the intensity and duration 
of war,  tht repair capacity or limitations, the transportation capacity 
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and how quickly we can mobilize to wartime repair and transportation 
capabilities. Because of this severe demand on the various resources, a 
detailed study of the true dynamics of war is a necessity in order to 
prepare for war adequately during peace time. 

It should be mentioned that Monte Carlo simulation models such as 
JEMS and TJEMS do consider repair capacity limitations [133. 

To illustrate the influence of repair capacity on the dynamics of 
war, the results in Table 3 is plotted in Figure 3. The difference 
between the expected number of units in resupply and the number of 
servers in any given day gives the queue length or the number waiting 
for service* It is this queue length or the area inside the curves 
formed by the points ABCDE that is important from logistics standpoint. 
The maximum height of the curve at point B represents the time at which 
the maximum queue or maximum number of units in resupply which is not 
available for use and the duration from point A to point C represents 
the duration at which there are units waiting to be repaired or the 
duration during which the repair capacity is not adequate. Thus, both 
the height and the width (or duration) are important parameters. For 
example, if we assume the system fails any time there are 15 units or 
more in resupply, then, knowing the duration or width of the area ABCDE, 
one can estimate the mean time between system failures (MTBSF). For the 
scenario in Figure 3t this MTBSF is 36 - 5 = 31 days which is obviously 
too long for a war of only 15 days duration. The maximum height of the 
area can be used to estimate the maximum number of units which are in 
resupply. Notice that because of the fixed repair time of 5 days, there 
is always a delay of at least 5 days during which time the unit is not 
available.    It is this delay that makes the dynamic so severe. 

This type of analysis can be used to illustrate the influences or 
sensitivity on the dynamics of war under various different conditions 
such as the length of repair time, transportation time, the duration and 
intensity of war, repair capacity, and the various delays due to 
limitations on repair capacity, transportation capacity and shortage of 
parts. 
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IV. MULTI-ECHELON AND MULTI-INDENTURE SYSTEM 

The above illustration was purposely made simple. The actual 
problem is complicated by both the structure of the system and the 
repair procedures. An airplane is structured multi-indenture. The 
repair operation in the Air Force logistics systems is multi-echelon in 
location and multi-station at a given location for any given repairable 
item. 

Even for this complicated system, it if -vpected that the afcove 
procedure can still be used to study the dynamics of the initial war 
surge. This is because the basic simplicity in the approach and in the 
computation. However, it should be emphasized that only during the war 
surge period where demand rate is much higher than repair capabilities, 
this approach can be used. If the demand or failure rate is relatively 
low, the probability of formulating queue or no queue becomes important 
and the deterministic assumption can no longer be used. 

Another disadvantage of this approach is that because this is a 
deterministic approach, all the stochastic properties are lost. For 
example, in obtaining the last column in Table 1, Poisson distribution 
can be assumed because of unlimited repair capacity. However, the last 
column in Table 2 is not completely correct. This is because of limited 
repair capacity with queue and thus the distribution of the expected 
number in resupply is unknown. This is why in Tables 2-1, only the 
expected numbers of units in resupply is used. The stock level required 
to achieve 0.8 probability of no back orders is unknown. One way to 
overcome this disadvantage is by the use of diffusion approximation 
which will be discussed in the next section. However, by the use of 
this approximation, the computational process becomes more complicated 
as compared to the simple procedure discussed in the previous section. 

To illustrate the multi-station nature of the repair process, 
consider the "raw engine build-up» procedure after the base receives the 
engine from the depot [133. The flow chart for this multi-station 
repair process is shown in Figure 4 [same as Reference 13» Chart 63. As 
can be seen, a series of queues can be formed. A queue may be formed to 
wait for the stand, as a second queue may be formed to wait for crew, a • 
third queue for parts if parts shortage occurs, and a fourth queue for 
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the test cell. Thus, instead of a simple queuing process as that 
discussed in the above illustrations, we have a series of four queues in 
tandem. The distribution of the output from this series of queues is 
obviously much more difficult to obtain. However, if we only consider 
the initial surge period, the dynamics of this tandem queue can still be 
obtained in essentially the same way as that discussed in the 
illustrations by assuming constant service times and by using 
deterministic approximations. The o*ly difference from Tables 2 through 
4 are that there are more than oie queues waiting to be served, more 
than one service station in series, and the total expected number of 
units in resupply would be the sum of all those in services and in 
queues. 

RAW ENGINE 

\                 ^AHp-MO-*gu]         ! 

VJHORTAßp^T* 

[ PARTS DELAY! 

<^c7lj>-*r« [p 
I            [TEST TIME! 

* 
SERVICEABLE 

To add the multi-indenture and multi-echelon property, the system 

is even more complicated. For example, in order to repair component j, 

sub-component i may be needed. But, sub-component i may be back-ordered 

and is not available. Thus, another queue can be formed for this sub- 

component. It is proposed that the extension of the above procedure to 

the multi-Indenture and multi-echelon system be investigated during the 

mini-grant program. 
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V.    DIFFUSION APPROXIMATION 

Although the deterministic fluid approximation discussed in the 

previous sections is simple to calculate and appears to be ideally 

suited for study the dynamics of the initial war surge, the stochastic 

property of the system is completely lost. For example, we can 

calculate the mean of the back orders for certain item, but, we donft 

know the distributions of this back order. Obviously, it is desirable 

to know the distribution also. 

Since the dynamic queuing equations with variable arrival rates or 

variable demand rates are too complicated to be of practical use, 

various other approaches to consider the stochastic property of the 

system have been devised« Two approaches which appear especially suited 

to model the Air Force logistics systems will be discussed briefly in 

this and the next section. 

The diffusion approach [14-16] is based on the idea that the number 

of units in the system is so large that the integer nature of the count 

can be ignored. During the initial war surge period, this is exactly 

the situation where the number of units in resupply waiting to be served 

is large. 
The behavior of queuing system is abstractly very similar to the 

behavior of fluid diffusion. In queueing theory, the first moment of 
the probability density is the analogue of the center of gravity of the 
mass distribution and the variance is the analogue of the moment of 
inertia about the center of gravity. Based on mass balance of fluid 
flow with diffusion and after some manipulations, the following 
differential equation representing the probability distribution function 
of the queue of an item with time-dependent arrival rate can be obtained 

2>t 
where F(^,t) is the probability distribution function of the queue at 
time t, /^(t) is the time-dependent arrival rate at time t„#is the 
time-independent or constant service rate, £ is the queue length, I is 

the variance to mean ratio for the arrival rate, and ID is the variance 
to mean ratio for the departure or service rate. 

.*» - 
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Although Equation W is a very complicated partial differential 
equation, it is much easier to handle than the differential-difference 
classical dynamic queueing equation. Furthermore, since this is 
basically the same equation in fluid diffusion and heat transfer, it has 
been solved under many different assumptions in the literature. 

Equation W can be simplified by the following transformation of 
the time coordinate: 

Equation (4) becomes: 

with 

Since F (^,t ) is a distribution function, the boundary condition for 
Equation (6) must be 

Once the arrival or demand rate, \ (t), is given for a given 
problem, Equation (6) can be solved numerically with Equation (8) as the 
boundary conditions for the distribution function F {f,t). 

Notice that Equation (6) only represents the queue of one item at 
one repair station. Thus, if the arrival or demand rate is different 
for different items, Equation (6) must be solved for each different 
arrival rates. Based on this distribution for every different arrival 
rate, a model can be established. This model should be established 
along the same lines as Oyna-HETRIC except that repair capacity is 
limited. 

Obviously, a lot of work needs to be done to establish this model. 
It is hoped that this approach can be further explored in the Mini-grant 
program. 
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VI.    THE FORMULATION OF NEV STOCHASTIC PROCESS 

Because of the simultaneous consideration of the interaction of two 

nonstationary stochastic variables (the arrival and departure stochastic 

variables), the dynamic queueing approach is very complicated. If one 

could extract a simpler stochastic process from the system based on the 

particular characteristics or assumptions of a given process, the 

problem may be easier to handle. Several different approaches, such as 

the busy and idle periods concept [15] and the MTBSF idea [12] are 

proposed in this direction. The advantages of these approaches, are 

that they are not limited to the war surge period. Due to space limita- 

tions,  this possible approach will only be discussed briefly here. 

As discussed in the previous sections, one of the principal 

difficulties in using existing analytical models to model the dynamics 

of the war surge is the assumption of unlimited repair capacity. This 
assumption can cause considerable under estimation of the required stock 

level. From Figure 3» it can be seen that the duration from A to C is 

an important variable. This duration depends on the relative rates of 

demand and repair and this is a partial measure of the repair 

limitation. The MTBSF defined in Section III represents this duration. 

For example, if we assume the system fails at the following different 

numbers of units in resupply: 10, 15, 25, 30, etc., the corresponding 

MTBSF's are 38, 31, 21, 13, etc. Thus, the area AEDCB can be obtained 

indirectly by using different values of MIBSF's. 

In the LMI availability model or the recent version of Dyna-METRIC, 

the t -oblem is: 

Maximize:    (System Availability) 

Subject to:    (Total Logistic System Cost) £   C (9) 

However, the MTBSF is also an important variable. It measures the 
duraion during which the war fighting capacity is greatly limited. 

Thus, instead of Equation (9) if we solve the problem: 
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Maximize: (System Availability) 

Subject to: (Total Logistic System Cost) £ C 

(MTBSF) 2 T 

(10) 

The dynamics of war is also indirectly and partially considered. 
The reason that this is only a partial consideration is that the maximum 
queue is not considered. Once the queue is over certain length, the 
system is considered failed* It should be emphasized that this is a 
practical and useful approach for the Air Force logistics systems« 

Graves and Keilson [12] proposed this approach which is similar to 
that of Goss et al [11]. The main advantage of this approach is that 
the stochastic variable, MTBSF, is much easier to describe than the 
stochastic variables traditionaly used in queueing theory. These 
authors reduced Equation (10) into a zero-one integer programming 
problem which can be solved approximately by linear programming» This 
approach appears promising although some computational difficulties must 
be first overcome. 

vu.  lEanemmms 

The deterministic fluid approximation has shown to be an effective 
tool for studying the logistics for recoverable items during the initial 
war surge or during any critical period where the demands extends the 
repair capacity. However, because of the complexity of the Air Force 
logistics systems and also because of the limited time during the summer 
research program, only a start has been made to investigate the 
logistics of this critical war period. Several areas need further 
research.    The most fruitful areas for further investigations are: 

(1) Expand the deterministic fluid approximation into one 
mathematical analytical model for the thousands of recoverable items in 
the Air Force logistics system. This model should at least include the 
multi-indenture, multi-echelon and multi-station repair features with 
limited transportation and repair capabilities. Cannibalization and 
lateral resupply will also be included. Because of this limited 
transportation and repair capacities, the model is much more complicated 

>:. 
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due to the presence of various queues. However, because of the 
simplicity of the approach as shown in this report, the model should be 
within the available computer capacities. 

(2) Expend the analytical model obtained above to cover the multi- 
indenture in structure and multi-echelon in storage consumable items 
with emphasis on the limited transr -tation capabilities. 

(3) In order to further expand the above model to include more 
accurate stochastic distributions concerning the number of units in the 
repair pipeline, both the diffusion approximation and the formulation of 
new stochastic processes should be further investigated. Both 
approaches appear to be an effective technique at this stage of the 
research. However, the computational effort involved must be consider- 
ably reduced before it can be applied to the Air Force logistics sys- 
tems. These approaches can be applied right now to a small sub-system 
of the Air Force logistics systems such as a module or an engine with 
only few most important modules. 

I purpose to continue the investigation based on the above recom- 
mendations with emphasis on the particular characteristics during a war 
emergency such as the limited repair and transportation capabilities for 
the multi-echelon and multi-indenture recoverable items, the limited 
transportation and storage capabilities for consumable items, and the 
Importance of cannibalization and lateral resupply. 
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LASER DENSITOMETER DESIGN 

by 

Joanne M. Foley 
and 

Mark E. Lewittes 

ABSTRACT 

A design for an automated laser densitometer is presented. The 

design allows for the measurement of the optical density of samples with 

high attenuation factors. Such materials are used for or have the poten- 

tial for use as laser protective eyewear. 

The densitometer is designed to measure optical densities as high 

as 8±,1 OD. Both pulsed and continuous laser sources are Incorporated in 

the densitometer. Wavelengths in the range 488 nm to 1064 nm are avail- 

able. A microcomputer provides the automation of the laser densitometer, 

prompting the user through the measurement procedure, making the meas- 

urements, and ultimately performing the calculations to determine the 

optloal density of the sample. 
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I.  INTRODUCTION 

The task of developing laser protective eyewear is especially 

difficult. This is due to the availability of many types of lasers with 

output wavelengths covering the UV, Visible and IR spectrum. No single 

protective filter can function at all wavelengths. Thus, the problem of 

evaluating protective eyewear materials is important for determining the 

best materials for any particular environment. The Air Force has had a 

continuing program for determining the suitability of laser protective 

eyewear. (1-5) 

Much of the previous work used laser densitometry to measure ';he 

transmission of optically dense samples. (3~5) Commercially available 

spectrophotometers such as the Beckman ACTA MVII are capable of measuring 

a change in transmission of three orders of magnitude. A sample which 

can attenuate light by three orders of magnitude is said to have an opti- 

cal density of three. More generally optical density (O.D.) is related 

to transmission (T) by the relation 

OD - LOGTQ1. (1) 
T 

The laser densitometer used by Murray (k)  was capable of measur- 

ing the optical density of very dense samples. It employed a nitrogen 

pumped pulsed dye laser. The pulse widths of these lasers were less than 

6 nano-seconds. The method employed required that this short optical 

pulse be split Into two optical paths, one path being longer than the 

other. The light from both paths was detected by the same 

photomultlpller tube. Since one path was longer, the resulting optical 
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delay allowed the signals from the two paths to be observed as two 

sequential pulses on an oscilloscope. The optical sample being tested 

was placed in one path which changed the relative size of the two pulses. 

Manually changing the filters in the sample path allowed the experimenter 

to obtain a near balance of the pulse signals. The optical density of 

the sample was then calculated from the optical density of the filters 

removed from the sample path and the ratio of the sample and reference 

pulse amplitudes. 

im 

While this laser densitometer was effective it had two drawbacks. 

First, it required the use of a very short pulsed laser and would not 

function with either a long pulse or a continuous laser. Second, the 

manual filter adjustments were cumbersome. The accuracy of the optical 

density measurements depended on the skill of the operator in reading 

pulse heights on the oscilloscope and his willingness to perform the 

task. 

Subsequent to this work, Major 0. Maler of USAFSAM/RZ User Labo- 

ratory, constructed a prototype laser densitometer. This eliminated the 

need for an ultra short pulsed laser by detecting the reference beam with 

a second optical detector. This laser densitometer still required the 

operator to manually move neutral density filters into or out of the op- 

tical path. The fundamental concern of the present work Is to design an 

automated laser densitometer capable of using either pulsed or continuous 

lasers as a light source. 

Hi 
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II. OBJECTIVES 

The design objectives of the laser densitoraeter were as follows: 

(1) To have the measurement of optical density be 

independent of laser intensity instability. 

(2) To measure optical density up to 8 OD with an 

accuracy better than .1 OD at wavelengths of common laser sources, and at 

different polarizations of the source. 

(3) To automate the system and provide user interaction 

using a microcomputer. 

(4) To accommodate the various laser types which differ 

in waveform, wavelength and power in a single experimental arrangement, 

avoiding realignment or replacement of optics. 

(5) To select and order the appropriate electronio and 

optical components. 

III. System Overview 

As discussed above one of our design goals was to measure the 

transmission of samples over 8 orders of magnitude. This is difficult in 

a single beam absorption experiment because even the best optical detec- 

tors are only linear over six orders of magnitude in intensity. 
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By insuring that the intensity which impinges on the optical 

detector is independent of the optical density of the sample, the diffi- 

culty of nonlinearity can be overcome. This is realized by using a feed- 

back system which alters the intensify impinging on the optical sample 

such that the transmitted light is a constant and thus independent of the 

sampled optical density. The measurement is made on the basis of how 

much the light intensity has to be altered. 

A diagram of our implementation of th<s method is shown in 

Figure 1. The laser light source represents one of several lasers avail- 

able as sources in this system. The laser beam itself is split into two 

beams by a beam splitter. The left optical path in Fig. 1 is consid- 

ered the reference path. It provides a signal to the feedback system 

which is proportional to the instantaneous laser intensity. The 

right path is the sample path. 

With the sample temporarily out of the optical path, and filters 

summing to an optical density of 8 in the sample path, the electronic 

signal generated by the beam in the sample path is matched to the voltage 

of the reference path's signal. When the sample is placed in the sample 

beam path the two signals are no longer equal in magnitude. The 

microcomputer provides the feedback mechanism in this system. It drives 

the linear actuators (stepping motors) to move the appropriate filters 

out of the sample path until the two beams are again equal. Since opti- 

cal density is additive, the total optical density of the filters which 

were removed from the path is equal to the optical density of the sample 

itself. This value is displayed on the CRT to the operator. 
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FIGURE I.  FUNCTIONAL SYSTEM OVERVIEW, USER DENSITOMETER DESIGN 
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The densitometer contains three subsystems, the optics, the 

analog electronics, and the microcomputer. These subsystems will be 

discussed in detail here. 

Optics 

One objective of the design was to be able to test optical sam- 

ples over a wide range of irradiation. Our optical design includes four 

separate lasers which provide radiation at six distinct wavelengths span- 

ning the spectrum from 488 nm to 1060 run. Two of the lasers provide con- 

tinuous radiation, while the other two provide a pulsed source of 

radiation. The pulses are either of long (750 ysec) or short (15 nsec) 

duration depending on whether or net the laser is Q switched. Table 1 

lists the lasers and their output capabilities including wavelength and 

pulse length. 

►\v, 

Laser Source 

Argon Ion 

He Hum-Neon 

Ruby 

Nd-Yag 

Wavelength (nm) Waveform 

514.5 
488.0 

632.8 

694.0 

1064 
530 

Continuous 

Continuous 

Pulsed 
15 ns or 750 usec 

Pulsed 
15 ns or 750 ysec 

TABLE 1:  LASER SOURCE OUTPUT CAPABILITIES 
m 
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The optics table layout is shown in Figure 2. By using beam 

splitters and a single kinematic stage, all four of the laser beams become 

colinear before the optical beam path is split into the sample ana refer- 

ence paths. Thus, all of the lasers are permanently aligned so that any 

of the lasers can be used as the radiation source with a minimal. effort 

on the part of the user. As any one of the four beams enters the sample 

path, it must be within a certain intensity range. The minimum intensity 

is limited by the minimum light required to produce a mid-range signal 

from the photomultiplier tube used as the detector in the sample path. 

Remember that in the sample path, the light is attenuated by a 

factor of 10® by the combination of filters and the sample itself. The 

damage threshold of the neutral density places the upper limit on the 

intensity. Using the characteristics of 9808QB photomultiplier, a beam 

intensity in the range of 50 mwatts/cm2 entering the sample path is opti- 

mal for a continuous laser. For a pulsed laser, the time response char- 

acteristics of the photomultiplier tube determine the optimum peak 

intensity in the sample path to be 100 watts/cm2. 

All lasers used in this system have sufficient power to provide '■'/< 
>!; 

the optimal intensities when the boams are 1 cm in diameter. In fact, 

the pulsed lasers must be attenuated considerably from their initial peak —r* 

intensities which are on the order of 75 megawatts by a series of wedge 

prisms. The two pulsed laser beams propagate through the wedge prism 

attenuator and then are directed into the common optical path through a jj 

mirror mounted on a kinematic stage. A kinematic stage can be removed from '.*' 
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and replaced back into an optical system with high precision so that no 

optical alignment adjustments are necessary. The beam is then split by 

an uncoated beam splitter. A little over 90% of the beam goes into the 

sample path. The remainder of the light goes into the reference patn 

where a photodiode monitors the laser's Intensity. 

The light in the sample path is attenuated by the series of 

neutral density filters mounted on the linear actuator shafts. The 

nominal values of the filters were chosen to minimize the total number of 

filters required to obtain any combination of optical density up to OD 8 

with a resolution of ± .02 or better. The filters chosen have nominal 

optical densities of k,  2, 1, .5, .3. .2, .1, .01, .03. The 00 H filter 

is constructed out of two 0D 2 filters. 

Even though the filters nominally have a constant optical density 

over the entire spectrum, this is not true to the accuracy which is 

required In this system. To compensate for this fact, the optical 

density of each filter must be measured Individually at each wavelength 

of interest. This table of measured den«'ties vs. wavelength Is then 

stored In an array within the microprocessor memory. It is used when 

calculating the total optical density which has been removed from the 

sample beam path. 

The sample can be moved vertically and horizontally as well as 

rotated around both Its vertical and horizontal axes. These position 

adjustments are available so that the optical density of the sample can 

be measured as a function of position and angle of incidence. The two 
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angular adjustments are required because the lasers are linearly polar- 

ized. The resulting asymmetry may cause an angular dependence of the 

samples optical density. 

There «c two witivr  differences between the paths of the continu- 

ous and pulsed lasers. The first difference is that the continuous beam 

is chopped by a 500 Hz mechanical chopper. Chopping the optical beam re- 

sults In an electrical signal from the optical detectors which is a 

square wave of 500 Hz. We will later see that this is important in re- 

moving the detector's dark current and other noise components. 

The next difference in the optical path is the passing of the 

chopped beam through a 5x expanding telescope to expand the beam diameter 

to 1 cm. In the pulsed source case the laser beam diameters are already 

1cm in diameter upon exiting the laser, so no expansion is necessary. 

Just before the beam gets to the detectors, the light passes 

through a laser line filter. Its transmission band is matched to the 

laser being used. The function of the filter is to pass the laser signal 

and prevent  the room lights from entering the sensitive detectors. The 

last elements in the optical system are the detectors. A photomultiplier 

tube is used in the sample path and a photodiode In the reference path. 

Both the S-i photocathode of the photomultiplier tube and the silicon 

photodiode detector have spectral sensitivity over the range of wave- 

lengths of the laser sources used. (See Table 1) 
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A comparison of the sample and reference signal magnitudes will 

explain the choice of having different detectors. The sample path has an 

attenuation of 10& of the Incoming light because of the neutral density 

fl!t.ÄM anrf *a!?ple in its path. This is partially compensated for by 

allowing 95$ of the source light to enter the sample path and only 5%  to 

enter the reference path. The photomultiplier tube has a quantum effi- 

ciency of about 1/500 (1 photoelectron for every 500 photons), whereas 

the photodiode's quantum efficiency Is close to 1. The photomultiplier 

has an Internal current gain of 10&, whereas the photodlode has unity 

gain. This would still leave a considerable mismatch in the two signals. 

To adjust for this, as well as limit the position sensitivity of the 

photodlode In the reference path, the reference beam passes through an 

intergrating sphere before the photodlode senses It. The Integrating 

sphere reduces the intensity seen by the photodlode by a factor of 2000. 

Thus the ratio of the photomultiplier signal to photodlode signal is 

nominally; 

PMT Signal    .95 x 10~s x (1/500) x 10*    ,*    m 

P0 SigSai -   .6« x (1/2066)  - *76    (2) 

Thus, t,:e two signals are of comparable magnitudes. Any residual differ- 

ence between the two signal amplitudes will be compensate* for by vari- 

able gain amplifiers within the following analog electronics. 
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A different photodiode Is used for the pulsed lasers than the one 

used for the continuous lasers. The one for the continuous laser detec- 

tion has a surface area of 1 cm2.  This diode's surface area has consider- 

able capacitance, making the detection of the pulsed lasers impractical. 

Therefore, the UDT PIN 010 photodiode with a .04 mm2 surface area is 

usea.  inis diode has a rise time less than 4 x 10"9 seconds and can be 

used to temporally resolve the pulsed laser intensity profile. The same 

photomultiplier tube is used for both the continuous and pulsed lasers. 

The photomultiplier tube has a rise time of 2 x 10~9 sec even though It 

has a large area photosensitive cathode (2 inch diameter). 

The output signals from both optical transducers are currents. 

These currents are converted into voltage signals by transimpedance 

amplifiers. The expected magnitudes of the output voltages are on the 

order of ,5 V  for both the sample and the reference signals. 

Electronics 

We have used an analog circuit subsequent to the phototransducers 

and their transimpedance amplifiers. The function of this circuit is to 

determine which (if either) of the sample or reference signals is larger 

and to digitally encode this information for the microcomputer. The 

digital signal is then read by the microprocessor which will in turn 

alter the intensity in the sample path in an attempt to switch the sig- 

nals. 
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Because the temporal characteristics of the analog signals 

expected from the pulsed laser sources and continuous laser sources are 

significantly different, two separate analog signal processing circuits 

were designed. In both circuits care must be taken to remove the portion 

of the signal due to the dc dark current. 

When using a continuous laser source, recall that a mechanical 

chopper interrupts the laser beam at a frequency of 500 Hz. Refer to 

Figure 3 for the schematic of continuous case electronics. The first 

stage of the analog circuit is a narrow bandpass filter with unity gain 

at the center frequency. The center frequency is tuned to 500 Hz with a 

bandwidth of ± 10 Hz. Thus, the dc dark current portion of the signal is 

rejected by this amplifier. In addition, the noise bandwidth is limited 

to 20 Hz, eliminating most of the shot noise of the detector. Addition- 

ally» by operating away from very low frequencies, 1/f noise generated in 

the preamplifier stage is minimized. 

The second stage of the circuit is a precision full wave recti- 

fier followed by an RC filter. Notice that there is an adjustable gain 

on the reotifier so that the signals in the sample and reference paths 

can be balanced prior to the Insertion of the sample into the optical 

path. The RC filter converts the rectified signal into a dc level which 

is proportional to the 500 hertz signal which Is in turn proportional to 

the Ujht intensity seen by the phototransducer. The .1 second time con- 

stant of the RC filter limits the ripple of the 500 Hz fundamental fre- 
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quency to 1/100 of the dc level produced. The buffer amplifier following 

the RC filter isolates the filter from the input impedance of the follow- 

ing stage. 

Up to this point, the circuitry of the reference and sample paths 

are identical. The dc signals from these two paths are now subtracted 

and the difference is multiplied by 10 for better resolution. The result- 

ing output of the subtractor will be a positive dc level if the sample 

path voltage is greater than the reference path voltage and negative if 

the sample path voltage is less than the reference voltage. The result 

of the subtraction between the signals is compared to 5% of the reference 

signal. A table showing the encoding of the relative amplitudes of the 

sample and reference signals follows. L and M refer to the outputs of the 

two comparators in Figure 3. 

Comparator Outputs 

0 - low   1 « high 

L M Significance 

0     0    Sample signal is within 5% of reference 

0 1     Sample signal is greater than reference by more 
than 5%, subtract OD from path 

1 0    Sample signal is less than reference by more than 
5%,  add OD to path 

1     1     Illogical and almost impossible 

TABLE 2:  COMPARATOR OUTPUT SIGNIFICANCE 
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The logic of the subtraction and comparator functions is the same 

for the continuous and the pulsed circuits. The methods used to obtain 

the signal levels proportional to the peak intensities of the sample and 

reference optical signals are considerably different.  See Figure 4 for 

the schematic diagram of the pulsed case. 

The specifications of the OEI 5032 peak sample and hold device require 

that the input signal be positive. The output of both phototransducers are 

negative currents, and subsequently reslut in negative voltages from the 

transimpedance amplifiers. To provide a positive input to the peak sample 

and hold device, an inverting transistor amplifier is used. See Figure 4. 

The duty cycle of the pulsed lasers is on the order of one pulse per 

second.  It is deisrable that the intensity comparison be made on a single 

pulse rather than integrating the signal over 5 or 10 pulses. Thus, the 

information must be obtained from a single pulse of short duration. A 

peak sample hold device captures and holds the peak signal seen from the 

photransducer. While the total current in the pulse train is very small 

(a few picoamps) the peak current is in the milliamp range. Because the 

peak sauole and hold device is sensitive to the peak current, the dark 

current can be neglected since it is orders of magnitude less than the 

peak current. 

In order to obtain the long hold time required to allow the longer 

laser pulse of 750 u s duration to finish before the reading is taken, 

two sequential peak sample and hold devices are used. The first peak 

sample and hold device has a fast rise time in order to catch the peak of 

the 15 ns pulse. There is a trade off, for it has a short holding time of 
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less than 10 ysec. However, this holding time is sufficient to allow a 

slower rising peak sample and hold device in series with the first device 

sense the peak.  Its decay rate is .01 volts/sec. The peak value is held 

for more than a millisecond. This is long enough for the microcomputer to 

read the resulting comparator outputs. The microprocessor requires a 

minimum of six machine cycles to perform the reading, with each cycle being 

one microsecond in duration. 

All of the peak sample and hold devices are discharged by a signal 

from the microprocessor just prior to the microprocessor signal which fires 

the lasers. This insures that a reading from the present laser pulse is 

made rather than from the peak of a previous pulse which is still being held. 

As mentioned above the dc levels from peak sample and hold devices are 

inputs to the indentical subtraction and comparison network as described for 

the continuous laser electronics. The resulting output signals from the 

comparators are TTL compatible and are read directly by the microcomputer. 

MICROCOMPUTER 

The microcomputer chosen for our application is a Synertek Systems SYM-1. 

It is based on the 6502 Central Processing Unit. By utilizing plug-in expansion 

capabilities, 4K of Random Access Memory (RAM) is available. To accomodate 

our application software the Read Only Memory (ROM) is expanded to 24K. The 

SY6522 Versatile Interface Adapter (VIA) 
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is used on the SYM-1 to handle peripheral interfaces. Three VIA's are 

used, each with 16 lines which are individually programmable to act as 

input or output lines. 

The microcomputer system provides a degree of automation to the 

densitometer system by activating the linear actuators, reading the proc- 

essed signals from the electronics, firing the laser in the pulsed case, 

and giving the user the opportunity to repeat the test. The main pro- 

gram, written in BASIC, provides user interaction and contains the deci- 

sion making algorithm. Machine language subroutines communicate to and 

from the input/output ports. Information is passed from BASIC to machine 

language and vice versa. These programs are stored in Erasable pro- 

grammable Read Only Memory (EPROM). The user is instructed to turn on 

the laser he wishes to use for this particular measurement and to input 

to the terminal the wavelength and wave form of the laser. 

The difference between the pulsed and continuous cases is that for 

the pulsed case the microprocessor must provide the discharge capacitor 

signal to the peak sample and hold devices before each new pulse, and then 

fire t'ae laser after an appropriate delay. For the continuous case, the 

optical signal is time invariant. Thus there is no need to exercise con- 

trol as in the pulsed case. 

Control is then transferred to the microporcessor where the filter 

position« are intlalized to an optical density of 8 in the sample path. 

At this time the user is instructed to match the sample and refer- 
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ence beam electronic signals by adjusting the gains in the electronics. 

The comparators are repeatedly read and when both are low and remain low, 

then we are certain that the amplitude of the reference signal is equal 

to thav of the sample signal with OD 8 in path. Once a match is made the 

user is instructed to position the sample and indicate when ready for 

measurement. 

The insertion of the sample causes an inbalance between the sam- 

ple and reference signals. Initially the microprocessor senses from the 

electronics connected to the input ports that there is less intensity in 

the sample path. The algorithm responds by indicating to the machine 

language linear actuator drive program to change filters in decrements of 

1 OD. The machine language program then determines which filters need to 

be changed in the beam path and provides the triggering and direction 

Input (protraction or retraction) to the motors. This continues until 

the imbalance condition is reversed, that is until the sample path has 

just less than an optical density of 8. A binary search is initiated 

until the combined OD of the known filters and the sample is as close to 

OD 8 as the smallest filter*« resolution allows. The optical density of 

the sample is thus found by subtracting the known filter values at the 

wavelength under test from the total OD used at null (nominally 8 OD). 

This value is printed on the CRT and the user has the choice of repeating 

the measurement, changing the laser, repeating the electronics balance 

routine or stopping the program. 
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IV.  RECOMMENDATIONS 

When the design of this densitometer is implemented, the operator 

must be aware of its capabilities and limitations. The densitometer will 

measure optical densities over a range from 0 to 8 OD with a resolution 

of ± .02 OD. The densitometer may give erroneous measurements when the 

density of the material is either time or intensity dependent. Glass 

embedded with a bleachable absorber is an example of &uch material. 

Other efforts in the USAFSAM Laser Laboratory have been in 

exploring the spectral emission generated by the plasma created by a high 

power infrared laser impinging on airplane windscreen material. The 

plasma emission contains light of wavelengths throughout the visible 

*r spectrum. It would be necessary to modify the densitometer design so as 
|s 
J to test samples with a continuous spectrum of visible light rather than 

at a few wavelengths. An organic dye laser would be a suitable source 

for it can provide either a pulsed or continuous wave, tunable throughout 

the visible and near infrared spectra (.4 um to .9 um). Thus, 

incorporating the dye laser Into the design would expand the capabilities 

of the laser densitometer. 
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REAL-TIME DATA QUALITY ASSESSMENT 

OF DISTRIBUTED DATA ACQUISITION SYSTEMS 

by 

Sigurd L. Lillevik iß"- 

Christopher T. W. Rentola '^ 

ABSTRACT S 

This report describes a 10-week research effort to 

study the data quality of the Avionics Laboratory's TSCP 

distributed data acquisition system. This facility 

generates data for validating Air Force models and for 

sensor evaluation. A second-order, alpha-beta tracker was 

designed to predict the value of a parameter one sample in 

advance. Thus, whenever the difference of the predicted and 

actual data exceed a threshold value, erroneous data are 

detected« To demonstrate this principle and to develop an 

off-line aid for detecting erroneous data, a software 

package called DBQA was written, debugged, and verified. 

This software package was used to evaluate raw data and 

obvious data excursions were correctly detected as erroneous 

data. These results indicate that the method will work very 

well in a real-time environment. 
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I.  INTRODUCTION 

The Department of the Air Force conducts research in 

modeling of many naturally occurring phenomenon. For 

example, models of the atmosphere assist pilots in 

determining optimal flight plans. Other examples include 

Tactical Decision Aides (TDA) which provide fighters with 

information on when, where, and how to attack a particular 

target. All models approximate a complicated system and 

require validation to determine their accuracy and 

limitations. To meet this need, the Air Force Avionics 

Laboratory developed a Targeting Systems Characterization 

Facility (TSCP) composed of several minicomputers, a 

four-tank scene or target, and an array of sensors. Besides 

validating several models, the TSCF laboratory allows for 

extensive evaluation of sensor requirement, precisions, and 

ranges. Both the Air Force Armament and Geophysics 

Laboratories use the data collected by the TSCF and its 

instruments. 

The TSCF laboratory consists of a network of 

loosely-coupled minicomputers configured in a star 

architecture. Each remote node is physically separated from 

the central node but linked to the central node with a 

serial communications line. 

Building 622 houses the central node which contains 

HP 2113 and 2112 minicomputers.  As the central node, these 

60-4 

► 4-\N .S'V.% 
> ' v", 

A *"VJA>"* O* •% »N 0* •'* * *. * »** •** »v • -'i\j ^±£±I* *^ * y^v-A^^W- y .•.'y.»*-y^-' 



l1« 

minicomputers coordinate all data acquisition activities and 

enter collected data into a data base management system. 

This software package provides for efficient storage, 

manipulation, and retrieval of data. 

Located in a tower attached to Building 622, the first 

remote node uses an HP 6942 Multiprogrammer to monitor 

several meteorological sensors. In addition, a forward 

looking infrared (FLIR) sensor scans the target scene and an 

additional hot-patch. Also, this tower holds a calibrated 

infrared source monitored by a transmissometer at the tank 

site. Approximately 2.25 km separates the remote node and 

the target scene. 

Two additional remote nodes are located at the tank 

site. One of them contains various meteorological sensors 

plus several temperature sansors mounted on a tank. These 

sensors and the transmissometer connect to an TIP 6942 

Multiprogrammer which serves as the computer for this node. 

Finally, the last remote node, also located at the tank 

site, contains an Inframetrics 210 radiometer which monitors 

>+ the tank scene.  The radiometer sits on a cherry picker 

;*$        which swings a 180 degree half-circle to obtain different 

gj|        tank profiles.  Under control of a DEC 11/23, this remote 

V;        node determines average radiance values and sends them onto 
'»* * 
•;!;•        the central node for insertion into the data base. 

.'"*. Typical data acquisition periods last from fifty-two 
^P 
>        (52) to ninety-seven (97) hours.  During this time, there 

■ v 
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exists the possibility of collecting erroneous data. Since 

the TSCF collects data for model verification and sensor 

evaluation, the quality of data must be assured. Three 

factors influence the quality of data: completeness, 

out-of-bounds, and correlations. Completeness implies 

contiguous data for the duration of the sample period. 

Out-of-bounds refers to the magnitude of data approaching a 

value not consistant with existing conditions. And data 

correlations relate to the interaction of one parameter with 

respect to another. Together, these three features dictate 

the quality of collected data. 

With this brief background, the problem studied in this 

report may now be stated: 

HOW CAN THE QUALITY OF COLLECTED DATA BE ASSURED? 

Actually, this broad question consists of several parts as 

follows: 

1. How can erroneous data be detected? 

2. What should be the response? 

3. How can the detection and response be implemented and 

evaluated? 

Although these questions are dependent on each other, they 

must all be answered to assure the data quality of the TSCF 

and the integrity of the models designed by Air Force 

organizations. 
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II.  RESEARCH OBJECTIVES 

To arrive at solutions to the above questions, several 

goals were established. During the 10-week research period, 

it became obvious that some of the goals required more 

time than was available. None-the-less, to solve the above 

problem requires completion of all of the following goals. 

Specifically, the goals are: 

1. To survey the scientific literature for methods to 

detect erroneous data. 

2. To determine the best method for the given application. 

3. To demonstrate that the selected method will detect 

erroneous data. 

4. To implement the method. 

5. To  evaluate  the  effectiveness  of  the  implemented 

sol ition. 

The first three goals represent exploratory research while 

the last two entail less basic, more applied research. 

Thus, only the first three objectives have been considered 

during the 10-week research period. 

Meeting these goals greatly impacts the future research 

conducted at tuo TSCP laboratory. But moreover, the results 

of this research (a methodology to detect and respond to 

erroneous data) may possibly impact and benefit a much 

broader range of scientists.  In fact, anyone performing 
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data acquisition and/or control requires quality data, and 

this research will be of interest to them. 

III.  DETECTING ERRONEOUS DATA 

From the beginning of computer-aided data acquisition, 

designers developed methods to check and sometimes correct 

for erroneous data. The overall approach involves 

partitioning the system into several sections or components, 

and then looking for the presence of erroneous data within 

each section. Thus, designers may view a distributed data 

acquisition system from various levels. 

To detect erroneous data, two methods are usually 

considered: direct, and indirect. The direct method uses 

hardware redundancy to compare two samples of the same 

parameter. If the samples do not agree, then erroneous data 

have been found. Conversely, the second method, indirect, 

relies on a mathematical treatment of the present and past 

data. When the data fail to exhibit the expected 

characteristics, then erroneous data have been found. The 

direct method represents a simple but expensive approach 

while the indirect method involves a sophisticated but 

inexpensive technique. As with most decisions, each 

alternative presents some advantages and some disadvantages, 

and the specific application dictates the correct choice. 

Typical direct methods use Triple Modular Redundancy 

(TMR) to both detect and isolate the problem.  For example, 
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Evans and Price reported on z. reliable computer using 

three central processing units. To minimize costs, 

designers often place redundancy only in critical sections 

and Hertel and Clark developed a technique to assist in 

location of the TMR. All TMR schemes require a perfect 

voting mechanism to decide which modules agree and to 

isolate the faulty module. 

Indirect methods usually fall under COP of two 

techniques: statistical inference or digital signal 

processing. Often, designers use estimation theory to find 

an approximate form for the distribution and density 

functions of the mean time before failure (MTBF).  This 

becomes difficult when dealing with limited sample sizes and 

2 
Dey  proposed a solution to this problem.  Using MTBF 

information, equipment may be removed from service prior to 

their expected failure for assured data quality. 

In addition to MTBF, other statistics such as means, 

standard deviations, and correlations may be estimated using 

past data.  Whenever the new data exhibit statistics beyond 

that which is expected, then the presence of erroneous data 

have  been  detected.   For  some  parameters,  the  data 

excursions follow a repeatable and predictable pattern. 

Applying regression techniques, past data may be fit to 

curves using, for example, the method of least squares. 

During data acquisition, should the data not follow their 

expected curves, then the presence of erroneous data have 
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been detected. Good, et al. , suggested that each 

sensor periodically read a calibrated source. Whenever 

these readings deviate too far, then the presence of 

erroneous data have been detected. All of the above methods 

utilize statistical inference theory to detect erroneous 

data and will sometimes miss bad data and flag good data. 

Digital signal processing may be viewed as the 

mathematical transformation of a sequence of numbers. 

Algorithms may be used to estimate various parameters 

associated with a sequence, or sequences may be modified 

into other more useful forms. When sequences represent 

signals such as meteorological data, they may be processed 

in the time or frequency domain. 

Data quality assessment in the frequency domain may 

take several approaches. One possibility involves spectral 

density estimation of the signal and noise bandwidths. If 

the noise bandwidth is narrow compared to the signal 

bandwidth, a digital filter may be designed to simply remove 

the noise.  More often, however, the noise bandwith is wide 
p 

compared to the signal bandwith.  According to Papoulis , 

if the signal and noise are jointly stationary with known 

spectra, a Wiener filter can be designed to produce the best 

estimate of the signal. 

Another possibility for data quality assessment in the 

frequency domain involves fitting the data spectral samples 

to a  finite  impulse  response  (FIR),  linear prediction 
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filter. Oppenheim and Schaffer have shown that the 

coefficients of the FIR filter can be fit to the data 

spectral samples using the least squares technique or 

equiripple approximation. 

If the data are nonstationary, a problem common to all 

these solutions is that filter parameters require constant 

updating. Since the analysis proceeds in the frequency 

domain, updating the parameters requires considerable 

computation for conversion from the time domain to the 

frequency domain. 

To reduce the required computation, a digital filter 

can be designed in the time domain. Here, filter 

coefficients are selected to minimize the mean-squared 

error criterion. For the research discussed in this report, 

a second-order, infinite impulse response (IIR) linear 

prediction filter was selected for two reasons. First, the 

incoming data are assumed to be nonstationary. Kikuchi, et 

al. , have stated that higher-order filters may not 

respond to quick changes because they tend to fit long 

time-data. Secondly, a second-order filter requires fewer 

coefficients to optimize.  This is particularly attractive 

since the minimization of the mean-squared error, according 
9 

to Rabiner and Gold ,  is a nonlinear function usually 

solved with iterative techniques. 
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The second-order, linear prediction filter selected for 

this application is the alpha-beta tracker developed by 

Benedict and Bordner.  Originally developed for a radar 

track-while-scan system, the basic difference equations are: 

y (k) - y(k - 1) + Ty(k - 1) (1) 

y(k)  = y (k) + a[u(k) - y (k)] (2) 

y(k) « y(k - 1) + -y- [u(k) - y (k)] (3) 

where: 

u(k) » noise contaminated input signal, 

y(k) » estimated (smoothed) input signal, 
• 
y(k) * estimated (smoothed) rate of change, 

y (k) » predicted next value, and 

T    * sample interval. 

After taking the z-transform and decoupling Equations 

(l)-(3), the transfer functions are: 

Y  (Z) Z( or +  ß  )  - a 
-*— --J  C4) 

U(Z) Z*  ♦   ( ß + a - 2)Z ♦ 1  - Of 

Y(Z) Z( a Z  ♦  ß - or) 

U(Z) Z     +   ( 0 +or-  2)Z  ♦  1  -  a 

Y(Z) ß Z(Z  -  1) 

U(Z) T       Z2  +   ( U + Qf-  2)Z  ♦  1   -   or 

(5) 

(6) 
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Benedict and Vordner have shown that for optimal position 

and tracking, 

2 (7) 

which corresponds to a slightly underdamped system with 

0 < a<  1.236 

the stability constraint. 

Applying the optimally constraint, Equation (7), and 

transforming Equations (4)-(6) to the time domain yields: 

yp(k)  " l2-a   u(k " 1}  " au(k " 2)  " 

T-V yp
(k - 1) -  Cl -or)y  (k - 2) 

y(k)  -   ou(k)  + 2tt| Vtt
1>  u(k - 1)  - 

AlfZ q}  y(k - 1)   -   (1 - a)  y(k - 2) 

2 2 

3 . *    y(k - 1)   -   (1 - a)  y(k - 2) 

(8) 

(9) 

(10) 

These equations were implemented in the data base 

quality  assurance  (DBQA)  software  package  to  detect 
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erroneous data. This was accomplished by comparison of 

predicted values generated by Equation (8), with actual 

data. While Equations (9)-(10) are not required for data 

prediction, they were implemented to observe the basis for 

the system's prediction. 

IV.  DBQA PROGRAM 

The DBQA software package was written in Fortran 4 for 

an HP 1000 series minicomputer with an RTE 4 operating 

system. This program was used to verify the above concept, 

aid in parameter selection, and analyze data not previously 

checked for erroneous values. Due to the large size of the 

DBQA software package, it was necessary to segment the 

program into nine overlays. Each overlay contains a 

user-interactive command scheduled by the DBQA root. A 

description of the commands follows. 

The HELP command is divided into brief and detailed 

explanations of the other eight commands. An overview of 

each command is provided by the brief HELP command. 

Conversely, a description of each command's input prompts 

and helpful suggestions for choosing proper responses is 

furnished by the detailed HELP command. Also provided are 

explanations of the output produced by each command. 

Access to the IMAGE 1000 data base by year, day, start 

and stop times is provided by the READ command. The output 

is placed in the DBQA buffer whose capacity is 44 by 360. 
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Positions 1 through 40 contain meteorological data while \> 

positions 41 through 44 are reserved for calculations. ^- 

Numeric values of the DBQA buffer may be displayed by \. 

the use of the PRINT command.  Up to four items may be '*/ 

displayed at once. 

The PLOT command allows the DBQA buffer to be 

illustrated graphically on the user's CRT or a hardcopy may 

be generated on the HP 7210A digital plotter. Up to four 

items may be plotted at once. fT. 

To evaluate arbitrary filter parameters, the PREDICT *•;.; 

command has been provided.  It keeps statistics on the error \: 

so different parameters may be compared. j£ 

The CALIBRATE command was originally designed for 

program development. It generates three deterministic 

signals; a sine, step, and ramp function which may be used 

to verify predictor operation. 

With the OPTIMIZE command, filter parameters may be 

located which minimize the mean-squared error of the 

predicted and actual data values. The number of data points 

used in the optimization depends upon the requested READ 

command start and stop times along with the sampling 

interval used during data collection. Using an initial 

guess and step size, the optimizer determines a new error 

and then compares it with the old error. When the error 

does not improve, the optimizer cuts the step size in half 

and reverses direction. 
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Evaluating data with the predictor is performed with 

the TEST command. If the test data differ from the 

predicted values more than a predetermined limit, the data 

are flagged. Limits to flag data default to 3 standard 

deviations but may be changed as required. 

The DISTRIBUTION command provides for a plot or list of 

the probability density and distribution function of the 

error of the predicted and actual data. This command is 

useful in determining limits to flag erroneous data. 

Together, the above nine commands provide a 

comprehensive tool to evaluate past data and demonstrate the 

real-time capabilities of the alpha-beta tracT r. 

V.  OBSERVATIONS 

Since the DBQA software package operates in an off-line 

mode, all observations used past data held in the data base. 

These include samples not previously checked for erroneous 

values. When the DBQA software evaluated the raw data, it 

correctly detected obvious data excursions as erroneous 

data. Por some parameters, proper detection required an 

error bound of 2.5 standard deviations instead of the 

defaults value of 3. 

Both the density and distribution of the error between 

the actual and predicted values were determined and plotted 

for several parameters.  In all cases, the error resembled a 
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normal curve within the limitations of a small sample size. 

This fact verified our use of standard deviations as a bound 

on acceptable data. 

While using the optimizer, we found that nearly all 

alpha values ranged from 0 to 1. In fact, the optimizer 

works quickly with an initial guess of 0.5 and step size of 

0.25. After 20 to 30 iterations, the improvement in error 

becomes quite small. Because of the algorithm, the 

optimizer functions more efficiently when the step size 

equals one-half of the initial alpha value. 

A moving time-window of samples was used to optimize 

for new alpha values. Using these results, the DBQA 

software correctly predicted in advance and properly 

detected erroneous data. Prom these experiments, we have 

confidence that a moving time-window of samples to optimize 

for new alpha constants will function well in a real-time 

environment. 

r. 

VI.  RECOMMENDATIONS 

Now that exploratory research has demonstrated the 

potential for success of the above method to detect 

erroneous data, some suggestions are appropriate to aid in 

real-time implementation and for topics of further research. 

First, a real-time implementation involves modification of 

the software which coordinates the TSCF distributed data 

ii 
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acquisition system.  Since the DBQA software package was 

written  primarily  to  demonstrate  a  principle,  its        ^-7 

architecture requires major changes for real-time execution. 

We recommend that a new software package be developed with '[•'/,• 

an  architecture  that  considers  real-time  constraints. -»V-; 

Furthermore, this package should use a moving time-window to 

optimize for new alpha values prior to predicting the next 

samples.  In fact,  the old alpha values will serve as 

excellent initial guesses for the optimizer, and 20 to 30 *£ 

iterations should provide 4 to 5 digits of precision. 

Por a response to detection of erroneous data, we 

suggest that the suspect data not be removed from the data 

base until an expert evaluates the data for consistencies. 

Instead, one response is to notify the appropriate computer 

operator or other responsible person that a specific 

parameter requires checking. Then, the person can log onto 

the computer system what corrective action was taken for 

later reference. 

As for topics of further research, one concerns the 

alpha-beta tracker. Higher-order equations may prove 

superior prediction than the alpha-beta method, but they may 

also require greater computational time. Perhaps a tradeoff 

exists here between accuracy and computational requirements. 

Another ►opic of study involves the moving time-window for 

optimisation of the alpha constants. A longer interval 

improves accuracy and nullifies the effects of erroneous 
Sf- 
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data, but since the data are probably not stationary a 

smaller time interval improves accuracy. In addition, the 

time-window shape may impact accuracy. Again, tradeoffs 

exist here between accuracy, computational requirements, 

effects of nonstationary data, and length and shape of the 

moving time-window. Even though the DBQA optimizer 

functions well, other schemes may converge quicker and 

require fewer computations. Thus, the optimizer should also 

be studied. Finally, the last topic for further 

investigation is to determine the data characteristics in 

the frequency domain. Pew researchers have considered the 

frequency domain to detect erroneous data primarily because 

of the real-time computational constraints. But with 

today's high-performance computers and the increased 

understanding of multiple processor architectures, real-time 

frequency analysis becomes feasible. Investigation of these 

topics will impact research conducted at the Avionics 

Laboratory's TSCP by providing incresead data quality 

assurance. A minigrant proposal will be submitted to AFOSR 

for follow-on support of these research topics. 
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PHOTOCHEMICAL REACTIONS 

IN A  SMALL  INDOOR   SMOG  CHAMBER 

BY 

Stephen F.  Lin and Burton D.  Price 

ABSTRACT 

Photchemical reactions were studied in a small indoor smog chamber 

using long-path Fourier transform infrared spectroscopy.    Three types of 

experiments were carried out to characterize the smog chamber:     the 

irradiation of background air,  ozone decay in the absence of light, 

and photooxidation reactions of the propene-NOg-air system.    The 

absorbance-time profiles of major products were determined in the 

background air system.    The ozone decay rate was determined.    The 

concentration-time profiles of reactants and major products were 

determined and important reaction mechanisms were mentioned for the 

propene-NOg-air system. 
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I,     INTRODUCTION: :■:■ 

Photochemical smog was recognized more than three decades  ago  in Los 

Angeles.    Since  then a large number of studies  have been carried out 

trying to understand the photochemistry of air pollution.    Unfortunately, 

the photochemistry of the polluted atmosphere is  exceedingly complex;   many 

gaseous  pollutants exist in  the  atmosphere and hundreds of chemical 

reactions may take place simultaneously.    One approach  to solve this 

problem is   to conduct laboratory experiments in which  factors  affecting 

the photochemical  reactions can be carefully controlled.    Laboratory 

experiments usually involve only one or two hydrocarbon and typical 

amounts of nitrogen oxides,  carbon monoxide,  and water vapor.  Such 

experiments have been carried out since  the  1950's1   in reaction cells 

commonly referred to as   Hsmog chambers" and are still being done in many 

laboratories2"7.    A great deal of highly useful information has been 

generated in such chamber studies and many  kinetic mechanisms have been 

proposed which have helped elucidate  the   fundamental chemistry of 

photooxidiation processes.    Another approach of current air pollution 

research is  the development of computer models   for photochemical smog 

formation8"12.     Oomputer models are based upon detailed reaction 

mechanisms and the  rate constants of all elementary processes  involved, 

and they should be validated by data collected in smog chamber 

experiments.    Therefore, generation of accurate data   from laboratory and 

smog chamber experiments is absolutely necessary  for the success of the 

computer modeling and the understanding of the photochemistry of air 

pollution. 

Many military operations  involve large quantities of aircraft   fuels. 

Ir. the presence of NO* and sunlight,  the hydrocarbon components of such 

fuels can be photo-oxidised to yield ozone and other oxidants.    The Air 

Force  is interested in the  investigation of the atmospheric  fates  and 

impacts of these jet   fuels.     Smog chamber experiments involving major 

components of these  fuels are required in order  to understand the 

consequences of these   fuels  in  the atmosphere.     However,  before any 

experiments can be performed in a smog chamber,   the chamber has  to be 

well-characterized.    The project was  undertaken with the goal  of 

characterizing the smog chamber,  so that subsequent  experiments  involving 

the major components of ]et   fuels can be carried out. 

b\-l 
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II. OBJECTIVE; 

Although smog  chambers have been used since  the late  1950's,   the 

quantitative agreement among  the  results of different  systems has been 

poor.    Many factors have contributed to this problem,  such as different 

sizes,  shapes,  and the nature of  the chambers, different light sources, 

and different analytical techniques  and instruments13.     It is,   therefor«, 

very important that each smog  chamber be well characterized.    For this 

reason,  the main objective of this project was  the characterization of  the 

smog  chamber. 

The approach to smog  chamber characterization involved three types of 

experiments.    The first type was  irradiations of pure air  to determine 

background reactivity levels.    The second was  the determination of ozone 

decay rate in the absence of light.    The third was photooxidation 

experiments of propene in combination with nitrogene oxides.    The time 

history of reactants,  and important intermediates and products was 

followed with long«path Fourier transform infrared spectroscopy. 

III. EXPERIMENTAL; 

long-path Fourier transform infrared spectroscopy was used as  the 

analytical monitoring technique for our studies.    The  IP-FTIR technique 

has been applied to the measurement of low level pollutants in the 

ataosphere for many years and has proved to be among  the more specific, 

sensitive,  and accurate methods for the detection of many molecular 

•*isiijVM4Vl7. 

The schematic diagram of the long-path infrared photochemical  reaction 

chamber is shown in Figure 1.    The infrared instrument is a Nicolet 6C00C 

Fourier transform infrared spectroscopy system.    The system uses a globar 

as the light source with optimized emissivity for the 400 to 4000 cm"1 

spectral  range.    The interferometer is a continuous scan Michel son 

interferometer with germanium-coated KBr beam splitter and a 

liquid-nitrogen cooled mercury-cadmium-telluride detector for the  region 

700*4000 cm"1.     It can provide a variable scan speed from 0.07 to 5 

cm/sec. and a variable  resolution from 0.06 to 8 cm"1.    Data is processed 

by the Nicolet  XB-80 data system.    The data system consists of 64K memory, 

analog-to-digital converter,  color raster-scan for alphanumeric* or 

h*' 
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interactive graphics display,   keyboard terminal,  digital plotter,  and dual 

disk drive.    The system also has a software package allowing many  kinds of 

data manipulation such as  spectral subtraction,  baseline correction, 

integration, peak picking,  spectral  library searching,  etc.    During a  scan 

of the interferometer mirror,  the detector signal is digitized at the 

number of points required for the desired spectral  resolution and is 

stored in the computer.    A chosen number of successive scans  are added 

together in the computer,  thus averaging the noise but building up the 

signal«    The signal digitized sum interferogram is  then transformed by the 

computer to a spectrum.    The spectra can be stored,   retrieved,  divided 

into each other,  subtracted  from each other,  and plotted in various modes. 

The long-path cell was constructed of a 0.152-meter by 3.05-meter 

section of Pyrex* pipe18.    Three mirror White-type19 multiple-pass optics 

were installed in Plexiglass* mounts in the cell at 2.75 meter separation. 

A helium-neon laser was mounted under the optical bench and its beam 

directed to follow the infrared beam optical path for use in the 

alignment and adjustment of the multiple pass cell.    With the aid of this 

laser,  mirrors  II were adjusted to give two rows of images on mirror I 

corresponding to the desired number of passes of the laser beam through 

the cell.    During the course of the experiments,  19 laser dots were 

obtained corresponding to 4x19 or 76 passes  through the cell for a total 

path length of 209 meters.    The entire length of the cell can be 

irradiated by banks of fluorescent lamps.    The  fluorescent lamps installed 

in the system are GE* F40BI3 black lights a**d Westinghouse* FS40 sun lamps 

with an output in the region from 300 to 400 nm.    The light intensity of 

the lamps used in the  irradiation experiments *a* oeterminec. to b* 

k^j-0.33 min."1 by the rate of photolysis of NO220. 

A typical experimental run is descrioed below.    First,  the cell was 

evacuated.    Then pre-measured amounts of materials were introduced into 

the long-path cell via an attached vacuum manifold,  either through a 

silicon septum on the manifold with a syringe or by attaching a glass bulo 

with Teflon* valves at ooth ends to the manifold and  flushing the  contents 

into the cell with  fill gas,  which was eitner nitrogen for reference gases 

or air  for sample gases.    The gas  mixture was circulated with a mechanical 

diaphram pump  for a  few minutes before an experiment started.    All 

experiments were run at room temperature end ataosphenc pressure. 

An air  conditioning unit was   used to  keep  tne  temperature   from rising wnen 
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the fluorescent lamps were turned on.    A background spectrum was  always 

taken before the sample spectrum so that the single beam sample spectrum 

could be  ratioed against it and converted to a transmittance spectrum or 

an absorption spectrum.    Reference spectra of 03,   NO2,  HCHO,  HCOOH, 

CH3COOH,  PAN, HNO3, propene,  and n-butane were taken and stored on the 

monitor disk for use in subtraction mode or other purposes.    The  reference 

spectra and the background spectra were taken at 512 scans  and the  sample 

spectra at 128 scans,  all at 1  cm"1  resolution.     In the  irradiation 

experiments,  spectra were taken at appropriate time intervals,  stored on 

a disk,  and analyzed at a later time. 

IV.    DETERMINATION OF THE CONCENTRATION: 

In order to follow the chemical kinetics of reactions,  an accurate 

knowledge of the concentrations of reactants and products as  functions of 

tine is required*    The infrared method uses a characteristic peak of a 

compound in the spectrum for identification and applies  the Beer-Lambert 

law for the determination of the concentration. 

According to the Beer-Lambert  Law: 

A • ln_J^_m  6LC (1) 

I 

where A * absorbance 

In * natural logarithm 

XQ ■ incident intensity of infrared frequency of  the 

characteristic peak 

I «transmitted intensity 
*•*■■■ 

€ • absorption coefficient,  cm"1  at* -1  *«--l 

L - optical path length, cm 

C ■ concentration in terms of partial pressure,  atm 

m practice,   the absorption coefficient £ was either determined 

experimentally or taken from the literature.    The path length  L was 
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determined from the number of laser dots as  explained in Section III,  and 

the absorbance A was determined  from the absorption spectrum.    The 

concentration of the gas  in terms of its partial pressure was  then 

calculated  from eq.  (1). 

The characteric frequencies chosen and the absorption coefficients of 

the molecular species  involved in the experiments are listed in Table 1. 

Incorrect absorption coefficients are the most likely source of error in 

atmospheric infrared studies*    They depend on the shapes of the  infrared 

bands,  the experimental conditions,  and the  instruments.    There is a large 

variation in absorption coefficients  found in the literature. 
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Table 1. Absorption Coefficients 

Frequency 

Compound 

Acetaldehyde 

(CH3CHO) 

Acetic Acid 

(CH3COOH) 

Carbon Monoxide 

(CO) 

Formaldehyde 

(HCHO) 

Formic Acid 

(HCOOH) 

Nitric Acid 

(HNO3) 

Nitric Oxide 

(NO) 

Nitrogen Dioxide 

(N02) 

Nitrogen Pentoxide 

(NJOJ) 

Ceone 

(O3) 

Peroxyacetyl  Nitrate 

(PAN) 

Propylene glycol 

1,2 - diniträte 

(PG ON) 

Propene 

(CjH*) 

cm -1 

Coefficient 

cm"1   atnT1        Reference 

2729 

1180 

2170 

2779 

1105 

1323 

1876 

1629 

1248 

1055 

1162 

1280 

912 

3.8 22 

Varies between 5 

5.1   and  7,2 

16 14 

13 5 

10.5 7 

1.5 a 

16.6 

40 

9.7 

13.9 

26.6 

6.8 

14 

21 

a. Values   from earlier ROVC studies. 
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V. THE BACKGROUND REACTIVITY   IEVELS  OF  AIR: 

Snog  chamber contamination is one of  the problems encountered in 

the laboratory experiments23'24t    Tne contamination can arise from the 

wall material itself or from residual compounds sticking  to the chamber 

wall from previous runs.     For  this reason,   it is   important to Know the 

background reactivity levels of  the air used in  the experiments. 

The zero air was  introduced into the reaction chamber at room 

temperature and a pressure of 760 torr. After a background spectrum was 

taken,   the air was  irradiated with the  fluorescent lamps described in 

Section  III«    Spectra were taken every 30 minutes  for 450 minutes  and 

analyzed.    The following products were identified by their characteristic 

peaks:     HCOOH    at 1105 cm"1,   CO at 2170 cm"1,  CH3COOH at 1180 cm"1,   and 

CH3CHO at 1760 cm"1.    The absorbances at the frequencies chosen were 

measured and plotted against the irradiation time as  shown in Figure 2. 

The absorbances,  instead of the concentrations,  were plotted against the 

irradiation time because the absorption coefficients of CH3COOH at 1180 

cm"1 and CH3CHO at 1760 cm"1  were not available.    However,  the 

concentrations of HCOOH and CO after 450 minutes of  irradiation were 

calculated to be 0.093 ppm and 0.525 ppm,  respectively,  using  the 

absorption coefficients listed in Table  1• 

VI. THE GBO« DARK DECAY: 

An experiment often needed to characterise a reaction chamber is  the 

determination of  the ozone decay rate in  tue abs«*k:e ot lighc ard othei 

reactants.     In the absence of other reartants,  ozone is removed by the 

following process: 

O3 ♦ wall > loss of O3 (2) 

and hence 

"    d   (°3]   -  *1   IO3J (3) 

dt 

-.'] where k.  is  the  rate constant for reaction  (2). 

:*. 
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solving eq.   (3)   yields: 

-in  (03]t - k,t - In   [03]o (4) 

where  (03lo and   (03Jt are the concentrations of ozone at time 0 and time 

t,  respectively.    A plot of    - In  [03]t versus  t will give a straight line 

and the slope is  the  rate constant k1 . 

A small amount of ozone was  introduced into the   reaction chamber and 

the chamber filled with the zero air at 760 torr and   room temperature. 

Spectra was  taken at t-0 and every 30 minutes after the lamps were turned 

on.    The absorbance at 1055 cm'1  was  measured at various  irradiation 

times.    A plot of    - in  [03]t versus  t was made and the  slope calculated 

as shown in Figure 3.    The rate constant k1   was determined to be 0.2369 

hr"1 or 6.6x10-5 sec."1. 

Background ozone d  -< y rate constants have been determined elsewhere 

and usually were in the  ,ange of  (0.5-3.2)x10~5 sec. "1   25-27#    Our 

constant was higher due to ehe fact that our chamber is  smaller and thus 

has a higher surface  to v>lume ratio.    The background ozone decay rate  is 

negligible compared to   *r* ozone decay rate  in the presence of hydrocarbon 

reactants,  which is gre ttr than 1x10"* sec."1   25-27m 

VII.     PHOTOOKIDATIOM OF THE PROPENE-HOy-AIK  SYSTEM: 

The photooxidation of  the propene-NO^-air-system has been studied most 

frequently and most extensively in both smog  chamber experiments and 

computer simulations.7-9*   12,  28,  29#     jt x-#   »^^rer or,«,  «n imp*-ftai.i 

model  reaction of photochemical air pollutior.    We chose  to study this 

system as  a reference baseline to characterize our smog  ch«.jtber. 

Experiments with different  initial concentrations of gases were 

carried out in  the smog  chamber:     (1)   3 ppm C3H$+i .*   ->pm N02-rich NO* m 

dry air,   (2)   10 ppm C3H$ ♦  3 ppm NOj-rich  NO* in dry air,   (3)   3 ppm C3H6 ♦ 

1.5 ppm NO-rich NC^ in dry air,  and   (4)   10 ppm C3H$ ♦  3 ppm  NO-rich  NO* in 

dry air.     Important products positively identified were CM3CHO,  CO,  HCHO, 

HCOOH,   03,  and  PAN.    The concentration  time profiles cf   these products 
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along with the  reactants are shown in Figures 4-7.    Small absorption bands 

showed up in some spectra at the characteristic frequencies of  HN03,   N2O5, 

and PGDN.    The absorption bands were so small  that their presence  could 

not be absolutely certain,   at least within the sensitivity of  the 

instrument. 

The general shapes of  the profiles of each gas  in Figures 4 and  5   (N02 

-rich NO^)  and  in Figures 6 and  7   (NOrich  NOg)  are about the same,   except 

that the  rise times  for the products were shorter when the  intitial 

concentrations of the reactants were higher.    When Figures  4 and  6  (or 5 

and 7) are compared,  it is obvious  that when the initial  NC^ was rich in 

NO,  C3H5 was depleted and all  the products began to show up after a longer 

irradiation time.    The familiar profiles of  NO and  NO2 were clearly 

observed in Figures 6 and  7. 

Many mechanisms have been proposed and  computer simulations  performed 

on the propcne-NOg-air system to explain and predict the 

concentration-time behavior of  the  reactants and major products.8"12'29 

Although the proposed mechanisms and the computer models are different in 

details,  they seem to contain the  tallowing  important steps: 

1,    The initial  reactions of  NO,   NOj,  O3,  explaining  the depletion 

of  NO,  the rise and fall of  NOj,  and the formation of 03: 

2 NO ♦ 02™>2  NOj (5) 

MO2 ♦ h >N0 ♦ 0 <*) 

0  ♦  02   ♦  M >03  ♦  M (7) 

O3  ♦   NO >N02   ♦  02 (8) 

2.    The  reactions   for the  formation of  H2Ck> and  HNO3; 

03 ♦  NO2 >N03 *02 

NO3 ♦   NO2 >N2°5 

(9) 

(10) 

it. 

K2°5  *H2°~ >2   HNO3 
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3. It has generally been recognized  that OH attack on the propene 

is the most important pathway in  the propene consumption. 

There may be  as  many as  five possible pathways  for  the 

reaction of  OH with propene,   but  the  following pathway is 

believed to be  the most important: 

CH3CH=CH2  +  OH >CH3CHCH2OH (12) 

CH3CHCH2OH +  02 >CH3CH62CH2OH (13) 

CH3CH02CH2OH +   NO—->CH3CH6CH2OH +   N02 (14) 

CH3CHOCH2OH >CH3CHO + CH2-H (15) 

CH2OH + 02 >HCHO +  H02' (16) 

4. Another important pathway for propene consumption is via ozone 

attack«    Addition and  fragmentation reactions are possible. 

Thti addition reaction is known as  the Criegee pathway: 

CH3CH-CH2 + O3—>CH3CH0 + HCHOO (17) 

HCHOÖ +  NO—>HCHO +   NO2 tl8> 

HCHOO-—>HCOOH (19) 

CH3CH-CH2  +  O3 >CHjCH06 +  HCHO (20) 

CH3CH06 +  NO- >CH3CH0 ♦   N02 (21) 

The following reactions  show the fragmentation reactions: 

CH3CH-CH2  +  03 >HCH0 ♦  CH3-+  H02'+  C02 (2 2) 

CH3CH-CH2  ♦  03 >CH3CH0 ♦  2   H02»♦  C02 (23) 
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5.    The third pathway for the propene consumption is   the attack of 

0 atoms on the propene: 

CH3CH*CH2  +  0 >CH3CHCH20 >C2H5CHO (24) 

CH3CH*CH2  +  0—->CH3CO* +  CH3- 

C«3C0-+  02 >CH3C03« 

CH3C03--t-   NO >CH3C02'+   N02 

CH3C03»+   N02 >CH3C03N02(PAN) 

(25) 

(26) 

(27) 

(28) 

VIII.     RECOMMENDATIONS: 

& 

The results from the  three types of experiments performed in the smog 

chamber generally were in agreement with the  results obtained from other 

smog chambers  in terms of  the products found as well as  the 

concentration-time behavior of  the major species.    The smog chamber 

system,  therefore,  has  the capability and sensitivity to be used to 

perform most types of photochemical smog  simulations.    The experiences 

we have gained from these experiments will allow us  to continue working 

on research in the area of atmospheric photochemistry. 

Our recommendations and suggestions  for follow-on research are as 

follows; 

1.     Incorrect absorption coefficients used  to calculate concentration 

are the most likely source  -f error in atmospheric infrared 

studies.    Different values were obtained from different systems 

and they may differ by as much as an order of magnitude. 

Therefore,  absorption coefficients should be determined 

experimentally for the RDVC smog  chamber. 
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2. It has been generally agreed that OH«   radicals  initiate 

photochemical  reactions of hydrocarbons and are the major 

attacking species  in these reactions.    Therefore,  we suggest that 

photochemical  reactions be carried out with OH«   radicals.    OH« 

radicals can be generated most conveniently by the photolysis of 

gaseous nitrous  acid,  HON0.30. 

3. For the follow-on research,  we plan to continue working in  the 

area of atmospheric photochemistry,     We would propose specific 

research projects in which the Air Force has  an interest.    This 

would be done through a mini-grant proposal using  the  facilities 

at the Environmental  Sciences Research  Laboratory of the EPA in 

Research Triangle Park,   N.C.,  or at the Department of 

Environmental  Sciences and Engineering of the University of North 

Carolina at Chapel Hill,   N.C. 
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PARTITIONING EQUILIBRIA OF VOLATILE POLLUTANTS 

IN THREE PHASE SYSTEMS 

by 

Leonard W. Lion and Doug Garbarini 

ABSTRACT 

Vo^tile pollutants in unsaturated ground water systems are partitioned 

between the gaseous,  aqueous,  and solid phases.    Equilibria between 

aqueous solution,  the atmosphere, and a solid adsorbent are evaluated in 

this research.    An equilibrium head space technique is employed to 

determine Henry's Law constants and activity coefficients  for components 

of JP-4 Fuels and for trichlorcethylene.    Sorption equilibria for these 

same compounds are also determined on aluminum oxide (Al203) with and 

without humic acid coating materials, on humic acids in the absence of 

A1203, and on naturally occurring Air Force base soils. 
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I.     INTRODUCTION: 

•The   fete  of various pollutant organic compounds introduced into 

groundwater systems is a pressing and ubiquitous  environmental problem in 

many areas of the United States.    This problem is of concern to the U.S. 

Air Force since groundwater contamination has been detected on or near 

several Air Force Bases. 

The U.S. Air Force is currently conducting an active research program 

designed to both investigate  feasible  treatment strategies   for ground- 

water clean up and to study the reactions of groundwater pollutants which 

may control their  transport.    Two classes of nonionic organic pollutants 

are currently among those of concern to the Air Force:     (1)    those 

typically found in cleaning solvents and degreasers such as 

trichloroethylene (TCE)  and  (2)     those  found in jet  fvels,  such as  toluene 

and naphthalene.    These materials may be introduced into soils and 

ultimately groundwater aquifers in a number of different ways including 

through spills, and rupture or leaking of underground storage containers. 

In unsaturated aquifer systems contaminant compounds may be removed 

from solution by several mechanisms including volatilization, sorption and 

biodegradation.    The  first two of these processes were examined in the 

research which was conducted.    The reactions are illustrated in schematic 

fashion in figure 1 and are briefly discussed below. 

[GAS PHASE] 

[AQUEOUS PHASE] 

Figure It    Potential reactions  for a nonionic organic pollutant compound 
in a three phase abiotic system. 
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A.   Volatilization 

Gas exchange equalibria  for compounds are governed by Henry's Law: 

H - Cg/kx (1) 

where      i* is the Henry's Law constant 

Cg is gas concentration 

and A^ is the activity of the compound in solution. 

Compound activity and concentration in solution are interrelated through 

the activity coefficient: 

Al «tfq (2) 

where     t is the activity coefficient 

and Ci is the aqueous solution concentration. 

Activity coefficients  for neutral molecules,  such as those considered 

in this study, are commonly related to solution ionic strength by the 

empirical equation: 

log If - kJ (3) 

where      Jc is referred to as the salting coefficient 

and I is the ionic strength of solution1. 

To the authors knowledge, activity coefficients and salting 

coefficients for many of the constituents of Air Force jet fuels and 

degreasing compounds have not been determined, however it is clear that 

these values may need to be known in order to precisely describe both gas 

exchange and sorption equilbria. 

Henry's Law Constants  for compounds are often reported as either 

dimensionless numbers (this convention has been adopted in this report) 

or with units of atm-1/mole;  the two values being interrelated by the 

universal gas constant and temperature (*K) as follows: 

H (dimensionless) - H (atm-l/mole)/RT (4) 

Henry's Law Constants are sometimes estimated  from reported values 

for compound solubility in water and vapor pressure. 

H (dimensionless) - 16.04 PM / S T (5) 

where      P ■ vapor pressure in mm Kg 

M - molecular weight (grams) 

S - solubility (mg/U 

T - absolute temperature (*K) 
f~ r: *" 
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Unfortunately,   reported values   for solubility of many organic compounds 

can often vary over an order of magnitude with a concomitant uncertainty 

in the calculated value of H.    Accurate values   for Henry's Law Constants 

are essential to the description of the   fate of volatile compounds in 

unaaturated groundwater aquifers, 

B.    Sorption 

Available data  for the sorption of nonionic organic compounds 

typically reveal linear sorption isotherms2'3'4 and therefore the 

equilibrium between solution and the adsorbing solid may be described by a 

simple partitioning coefficient: 

Kp - T/Al (6) 

where      Kp is the partitioning coefficient and  /   is  adsorption density 

(mg adsorbed/g adsorbent). 

It is noteworthy that such a linear relationship results  from the Langmuir 

adsorption isothermi 
*        f max A. /      •     L 

K ♦ AX (7) 

at low solution concentrations  (ie when A1 » K).    A linear relationship 

also results  from the Freundlich adsorption isotherm: 

f « KA^ (6) 

when       n - 1. 

At soil ogranic carbon concentrations > 1% organic solute equilibria 

appear to be controlled by the organic content of the adsorbent5 and 

therefore the observed partitioning coefficient may be normalised to the 

weight fraction of organic carbon ast 

Koc « Kp/f (9) 

where      f is the weight fraction of organic carbon on the soil 

and Koc is the normalised partitioning coefficient. 

Although investigators are in agreement on the importance of soil organic 

mat tar,  the mechanism of the binding reaction between th« organic solutes 

and the solid phase is uncertain.    Both the terms  "sorption," which is 

frequently used to refer to a surface  reaction,  and "partitioning," which 

refers  to an extraction phenomena, have been employed to describe  the 

binding process2»*»*'7. 

Si 

•ft! 
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Observed Koc values have been related to compound solubilities in water 

and to compound octanol-water partitioning coefficients (Kow)2#4,6#    ^n 

implication of these results is that sorption of nonionic organic 

pollutants on a given aquifer material may be predicted solely on the 

basis of the sorbent's organic content.    In addition,  these results 

suggest that the specific nature and form of the soil organic material may 

not be relevant to sorption equilibria*    These implications have not been 

rigorously tested. 

II.     OBJECTIVES OP THB RESEARCH EFFORT 

Major research objectives were as follows: 

1 •    To evaluate the applicability of an equilibrium head space 

technique to the determination of Henry's Law Constants for individual 

compounds typical of JP-4 fuels.    Initial method verification was 

performed using TCE, a compound for which the experimental procedure had 

previously been successfully employed.    TCE was also included as a 

compound of Interest in subsequent experiments in which compound activity 

coefficients and sorption equilibria were evaluated. 

2. To determine the effect of solution composition on compound 

activity in solution,    variables examined included the effect of compound 

concentration, the effect of the presence of additional compounds in 

solution - both polar and nonpolar, the effect of ionic strength, and the 

effect of electrolyte composition. 

3. To examine the applicability of a modification of the equilibrium 

headspace technique to the measurement of compound sorption from solution 

and to study the influence of organic carbon on compound sorption 

behavior.    Variables considered included the effect of the presence of an 

organic (e.g. humic acid) coating on compound sorption by a hydrous oxide 

(AljOj),  the effect of the form of the organic material (e.g. humic acids 

coated on AI2O3 vs. humic acids in the absence of M2O3) and the effect of 

the nature of the organic material (varied by carrying out sorption 

experiments on both synthetic and naturally occurring soils). 

im 
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III.     GAS  EXCHANGE EQUILIBRIA AND MEASUREMENT OF ACTIVITY COEFFICIENTS 

A«    Introduction 

Recently equilibrium partitioning in closed systems (EPICS) has 

been shown by Line off and Gossett8 to be a reliable procedure for the 

determination of Henry's Law Constants  for compounds with dimensionless 

Henry's constants < 3.    For two identical bottles (1 and 2)  containing the 

same compound mass but with different liquid and gas volumes,  Lincoff and 

Go.«tt8 .ho* th.t. «Wirvi2 

* v WJ (10) 
H     = 

where   Cg      and Cg    are compound concentrations in the bottle 

he ads pace s Vi   , and V],   are the liquid volumes  in  the bottles. 

and   V, gi and Vg2  are the gas volumes in each bottle. 

Thus, Henry's Law Constant may be determined by G.C. haadspace 

analysis of gas concentration, and is independent of the compound mass 

employed in the experiment. 

For compounds of low volatility or high molecular weight,  G.C. 

headspsce analysis may not be  feasible.    However,  liquid phase analysis 

may also be employed since  for the same two identical bottles,  it may be 

shown thsts i—    jn    i-, 

H   - (WV% 
V WVi 

Equations 10 and 11 are written assuming the aqueous phase behaves 

as an ideal solution and therefore *f - 1. How*-»er, the EPICS technique 

may also be employed to evaluate compound activity ec«fticients. 

For two identical bottles containing the same compound *•*- and the 

same liquid and gas volume)  but in only one of which (bottle i)  the 

compound behaves ideally,  the  following relationship applies: 

and 

Mr V*l    *   C*l^l    -   ^1 + ^1 % 

*2 *2 *   C1,V1 2 A2 

H 

C      ♦ ^2 V, 

(12) 

(13) 
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OoHbining aquations 12 and 13 and solving for   a   gives: 

i = (Vi/H) [(C?1/Cg2) (Vg + Vl/M)J _1 

Therefore   y taay be determined using the  ratio of gas concentrations 

determined in the two bottles • 

B.     MATERIALS AND METHODS 

The chemical constituents of JP-4 jet  fuels have been analyzed 

and reported by Smith et al;9 77 major components were identified.    A 

subset of 15 components of JP-4 were utilized by Maclntyre et al10  for 

investigation of sorption equilibria on soils and are listed in table 1. 

Compounds from this list which were available at the USAP Environics 

Laboratory at Tyndall AFB were utilized in this study. 

Table 1«      Representative Components of JP-4 Fuels 

vapor H** 

Molecular       Pressure* Solubility    (dimension- 

Compound                 Structure         Weight (grn)    (mm Hg? (mg/1)            less) 

EX 

[>N. 
n-hexane 

W   M   h   M   H    H 
H-C-d-C-t-C-C-M 

•    •    »   •    ♦ 

A H   M W  M  H 

86.17 10711 

12012 

13 12 41 .2 

5>\- 
cyclohexane o 84.16 66.511 SSI2 

7?12 

6.0 

H    U   W   M   W    *•   * 

n-heptane     |»-£-C-C-t-t-t-C-M 
%   1    •   »    •    .   1 
ri   M    *   *    W    H    \i 

methylcyclohexane 

toluene 

6 
100.20 

98.19 

92.13 

N    •*   M  M  M M  *   M 

n-octane        *.<% t>C«C-c-4-«-t-K    114.22 

32.8 

3512 

11 2.4 12 

34.2*1' M13 

77.= 

13.2 

20.911 51512 0.27*3 

22.11 (25'C) 

IO.4H 0.661* 101.5 

111* 

V." 

r^K? 
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Table 1  (Continued) 

"et"» o 
6 

Oospound 

ethylcylohexane 

p~xylene 

iaopropyl- 

bensene 

1.1.1 «rl-thyl- ^ 

bensene 

Vapor H** 

Molecular        Pressure*    Solubility    (dinension- 

Structure Weight (g»)    (■« Hg) (pg/1) less) 

Ltf, 

lndan 

naphthalene 

112.2 

106,2 

120.2 

120.2 

118.17 

©5) 
2-eethylnephthelene    fOTOT    *  142-2 

tH, 

n~t»tredecane 

2,3 dieethyl- 

naphthalene 

C14H20 198*4 

[oioXc7 
i5*-2 

9.411 

6.512 

3.4" 

3.2*2 

.02411 

.002212 

19H12 

50*2 

2.111 97.7*4 

.05311 31.72 

2S.42 

0.19 

.42 

.14 

.02013 

(25*C) 

t •».."*/ 

N -*   ."■ 

*    vapor pressures raported at 20*c 

••    M calculated fro« aver«9« reported vapor pressure and solubility unless 

otherwise noted. feft. 
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Henry's Law Constants wars measured using glass hypo vials sealed 
with teflon rubber laminated discs (Pierce Chemical Co.).    Discs and 

bottles were precleaned by washing with distilled water and heating 

overnight at 105*C.    Two bottle sizes were employed.    Bottle volumes were 

determined by weighing when full of water and averaged 156.10+ 0.24 ml 

(n«9) and 120.98 40.78 ml  (n*12).    Liquid volumes normally employed in  the 

156*1 ml bottle sise were 10.0 and 125 ml«    Typically,  five or more 

replicate bottles of each liquid volume were equilibrated over at least a 

24 hour period in a circulating water bath at 25*C.    Other experimental 

procedures were comparable to those described by Lincoff and Gössett8. 

Henry's Law Constants and activity coefficients for TCB and toluene were 

determined by removing of 1*00 ml of bottle headspace with a gas  tight 

syringe and analysis with a Parkin Elmer model 900 gas Chromatograph. 

Concentrations were measured lsothermally at temperaturee of approximately 

135*C for T<3 and 175*C for toluene using a Csrbopack (60/80) with 1% 

SP-1000 column (Supelco,  Inc).    Compound concentration was measured as 

peak-area determined by interface of the GC signal with a Hewlett Packard 

model 3308A Integrator.    A linear relationship between gas concentration 
and GC peek-area was established by analysis over a range of gae 

concentrations.    A typical calibration curve is shown in figure 2. 

Henry's Law Constants for naphthalene,  i »dan,  2-3 dimethyl» 

naphthalene, and 1,2,3 trimethylbensene were measured by UV analysis of 

the aqueous solution using a cary 219 spectropfiotometer.    Analytical 

wavelengthe were 2i9.2nm for napthalene,  247nm for indan, 201.5 nm for 2,3 

dimethylnaphthelane,  and 196na for 1,2,3 trimethylbensene.    With th* 

exception of 1,2,3 trimethylbensene,  wavelengths employed correspond to 

those at which maximum abaorbance was determined to occur by scan of the 

UV region.    UV abaorbance  for napthalene and indan was determined to be 

directly proportional to solution concentration by analysis of standard 
deeaae solutions, an example calibration ie shown in Figure 3. 

62-U 
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After equilibration,  samples   for aqueous phase analysis were 

uncapped, and an aliquot was rapidly transferred to a stoppered quartz 

cuvette  for measurement of UV absorbance.    The compounds handled in this 

■anner all had dimensionless H values £ ,04 and therefore aqueous 

concentration changes caused by volatilisation are likely to have been 

■inimal. 
C*     RESULTS AND DISCUSSION 

The Henry's Law Constants determined in this study are given in 

table 2. 

Table 2.    Henry's Law Constants for TOS and JP-4 Fuel Components 

£ 

Compound 

TCB 

Measured 

value i 25°C 

.397 

toluene .261 

naphthalene •0209 

2,3, dimethyl- 

nepthelene .0376 

indan •0082 

1,2,3 trimethyl- 

bensene* .086 

Literature 

Value Reference 

.411 8 

•270 

.0196 

• 141 

13 

13 

Remarks 

reference value 

calculated for 

T«25*C fro« 

regression 

equation for H 

vs. temperature 

reference value 

calculated from 

reported  values 

for vapor 

pressure11 and 

solubility14 

of 1,3,5 

trimethylbenxene 

• the experimental compound used was technical grade (90% 

purity) and therefore the measured value for H is suspect. 
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Hie measured H value for TCE,  is  in good agreement with the value 

previously determined using the EPICS technique.    H values measured for 

toluene and napthalene also agree closely with reported literature 

values.    Neither water solubility and vapor pressure data  from which H 

could be calculated nor measured H values   for 2,3 dimethylnapthalene; 

indan; or 1,2,3 trimethylbenzene could be located by the authors  for 

comparison with the measured values. 

A Henry's Law constant was also measured  for methyleyelohexane.    The 

measured value (H * 9.81) was beyond the  range in which the EPICS 

technique is sensitive (ie H £ 3)  and therefore is not considered to be 

reliable.    Henry's Law constants calculated from reported values   for 

vapor pressure and solubility for hexane, cyclohexane, heptane and octane 

are all greater than 6.0 (see table 1).    It is therefore likely that 

Henry's Law Constants for these components of JP-4 Fuels can not be 

accurately determined using the EPICS procedure. 

Activity coefficients obtained for TCE and toluene at four ionic 

strengths are given in table 3. 

.> *» 

Table 3 - Activity Coefficients for TCB and Toluene* 

■A' 

compound V 
I - .1 I -  .3 I -   .6 X -  1.0 

TCE | 1.055 1.16 1.32 1.58 

toluene | 1.054 1.14 1.31 1.62 

* values obtained in NaCl electrolyte at 25*C 

>0«' 

62-U ;v.\.* 

.*■*> .v 

«^ 



Based on these data,  the calculated salting coefficients ( k)  for TCE 

and toluene are «197 and «207 respectively.    Considering the precision of 

replicate GC analyses  (-,+ 2%) the difference in these values  is not 

considered to be statistically significant.    Gossett15 has previously 

reported a salting coefficient of .207 for TCE  from KC1 electrolyte which 

agrees closely with the measured value. 

The activity of toluene in solution was measured over a threefold 

range in solution concentration and was unaffected over the toluene 

concentration range of 0.5 to 1.5 mg/1. 

The activity of toluene in solution was also measured in the 

presence of other nonpolar (cyclohexane) and polar (acetone) solutes and 

was unaffected by the presence of these compounds. 

Finally the influence of electrolyte composition on toluene activity 

was evaluated by measuring activity coefficients in CaCl2 and AICI3 

electrolytes with ionic strengths of .1 and .3;  results are shown in 

table 4« 

Table 4.    Effect of Electrolyte Composition on Toluene Activity 

. • NY 

3« 

Ionic Strength 

0.10 

0.30 

Toluene Activity Coefficient 

NaCl 

1.054 

1.136 

CaCl2 I        AlCli 

1.022 I 

1.077 

1.043 

1.057 

Activity coefficients for toluene in both AICI3 and CaCl2 "ere 

significantly lower than that determined for toluene in NaCl at I ■ 0.3. 

These data are consistent with reported values  for other nonionic 

compounds which also vary with electrolyte composition1. 
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D.  SUMMARY 

The EPICS technique has been demonstrated to be a reliable 

method for measurement of Henry's Law Constants and activity coefficients 

for many constituents of JP-4 Fuels. The procedure loses sensitivity for 

compounds with dimensionless H values _> 3 and is therefore not applicable 

to compounds such as hexanes, heptanes and octanes. For unsaturated 

compounds of low volatility UV analysis of the equilibrated aqueous 

solution is seen to be a viable analytical procedure. Gas exchange 

equilibria of volatile compounds is a function of their activity in the 

aqueous phase (see equation 1) and solution activity has been shown to be 

influenced by both electrolyte composition and concentration. Activity 

coefficients determined for TCE and toluene suggest that corrections for 

nonideality are likely to be negligible in most fresh water aquifers. 

IV.  SORPTION EQUILIBRIA 

A. INTRODUCTION 

At equilibrium,  the gas concentration of a volatile compound in 

a closed bottle serves as a direct measure of the aqueous solution 

concentration providing the compound's Henry's Law Constant and activity 

coefficient are known (see equations 1 and 2).    It is therefore 

reasonable to extend the EPICS technique to the study of sorption 

equilibria of volatile compounds such as toluene and TCE.    A major 

advantage of this procedure is that separation of the solid  from solution 

is no longer required in order to measure the equilibrium concentration 

ir. solution. 

For compounds of low volatility,  such as naphthalene, direct 

analysis of the solution is required, necessitating separation of solid 

from the aqueous phase. 

B. MATERIALS AND METHODS 

Sorption equilibria for toluene, naphthalene and TCE were 

detäimined on an artificial soil created by coating humic acids onto a 

hydrous aluminum oxide (AI2O3), Sorption equilibria were also measured 

for these compounds onto humic acids in the absence of AI2O3. Finally 

naphthalene and TCE sorption equilibria were evaluated using naturally 

occurring Air Borce Base soils. 

ftf. 
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H 10. AI2O3 was added (approximately 450gm) and the pH lowered to 

approximately 4.0. After equilibration, excess humic acids and water were 

decanted. Solids were rinsed once with 1 liter distilled water acidified 

to pH ■ 4 and dried overnight at 105°C. 

Air Force Base soil samples were obtained from cores, and shipped to 

the Environics Laboratory at Tyndall AFB wrapped in foil sealed in 

paraffin. Moisture contents for the soils were measured by weight loss 

after drying 108 hours at 105°C. The dried soils were ground and material 

passing through an 850u sieve was used in the sorption experiments. 

Hie organic content of all adsorbents was characterized by 

dichromate oxidation using the Walkley-Black method for analysis of soil 

organic carbon16. Samples were analyzed in triplicate and the mean 

result is shown in table 5. 

Table 5. Adsorbent Characteristics 

Solid Phase 

% organic 

carbon 

density 

(g/cm*) 

AI2O3 (Fisher varied from    2.49 + .055 

Scientific Oo. 0 to 0.54%        (n - 5) 

adsorption alumina; 

80*200 mesh) 

moisture 

content 

depth 

of 

core 

•>/*. 

Whiteman AFB soil 

Xnobnoater, NO 

0.40% 2.27 ♦ 0.148 

(n - 6) 

21.4% 3'-4.7« 

Lowry AFB soil 

Denver, 00 

0.11% 2.28 ♦ .049 

(n - 3) 

15.3% 5.3*-6.9' 

Offutt AFB  SOU 

Omaha, m 

0.23% 2.50 ♦  .041 

(n - 3) 

22.2% ii,-:3* 

Hinot AFB soil 

Minot,  NO 

0.12% 2.36 ♦  .078 

(n - 3) 

14.5% 10'-12* m 
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Table 5, Adsorbent Characteristics (Continued) 

% organic    density 

Solid Phase        carbon      (g/cm3) 

Humic Acid,        33.46% 

ICN Pharmaceuticals 

Inc. 

moisture 

content 

core 

depth 

Huraic Acid, 32.05% 

Aldrich Chemical Co. 

.V 

Since sorption equilibria were conducted in sealed bottles with a gas 

headspace (see discussion below)  knowledge of adsorbent densities was 

required to determine the volume displaced by the solid.    Solid densities 

were determined by measuring the water volume displaced    by a weighed 

amount of soil in a 10 ml graduated cylinder and are summarized in table 

5. 

The protocol used for sorption experiments was as  follows: 

1.    The calculation of compound mass remaining at equilibrium 

necessitated precise knowledge of the headspace in each bottle.    The 

individual bottle volumes were determined by weighing when full with 

water.    Results for the gas and/or liquid concentrations in individual 

bottle were normalized to a uniform standard bottle size using the 

following relationships: 

Cg(normalized)   "  C8(observed) (V ^"Vactual 
<VtHVstd. (15) 

^(normalized)   "   ^(observed) (V*+* HV*ctual 
<Vl+*HVg>std. 

(16) 
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2.    A    stock solution of the compound of interest was prepared.    For 

toluene this was accomplished by delivering 500ml of toluene with an 

Kppendorf pipette to a 2 liter volume of water.    The mass delivered was 

determined by weight to be  .422 +_ .001 gm (n - 4) giving a stock solution 

concentration of 211 mg/1.    The toluene concentration in the stock solution 

was verified by micro-extraction as  follows: 

a) 1ml mcthylene chloride (H*H.) *nd 8.5 ml distilled water were 

delivered to a 10 ml g ass bottle and sealed with a teflon disc. 

b) 250/d of the toluene svock solution was delivered through the disk 

using a syringe while venting the bottle headspace gas through a 

second syringe needle. 

c) The remaining bottle headspace was displaced by injecting distilled 

water into the bottle and venting the headspace gas as in (b). 

d) bottle contents were shaken to extract   .oluene into HeCl and the 

MeQ phase analysed for toluene by gas chromatography. 

e) G.C. peak areas were calibrated against standard toluene solutions 

in MeQ prepared by delivering a weighed amount of toluene into 

HeQ and serial dilution. 

The toluene concentration in the stock solution determined by 

micro-extraction was 214.1 mg/1 ♦ 12.4 mg/1  (n - 4).    Based on this data 

it was assumed that toluene loss in preparation of the stock solution was 

negligible and a stock concentration of 211 mg/1 was assumed.    Aliquote 

of the stock solution were added to bottles containing solids for sorption 

experiments. 

For naphthalene, a saturated aqueous stock solution was prepared by 

equilibrating an excess of naphthalene with water.    Prior to each 

experiment an aliquot of stock solution was filtered through No.  5 Whatman 

filter paper and additions were made to experimental bottles containing 

solids.    Identical additions were made to bottles without solids and used 

to establish the stock solution concentration.    This aqueous solution was 

analysed for naphthalene concentration by UV   at  > ■ 219.2 nm.    uv 

abaorbance was calibrated against decane solutions of known naphthalene 

concentration made by dilution of a stock solution consisting of a weighed 

amount of naphthalene in decane. 
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For TCE, aliquots of a saturated aqueous stock solution were delivered 

to experimental bottles containing solids for equilibration. Aliquots 

delivered to bottles without solids were used to determine TCE 

concentration• Solution concentration was measured by rapidly 

transferring a portion of the aqueous phase to a stoppered cuvette and 

measuring its UV absorbance at 198nm. UV absorbance was calibrated 

against decane solutions of known TCE concentration made by dilution of a 

stock solution prepared by adding 500 ul of TCE (.693 JK .013 gm (n * 10)) 

to 250 ml decane. 

3. Sorption equilibria were measured by adding aliquots of toluene, 

naphthalene or TCE stock solutions to glass bottles containing 

variable amounts of adsorbent and distilled water or 0.1m NaCl 

electrolyte. Bottles were rapidly capped with teflon laminated discs and 

continously rotated at room temperature for at least 12 hours. The 

bottles were then placed in a 25*C water bath overnight prior to analysis 

of the liquid or gas phases. 

4. After equilibration vapor phase concentrations of TCE and toluene were 

determined by "is chromatography using the methods described in section 

XXI. B. 

The liquid phase from bottles containing naphthalene was analyzed by 

high performance liquid chromatography (HPLC). Sample volumes of 25ul 

were removed through the bottle disc by syringe and injected into a Waters 

liquid Chromatograph fitted with a Bondpack C-18 column (Maters, Inc.). An 

in-line prefilter was used to remove «ny colloidal solids sampled by the 

syringe. A mobile phase of 75/25 acetonitrile - H2O was employed at a 

flow rate of 2.0 ml/min. ?eak detection was by UV at X - 254nm. 

Concentrations were quantified by comparison of sample peak heights 

to those of naphthalene standards in decane. 

5. The sorption of solute in each experiment was calculated as follows: 

a) Measured bottle concentrations were normalised to those in a 

standard bottle of uniform sise using equation 15 or 16 and 

replicate sample results were averaged.  In bottles containing 

solids, gas volumes were corrected for the volume displaced by the 

adsorbent. 
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b) The fraction of solute remaining (f) was calculated as the ratio of 

normalized concentration in bottles with adsorbent to those in 

bottles containing the same addition of solute but with no solid. 

the percent solute sorbed is therefore: 

% Sorbed * (1-f)100 (17) 

It should be noted that the percent solute sorbed (a ratio) may 

be accurately determined without knowing the precise mass of solute 

added in the experiment. 

c) The mass sorbed was calculated as the product of the total mass 

added to the experimental bottles and the calculated percent 

sorbed (see (b) above). Total solute mass added was computed 

from the product of the solute stock solution concentration 

(measured as described in (2) above) and the volume of stock 

solution added to the experimental bottles. 

C.  RESULTS AND DISCUSSION 

Several experiments were performed in which toluene sorption by Al203 

was evaluated. In the absence of humic acid coatings, toluene 

concentration in the bottle headspace indicated that it was consistently 

excluded from solution by the oxide adsorbent. Exclusion was observed at 

adsorbent additions ranging from 5 to 60gm to a 50ml volume of distilled 

water. The specific conductance of the equilibrated solution was 

measured and results are shown in figure 4. The conductance in the 

equilibrated solution containing humic coated A1203 was substantially 

lower than that in solution equilibrated with the pure oxide. 

approximate ionic strengths may be computed from specific conductance 

using the relationship developed by tanglier17: 

I - 1.6 x i<rs x specific conductance (umho/cm) (18) 

Calculated ionic strengths and corresponding toluene activity coefficients 

are shown in figure 4. The calculated values are insufficient to explain 

the observed toluene exclusion from solution. As an example, the i5gm 

addition of Al203 produced a head space concentration of toluene which 

would require a toluene activity coefficient in solution of 1.05 

(conservatively estimated assuming no toluene was sorbed) while the 

calculated toluene activity coefficient based on measured specific 

%" 
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conductivity was 1.006. Although no explanation for these results has 

been established, we speculate that colloidal AI2O3 carrying a surface 

charge may be affecting toluene activity. Such charged colloids are 

unlikely to be sufficiently mobile to influence the measured solution 

conductance which would explain the disparity between the calculated 

toluene activity coefficients and those which were observed. 

Toluene was found to be consistently sorbed from aqeuous solution by 

AI2O3 coated with humic acids.  The control      ption by humic acids was 

tested by performing parallel experiments in wuich one set of bottles 

contained variable amounts of Al203 coated with humic acids and a second 

set contained ehe same mass of humic acids without AI2O3. A swamping NaCl 

electrolyte (0.1M) was used in all bottles to prevent toluene activity 

changes from influencing the results. Pour or more replicate bottles of 

each solid addition were analyzed; mean results are shown in figure 5. 

Sorption of toluene was observed to be greater by humic acids in the 

absence of AI2O3. This difference suggests that the form of the humic 

acid in solution (eg as a coating material vs. free humic acid), 

influences its sorptive properties. 

It is noteworthy that the toluene sorption isotherm on humic acids 

without AI2O3 is a plateau (ie mg of toluene sorbed/g humic acid is 

independent of the equilibrium toluene concentration). This suggests that 

toluene sorption on the busies obeys a Langmuir isotherm and that full 

sorption site occupancy has occurred. 

Sorption kinetics for naphthalene on humic coated AI2O3 were studied 

over a 72 hour time period« Results show that equilibrium conditions were 

obtained within the 18 minutes which elapsed prior to analysis of the 

first sample. 

Naphthalene sorption on humic coated Al20j and naturally occurring 

Air Force Base soils was evaluated under conditions in which each 

experimental bottle contained the same mass of organic carbon. Triplicate 

bottles of each solid were analysed, mean results are shown in table 6. 

m 
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■olid mass of % naphthalene 

mass(g) organic carbon (mg) •orbed 

13.9 75 48.0% 

32.6 75 100% 

18.3 75 39.8% 

68.2 75 32.9% 

62.0 75 100% 

Table 6. Naphthalene Sorption Natural and Artificial Soils* 

Soil 

A1203 with humic acid 13.9 

Offutt AFB toil 

Whitaman AFB soil 

Lowry AFB soil 

Minot AFB soil 

* bottle volumes were   121 ml, containing soil, 50 el 0.1N NaCl and 5ml 

of naphthalene stock solution. 

These results clearly show that, at the soil carbon concentrations 

employed (.11 to .54%), soil Sorption capacity is not controlled solely 

by the mass of organic carbon present. In addition, aorption did not 

covary with the total aass of solid added, suggesting that the specific 

nature of the adsorbent and/or organic Matter on the adsorbent must 

influence sorption equilibria. 

The sorption of TOE onto AI2O3 coated with humic acids and onto humic 

acids was in the absence of AI2O3 was evaluated in an experiment 

comparable to that previously described for toluene. Results are shown in 

Figure 6. As was the case with toluene, the sorption of TO was enhanced 

in the absence of Al203. The observed sorption density of TCB 

(eg sorbed/g sorbent) OKto the huelc material wae independent of the 

equilbrium concentration of TCS in solution suggesting that the humic 

materials have finite binding capacity of approximately 7x10^7 moles 

TOS/gm (vs  3x10-7 moles toluene/gm) and that humic binding sites were 

saturated in the experiment performed. 

D. Summary 

The headepace technique has been demonstrated to be a reliable method 

for measuring the sorption of volatile components of JF-4 fuels and 

degreasere.    High performance liquid chromatography permits separation and 

analysis of compunds of low volatility which absorb in the UV region. 
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Sorption of toluene and TCE has been shown to be suppressed by the 

presence of a hydrous AI2O3 oxide«    Sorption of these compounds by humic 

acids was enhanced when this sorbent was not present as a coating material 

on AI2O3.    This data suggests that the physical state of the organic 

sorbent nay influence the binding of nonionic solutes.    The sorption 

density (eg sorbed/g sorbent) of toluene and TOE on humic acid was 

observed to be independent of the equilibrium concentration in solution 

indicating that the humic acid sorbent had a limited number of binding 

sites and that full site occupancy was achieved» 

Sorption of naphthalene by A.I2O3 coated with humic adids and 

naturally occurring Air Force base soils was not controlled solely by the 

organic content of these sorbents or by the mass of sorbent present. 

These data establish that the sorption behavior of nonionic soluter on 

some naturally occurring aquifer materials is likely to be a complex 

phenomena in which the nature of both the inorganic soil matrix and the 

soil organic matter may play a role.    Additional research is required to 

establish the interdependency between sorption of nonionic solutes and the 

detailed physical and chemical characteristics of the adsorbent. 

V.    Recommendations 

The research performed was designed to evaluate the equilibria for 

pertinent reactions of volatile nonionic organic compounds in unsaturated 

groundwater systems. 

Gas exchange equilibria may be evalutated through knowledge of a 

compound's Henry's Law constant and it's activity coefficient in solution. 

An equilibrium head space technique has been demonstrated to be applicable 

to the determination of these parameters for many of the componets of 

distillate fuels mnd degreesers. 

Sorption equilibria may also be evaluated using head space 

measurements for volatile compounds  for which Henry's Law constants and 

solution activity coefficients are known.    The observed sorption e-z 

organic solutes typical of degreesers (TCE) and distillate  fuels (toulene 

and naphthalene)was seen to be a complex phenomena.    Although our results 
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confirm the importance of organic materials in the binding of nonionic 

solutes, the data indicate that the physical and perhaps chemical nature 

of the soil organics are likely to influence results. Additional 

investigation is required to explore these interdependencies. 

Specific recommendations for further research are as follows: 

1• Experiments should be conducted to determine those 

characteristics of soil organics which influence their binding with 

nonionic organic solutes. Pertinent variables include but are not limited 

to (a) elemental composition (percent carbon, nitrogen, etc«) (b) 

molecular size (c) physical state, e.g., participate vs. dissolved vs. 

coating materials and (d) exchangeable acidity. 

2. Experiments are needed to evaluate the sorption of volatile 

compounds from the vapor phase onto soils, the  importance of soil organic 

carbon n these sorption reactions requires evaluation. 

3. The equilibria of mixed solutes with soil organic materials 

should be evaluated. Our data suggest humic acids have a finite binding 

capacity and compound competition for binding sites may therefore occur. 

4. Henry's Law constants and activity coefficients for all of the 

identified components of distillate fuels should be evaluated as a 

prerequisite for the prediction of their gas exchange and sorption 

equilibra. 
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EVALUATION OF PROJECTILE  IMPACT 

ON EARTH COVERED STRUCTURES 

by 

Daryl L. Logan 

ABSTRACT 

The capability of earth covered reinforced concrete structures  to 

withstand the  local response of Impacting projectiles  Is  Investigated  • 

Soil and concrete penetration, as well as  thickness of structure concrete 

vail necessary to prevent perforation and scabbing,  are predicted.    The 

Influence of parameters soil penetrablity index, soil cover thickness, 

concrete compressive strength, concrete thickness and Impact velocity on 

the local response are examined.    It is shown that for ranges of parameter 

values of Interest soil penetrability index and soil cover thickness have 

the greatest influence on allowable missie weight (frontal pressure) at 

which incipient backface scabbing of the concrete wall occurs.    The 

Implementation of the results is demonstrated for data recorded from 

missis debris resulting from an actual aircraft shelter explosion 

experiment.   The results indicate that nearly all data falls within safe 

limits of realisable parameter values.    Implications for siting earth 

covered structures with respect to aircraft structures are evident. 

Suggestions for further research are indicated. 
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I.    INTRODUCTION; 

A primary concern of the Air Force is the present  siting restriction 

placed on all inhabited buildings, including semi-hardened facilities and 

earth covered structures  (1).    Recent  studies of the aftermath of aircraft 

shelter debris from bomb detonations within the aircraft shelter (2) have 

resulted presently in a 300 feet minimum spacing requirement between 

semihardened aircraft shelters and inhabited buildings regardless of the 

protective capabilities of  these inhabited buildings.    This 300 feet 

siting requirement could be  relaxed if  tests or analysis were available to 

demonstrate the added protection from shelter debris provided by these 

protective structures. 

This paper is  the result of a study undertaken to determine the 

capability of earth covered structures  to withstand the debris threat from 

a most probable detonation within a nearby aircraft shelter.    The study 

concerned itself with the local response due to projectiles (missies) 

impacting earth covered structures. 

II*    OBJECTIVE: 

The primary objective of this research effort was to examine 

survivability capabilities of earth covered structures when such 

structures are subjected to debris missies resulting from a most probable 

sized bomb explosion within a nearby aircraft shelter. 

Specific goals of the research were: 

(1) To determine appropriate procedures  to adequately predict the local 

response of an earth covered structure to missie Impact. 

(2) To illustrate use of this procedure for an Air Force structure of 

interest subjected to mis sie debris of interest (2). 

(3) To recommend ways of increasing the survivability capabilities of the 

structure of interest. 

III.  METHOD OF ANALYSIS AND EQUATIONS USED: 

Herein we will analyze the local response (as opposed to overall 

structural response) of an earth covered structure due to Impact resulting 

from aircraft shelter debris (missies).    The missies considered are those 

created during an explosion occurring within an aircraft shelter as 
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recorded in (2).    The local response refers  to analysis of  the earth 

covered structure in the vicinity of the impact.    The phenomena to be 

analyzed are penetration depth of a missle into the structure wall, 

perforation ( a missle passing entirely through the wall thickness), and 

backface scabbing (scabbing of concrete off the inside face of  the wall). 

The structures are assumed to be of reinforced concrete and to have an 

earth material overlying them. 

Although analytical attempts have been under study (3) to predict local 

impact phenomena,  these methods have not been fully developed.    Therefore 

the analysis in this paper is based upon a series of recently assessed 

empirical equations (4-8) which are used to predict penetration, 

perforation and backface scabbing as a missle Impacts the soil cover 

associated with the structure. 

The analysis procedure is at follows: 

(1) Calculate the depth of penetration, Xs, (In feet) of the tip of the 

missle Into the earth overburden by 

X, - 0.53S*/wW2      ln(l + 2v2i0-5) (1) 

where S ■ Soil penetrability index (soil constant) 

N - missle nose shape performance coefficient 

W - missle weight, in lb 

A - missle Impact cross-sectional are«, in sq.  in. and 

V « missle impact velocity,  in ft/sec 

(2) Calculate the residual velocity, Vc, (in    ft/sec) by 

Vc - V(l - t^)l/2 (2) 

(3) 

where complete penetration of the overburden by the missle Is assumed 

and t8 • the soil overburden thickness, in units of feet. 

Calculate the depth of penetration, x, (in inches) of the tip of the 

missle into the concrete wall as 

2d\r for » < 2.0 
d (3) 
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or x-d(F+l)    ;    for x> 2.0 

d 
where   F - 180 JJ2 M 1.25 „_       /^t! ,80 

and 

(3) 

(4) 

fc - concrete compresslve strength, In pel 

N2 - alssie nose shape coefficient 

E * modulus of elasticity of mis sie material,  in pal 

EJJ - modulus of elasticity of mild steel, in psi and 

d - effective diameter of a mlssle, which has same contact 

area as  that of actual contact area, in inches 
(4)    Determine thickness, p, (in Inches) of concrete wall to prevent 

perforation by 

P- 1.32+1.24   *    ;    for 1.35 .<»< 13.5 

d d d 

for^jC 1,35 

(5)    Determine thickness, s, (in Inches) of concrete vail to prevent 
backface scabbing by 

i- 2.12+ 1.36 «    ; for 0.65 ££< 11.75 

d d d 

or 
* d 
P« 3.19 *   - 0.7^x\2    . 

I-J 
(5) 

or *- 7.91 *   - 5.06/*|2    ; 

w   *  •   I 

(6) 
for * < 0.Ö5 

d 
la Eq*. (1) through (6), the impact is assumed to be normal to the 

surface.    It can be observed that local Impact Is a function of many 

parameters including soil cover thickness, soil penetrability index, 

mlssle weight, mlssle contact cross-sectional area and Impact velocity, 

and mlssle nose shape, and concrete compresslve strength of structure. 
IV.    SOLUTION P10CBDUKI; 

To satisfy the goals critical frontal pressures, tf/A, were determined 

for various distances (ranges) from the aircraft shelter for parameters of 

soil penetrability Index, soil cover thickness, structure wall thickness 
and compresslve strength, and mlssle Impact velocity. 
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The solution procedure used was as follows.    First, the initial 

velocity of a typical missle was calculated using particle projectile 

motion equations (where the range of Interest and an assumed launch angle 

were substituted into the equations).    Here range is defined to be  the 

horizontal distance between where the missle is launched and where it 

lands.    A representative missle contact area and nose shape coefficients 

(N - 0.56 and N2 * 0.72) for blunt ended missies were assumed.    Thea the 

parametric study was undertaken using variations  in soil penetrability 

indices, soil cover, and concrete wall thickness and compressive strength. 

A trial-and-error process of selecting a missle weight and subsequent 

solution of Eqs. (1-6) was used.    The process was stopped when a missle 

weight determined by the minimum concrete  thickness to prevent  scabbing, 

from Eq.(6), was obtained.    That is, a weight resulting in an s, from Eq. 

(6), equal to the concrete wall thickness was obtained.    This weight is 

defined to be the critical weight resulting In incipient backface 

scabbing.    To facilitate the parametric study, a FORTRAN computer program, 

based upon Eqs.  (1-6). was written to determine the critical missle weight 

as well as missle penetration depth into the wall and minimum concrete 

thickness to prevent missle perforation. 
v*    NUMERICAL RESULTS; 

Numerical results are now presented for typical parameters of interest 

to the Air Force.    Some of the values of parameters used include, 

1)    Soil penetrability indices (constants) given by 

Soil Constant 

5.2 

7.0 

10.5 

30.0 

4Q.0 

Typical Sol1 Descrlption 

Clayey silt, sllty clay, dense, 

hard, dry 

Sand, loose to medium, moist 

Clay, moist, stiff 

Loose, moist topsoll with humus 

material, mostly sand and silt. 

Moist to wet clay, soft, low 

shear strength. 

Clay, sllty. wet    t 
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2) Soil cover thicknesses of 3, 4 end 5 feet, 

3) Concrete well thicknesses of 9 end 12 Inches 

4) Concrete conpresslve strengths of 4000 and 5500 pounds per 

square inch« 

It can be observed from Eqa.  (1) and (4) that more meaningful 

results are obtained by expressing W and A as a single parameter*    This 

possibility vas verified as shown by Table 1 where W/A at incipient 

scabbing for different cross sectional areas at different ranges are given 

for values of S • 10.5, t§ « 3 ft, fc* • 5500 psl and concrete 

thickness - 9 in. 

Table 1.    W/A at Incipient Scabbing for Different A's 

J W/A   

lange, R, FT« 

50 

100 

150 

200 

250 

300 

A - 1963 IN2 

687.5 

178.2 

86.7 

48.4 

32.1 

23.1 

| A - 78.54 IN2 

| 700.1 

| 184.4 

| 85.9 

| 49.0 

| 33.1 

I 23.5 

The ratio V/A is called frontal pressure.    In this paper critical frontal 

pressure is defined to be that frontal pressure causing incipient 

scabbing. •     • 

Figures 1 through 5 illustrate the Influence of various parameters on 

critical frontal pressure.    Throughout, the missis is taken to be of 

steel.    Figure 1 shows critical frontal pressure, V/A, for various ranges, 

1, for different soil penetrability indices.    (Actually (V/A)1/2 Is ussd 

in order to present  Che deta in a more meaningful graphical form).   The 

launch eagle of the missis is 30 degrees from the horizontal, soil cover 

thickness is 3 fset end concrete wall thickness tc is 9 inches.    It csn be 

observed from Figure 1 that as soil penetrability index decreases the 

critical frontal pressure lacreeses.    That la i>r a dense, hard, dry sllty 

clay (S • 5.2), critical V/A is lsrger then lor s loose to medium moist 

sand (S • 7.0).    Comparisons of results for the soil descriptions 
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corresponding to each S indicate that in general dense, hard, dry soils 

resist penetration noticeably better than loose, soft, wet soils.    Further 

it can be observed that as the range Increases  the critical W/A decreases. 

This Is reasonable, based on the fact that it takea a larger initial 

velocity to project a miesie a longer range.    The resulting Impact 

velocity Is equal to the Initial velocity based on projectile notion 

equations. 

Figure 2 shows the results of W/A for various R for different soil 

cover thicknesses    tf for a given S and tc.    Here the greater ts, the 

greater critical W/A.    For S ■ 10.5, 4 : >«t of soil cover «ay Increase the 

critical W/A by as such as 1.75 times compared to 3 feet of cover.    Again 

W/A decreases with Increasing R for reasons explained in the previous 

paragraph. 

Figures 3 and 4 demons trau critical W/A for various R for different 

concrete compresslve strengths and concrete wall thickness, respectively. 

It can be observed that critical W/A are negligibly Influenced by concrete 

compresslve strength and wall thicknesses of usual Interest. 

Finally Figure 5 shows the Influence of missie initial velocity of 

impact on the critical W/A at a range of 100 feet.    As the Initial 

velocity of impact Increases the critical W/A decreasea. 

In summary, a parametric study, based on a series of empirical 

equations used to predict soil penetrstlon, concrete penetration, 

perforation, and scabbing, was undertaken to determine the most Important 

factors Influencing local missle Impact response for s typical Air Force 

earth covered atructure.    For ranges of parameters of interest, it was 

determined that soil penetrability Index and aoll cover thickness have the 

greatest Influence on allowable frontal pressures at which incipient 

scabbing occurs.    Fortunately these two parameters are quite easily 

controlled and their required val' ee relatively economically achieved. 

VI.    MCQWOtDATIO«: 

a.    Implementation of Results 

The reaulta of this research have Immediate application to a 

soil-concrete layered medium la predicting missle penetration into the 

medium and the associated concrete thickness needed to prevent bsckfsce 
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rigure 1 - Range versus  (frontal pressure)    at Incipient 
Scabbing for Different Soil Penetrability Indices 
(for tt«3 ft, tc»9 in,  fc • 5500 psi) 
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Figure 3 - Range versus  (frontal pressure)    at Incipient 
Scabbing for Different Concrete Corapressive 
Strengths  (For S-7.0, tft»3 ft, tc»9 in.) 
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Figur« 4 - Range versus (frontal pressure) at Incipient 
Scabbing for Different Concrete Wall Thicknesses 
(For S-10.5, ts-3 ft, fc-5500 psi) 
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©= Missile Data 
from (2) 
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Figure 6 - Comparison of Range versus {frontal pressure) 
at Incipient Scabbing for Different Soil 
Penetrability Indices and Missile Data from (2) 
(For ts»3 ft, tC"9 in, fc »«5500 psi) 
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scabbing and perforation.    An example of a military application is for 

earth covered concrete  structures  subjected to debris resulting from an 

aircraft  shelter explosion(2).    The  implementation of results is 

demonstrated in Figure 6 where the large debris data from (2) is expressed 

as (W/A)1'2 an<j plotted for their ranges.    These  results are compared to 

critical (W/A)*/2 versus R for various soil penetrability indices  for 3 

feet of soil cover.    As can be  seen nearly all data falls within safe 

limits of realizable soil parameters.    Implications  for siting earth 

covered structures with respect  to aircraft shelters are indicated. 

Another application would be  to predict  the depth of penetration (or 

the burster layer thickness necessary to "catch" a bomb)  into a concrete 

burster layer from a bomb.    This information is necessary in order to 

define the ground shock load used for underground shelter design, 

b.    Suggestions for Follow-On-Research 

This research was based on local response behavior from a mlssle 

impacting an earth covered structure.    The local response equations were 

computer programmed in a user friendly manner for a soil-concrete medium. 

To expand the use of these equations,  the computer program should be made 

more versatile, including capability of analysis for any combination of 

different materials (applications for composite construction barriers such 

as concrete-sand-concrete and for soil-burster layer-soil penetration 

predictions) and capability to automatically converge to a critical 

weight.    (This option would be obtainable by programming a numerical 

method into the existing program.) 

The research should also be extended to utilize the results from the 

penetration equations in a model to predict overall structural response 

from missies.    This phase would include a method for determination of the 

force-time functlon(s) to be applied to the structure.    This is a 

necessary phase of analysis in the determination of survlvablllty of earth 

covered systems.    A finite element program, Including the force-time 

function developed and soil interaction, would be used to complete  the 

analysis. 
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NUMERICAL SOLUTION OF THE EULER EQUATIONS ON DYNAMIC GRIDS 

by 

C. Wayne Mastin 

ABSTRACT 

Pi 

A method is developed for solving the Euler equations on two-dimensional 
regions with moving boundary components.  An algorithm is presented for moving 
the interior grid points to follow the moving boundary component, and the 
modifications necessary for implementing the finite-volume algorithm for 
solving the Euler equations on a moving grid are stated. These concepts have 
been incorporated in a computer program and preliminary numerical results are 
presented. 
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I.  INTRODUCTION 

The field of computational fluid dynamics is continuously expanding to deal 
with more and more complex flow regimes.  Improvements are being made in both 
hardware and software. As the new super computers are coming on-line, 
algorithms are being improved to solve new problems with greater accuracy and 
efficiency. An integral part of any numerical algorithm is the construction 
of a computational grid.  Not only must the grid fit the boundary of a 
complicated three-dimensional region« it may also be required to dynamically 
adapt to the movement of the boundary components. 

This report will examine several aspects in the solution of fluid flow 
problems on moving grids. The first consideration will be the modification 
needed in a typical numerical algorithm. The popular finite-volume method for 
solving the two-dimensional Euler equations has been selected as a model 
algorithm.  It will be obvious that the techniques developed here can be 
easily extended to three-dimensions. The same techniques are also applicable 
to the finite-volume solution of the Navier-Stokes equations. The intent is 
to go beyond the superficial modifications, such as the recomputation of 
changing lengths and areas used in the algorithm, and to investigate the 
effect of grid movement on the accuracy and stability of the algorithm. 

SS 

w 

A secondary effort during this period has been development of an efficient 
grid moving scheme. For complicated regions, like the region about a complete 
aircraft, the construction of a grid may consume a significant portion of the 
overall effort. Therefore, a reconstruction of the entire grid each time a 
boundary component moves may be very expensive. This observation has 
motivated the development of an algorithm for advancing the interior grid 
points to follow the movements of a boundary component.  It should be noted 
that the preservation of grid spacing at the boundary would not be as critical 
in the present solution of the Euler equations as it would be in the solution 
of the Navier-Stokes equations.  In the latter ct§et  a fine grid spacing near 
the boundary must be maintained due to the presence of a boundary layer. 
Hopefully! these concepts will be of value in other problems, such as 
resolving shocks or material interfaces, where moving meshes are 
advantageous. 

An existing computer program for solving the Euler equations has been modified 
to solve a problem on a region with a moving boundary component. Numerical 
results are presented to validate the concepts presented in this report. 

II.  FINITE VOLUME METHOD 

Finite-volume methods may be used to solve conservation laws of the form 

't ♦ *x * Ey (1) 

where f and g are functions of w.  If the above equation (1) is integrated 
over any region I with boundary 3E, and the Gauss divergence theorem is 
applied, then 

//» wt dxdy - /. R fdy - gdx (2) 

Difference equations are derived by defining a grid on t and numerically 
approximating the integrals in (2) over each grid cell. The following 
indexing scheme will be used for function values at the centroid and vertices 
of a grid cell. 
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I (i - 1/2, j ♦ 1/2) 

(i - 1/2, j - 1/2) 

(i + 1/2, j + 1/2) 

(i ♦ 1/2, j - 1/2) 

The area of the cell will be denoted by A{ ; and the increment of a 
coordinate value along a side «rill be denoted, for example, by 

**i ♦ 1/2,j " xi ♦ 1/2, j+ 1/2 " *i ♦ 1/2, j - 1/2- 

The time level of a variable will be indicated by a superscript.  In order to 
maintain the second order accuracy of the numerical algorithm, a trapezoidal 
time differencing will be used in (2).  Average values will also be used for 
the incremental values of x and y which will be used to approximate the 
differentials on the right hand side of (2). This is indicated notationally 

by 

n ♦ 1/2 n ♦ 1       n 
A*i ♦ l/2,j " l/2(Ax£ 4 1/2(j ♦ Axi + 1/2,j>- 

There are many variations of the finite-volume method in current use.  The 
finifee-volume method due to MacCormack { 2 }can be implemented on a moving grid 
using the following predictor-corrector equations. 

%n ♦ 1 n ♦ 1  n   n n       n ♦ 1/2      n      n ♦ 1/2 
wi*j Ai,j * wi,j Ai,j * At{ fi ♦ I.j A*i ♦ 1/2,j " *i ♦ l,j Äxi ♦ 1/2, j 

n        n ♦ 1/2       n       n ♦ 1/2 
♦ fi,j ♦ 1 Ayifj ♦ 1/2 - Si,j ♦ 1 &*i,j ♦ 1/2 

n     n ♦ 1/2     n       n ♦ 1/2 (3) 

♦ *i,j  &Vi - 1/2,j " «i,j A*i - 1/2,j 

n    n ♦ 1/2     n    n ♦ 1/2 
♦ fi,j Ä*i,j - 1/2 " «i.j *4fj - 1/2 > 

n ♦ 1 n ♦ 1    n   n on ♦ 1   n        n ♦ 1/2 

"i.j  Ai,j  " wi,j Ai,j - £t/H(f£fj ♦ fi ♦ i,j) ayi ♦ 1/2,j 

«v« ♦ 1   n        n ♦ 1/2 
- Uitj  ♦ «i ♦ lfj> **i  ♦ 1/2,j 

♦ 1   n *n *1   n       n ♦ 1/2      «ji  ♦ 1  n        n ♦ 1/2 

♦ (fi, j +  fi.i ♦ l>Ä*i.j ♦ 1/2 " («i,j 4 «i.j ♦ 1} ^i.j ♦ 1. 

«n ♦ 1     n     n ♦ 1/2     «^n ♦ 1     n     n ♦ 1/2 
♦ Cfi - i,j ♦ fi.j) Ayi - 1/2.J - <ti - l,j ♦ «£fj) A*i - 1/2,j 

-ji ♦  1 n n ♦ 1/2 %n ♦  1 n n ♦   1/2 
♦ <fi,j  -  1  ♦  *if j>   ^i,j -  1/2 *  Uifj  -   1  ♦ «i, j>   ;«i.j  -1/i 

1/2 

(4) 
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Since equation (4) includes values at the previous time step, it is computationally 
more convenient to eliminate these values by solving for wp ; An[ ; in (3) and 
substituting in (4). Thus the corrector step may be replaced by 

n ♦ 1    n ♦ 1 

%j %J 

n ♦  1 n ♦  1 n ♦  1    n 
"i.j    Ai,j -&t/2 Mfi,j - fi + l,j) Ayi ♦ 

n * 1/2 
1/2,j 

v 

!**■"* 

1. • 

.n ♦ 1 
(8i,j - *i ♦ l,j) 

n ♦ 1/2 
L*i  * 1/2,j (5) 

y» ♦ 1 n       n ♦ 1/2     ^n ♦ 1  n        n ♦ 1/2 
+ (£i,J - £i,j ♦!> a*i,j ♦ 1/2 * (*i,j " *i,j ♦ 1> *xi,j ♦ l/2 

-yn ♦ 1    n    n ♦ 1/2    ^n ♦ 1     n    n ♦ 1/2 
♦ <*i - l,j * *i,j> ^i  - l/2,j * Cfi - l,j - 8i,j> A*i - 1/2,j 

^n ♦ 1     n     n ♦ 1/2    ^n ♦ 1     n     n ♦ 1/2 
♦ «ij - 1 * *itj> *yi,j - j/2 - Cg»,j - 1 - gi,j> t*itj - i/i 

Equations (3) and (5) differ from the usual predictor-corrector equations on a 
fixed grid only in the dependence of the cell areas and increments of x and y 
on the time step number. From the form of these equations, it is noted that 
the increments &x and Ay should be computed M$  soon as the grid points at 
level n ♦ 1 are defined and before any computations in (2) are performed. The 
cell areas at level n ♦ 1 are not computed until after the computation of the 
right-hand side of (3) is completed.  In this manner, previous values may be 
overwritten and no additional storage is required for computing on a moving 
grid.  It should be noted that the computation of cell areas at the same time 
level on both sides of (3) would be equivalent to the approximation of the 
area integral in (2) by a rectangular rule. This would result in a method 
with only first order accuracy in time. 

III. EULEK EQUATIONS 

The Euler equations for inviscid comj tssible flow are equations of the form 
(1) where /      \ / 

v = / pu ] ,  f • / pu2 ♦ p I  ,  g - / DUV     j 
pv I      j puv    I pv2 ♦ p 
e J \  (e ♦ p)u/        ^ (e ♦ p)vj 

The pressure is given by 

P - (Y - l)(e - l/2c (u2 ♦ v*)). 

The numerical solution of these equations can be computed using the finite- 
volume method discussed in the previous section.  Along with the equations (3) 
and (S) one must impose appropriate boundary conditions. On a solid wall, the 
velocity component normal to the boundary vanishes, or 

uZy - v:.x ■ 0. 

In this report the normal derivative of the pressure has also been set to xero 
at a solid wall. Previous experience of Jacocks and Kneile { 1 ) indicate that 
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this boundary condition will give satisfactory results even though the 
curvature of the wall is neglected. The number and type of inflow and outflow 
boundary conditions depend on whether the free stream flow is subsonic or 
supersonic.  In the computations reported here, supersonic free stream 
conditions, were used. Thus all variables were prescribed at the inflow 
boundary. A one-sided differencing of the Euler equations was used to 
determine the values of the variables at the outflow boundary. 

The Courant-Friedrichs-Lewy (CFL) criteria is a necessary condition for 
stability of the HacCormack finite-volume method.  A rigorous determination 
of the CFL criteria would require the computation of the eigenvalues of the 
Jacobian matrices of f and g in (6). However, the intuitive approach of 
Jacocks and Kneile (l) can also be used to estimate the CFL criteria on a 
moving grid. The local speed of a sound wave is given by 

•-(■*T. 
Consider the time interval required for a sound wave to pass from one side of 
a typical grid cell to the other.  If side s is defined by the vector 

s • (AX, Ay) 

and the area of the cell is A, then the distance from s to the opposite side 
can be approximated as 

?:& 

<W.' 

• > 

If q * (u,v) denotes the velocity of the fluid and r * (xt, yt) is the 
velocity of the cell, then the net rate of speed of a sound wave moving normal 
to s is 

| (q - r) • n|  ♦ c 
where 

n« <Tfr,.*«> 
1 • I 

Thus the sound wave will reach the other side of the cell in a time interval 
of approximately 

 A 
I    • ( l(q - r) . n[ ♦ c) [• ! 

It is therefore intuitively clear that the CFL criteria will be satisfied when 
At is chosen to be bounded above by the minimum of the quantity i   over all sides 
of all cells. The form of &  reveals that the stabiity of the scheme is 
enhanced when the grid cells move with the fluid since this tends to decrease 
the vector q-r. 

IV.  CQUAT1QKS FOR CRIP DYNAMICS 

There are numerous reasons why one would be faced with the problem of 
computing the solution of fluid flow equations on moving grids.  The specific 
problem which is considered here is the case where a double-connected region 
has one stationary and on« moving boundary component. This type of region 
might be encountered in computing the relative trajectory of one body with 
respect to another body.  More specifically, one might be interested in 
determining the trajectory of a bomb or external fuel tank after it is released 
from an aircraft. Regardless of rhe specific problem, there are two grid 
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related tasks which must be addressed. The first is to determine the position 
of the moving boundary component after each time interval. The second task is 
to redefine the grid on the region with boundary consisting of the stationary 
component and the moving component in its new position. 

Since the Euler equations are being solved, no viscous forces will be 
»-^nsidered. Consider the case of a cylindrical body whose cross-section 
defines a boundary component of the region. The only forces that will be 
included are those due to surface pressure and gvavity.  If C denotes the 
boundary component, then the x and y components of the force per unit length 
on the cylindrical body are given by 

Fx - -/c (p - pj  y8 ds 

Fy - /c (p - pj xf ds - mg, 

where p. denotes the free-stream pressure. The constant m is the mass "*er 
unit length and g is the gravitational constant. The total pitching moment 
about the center of gravity of the body can also be computed. Let {xc, yc) be 
the center of gravity. Then the pitching moment is given by 

where 
M - fc  (p - p.) {(y - yc) y. ♦ (x - xc) x,}{drc/ds) ds 

re • {(x - xc)2 ♦ (y -yc)*}l/2 

Kr* 

These forces and moments can be used to determine the acceleration of (xc, yc) 
in the x and y directions and the angular acceleration of the body about (xc, 
yc). Specifically, the three accelerations are given by 

Ax • Fx/m 
Ay - Fy/m 
A6 - M/l 

where I is the moment of inertia of the bodv. The implementation of these 
formulae require a numerical integration scheme. If the grid points on C are 
indexed by (1/2, j - 1/2), j ■ 1,2,  ,k, and the notation of Sec tic-» III is 
used, the following approximations may be used. 

Ax 
k 

-1/m I 

3-1 

<Pl/2o - *-> Vo 

Ay 

Ad 

k 
i/m r 

3-1 
k 

l/i r 

C*l/2.j " P-> Äyl/2.3 - 9 

<P 1/2 < - P.)( Ay 
* j 1/2, j 

(7) 

{yi/2o ~yC) 4Ä*l/2.j (Xl/2.3 * *C)} 

,AfCW 

Mote that interpolation is needed to find the values of x, y, and p  indexed by 
(1/2,j). Once an initial position and velocity of the body is prescribed. 
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the computed accelerations determine the position at each time step.  If the 
pressure at time level n + 1 has been computed, then the accelerations at 
level n + 1 can also be computed by equations (7).  The velocity of the center 
of gravity and the angular velocity are now approximated as 

*«* 
V.,V 
IK-' 

Vx11 

Vyn 

ven 

+ 1 
+ 1 
+ 1 

Vx11 + 
Vyn + 

AtAxn 

At Ay11 

AtABn 

+ 1 
+ 1 
+ 1 

Finally, the coordinates of the center of gravity and the rotational 
displacement about the center of gravity can be computed as 

xc n + 2 = x-n + 1 

.n + 2 yc" T *  " vc 

A8 = At V9n + 1 

n + 1 

At Vxn + l 

At Vyn + !, 

»: 

The translation and rotation of the body has been computed.  Before the 
solution process can continue, a new grid is needed for time level n + 2.  It 
will be assumed that the grid points on C move with the body and retain their 
same relative positions. While this may be a rational assumption for 
translations, it may not be advisable for large rotational displacements. The 
aim here is to derive an efficient method for redistributing the interior grid 
points so that they do not fall outside of the region when the boundary 
component C is moved. 

Elliptic systems of partial differential equations have been very successful 
in generating grids for complicated two and three-dimensional regions.  As 
discussed in the report by Thompson et. al. ( 3), an iterative procedure is 
required to solve these systems.  This makes such procedures inefficient when 
frequent regridding is necessary.  However, many of the advantages of elliptic 
systems are enjoyed by parabolic systems of the form 

■B 
rt ♦ ar^ ♦ br^- «u * drCn ♦ er nn (8) 

where r ■ (x,y) and C and n are curvilinear coordinates as indicated in the 
following sketch. 

Ki.V 

t*£* 

-p r 

The grid points are defined by solving this system on a rectangular region in 
the Cn - plane.  If the initial grid is given, then succeeding grids can be 
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w generated by any of the marching procedures for solving parabolic equations. 
The object then is to pick the coefficients so that the grid points follow the 
boundary component C.  Suppose the grid motion near C is governed by the 
convective (first order) terms in equation (8) while the diffusion (second 
order) terms are much smaller and serve only to smooth the solution. Let C be 
the image of the line I a   £\  and let  n a nj denote grid lines intersecting 
C as above.  If the diffusion terms are neglected, then the trajectories of 
the grid points can be specified by choosing the coefficients a and b to be 
solutions of the system 

rt + arr + br =0. c    C     r, 
(9) 

Now suppose the motion of the grid points along n * nj is the same as the 
point r(Ej,nj) on C.  Then a and b are defined in terms of grid velocities 
on C by 

a(S,n) = l/j (xn (S,n) yt<C1»n) - x (5j,n) yr (S,r,)) 

b(S,n) - l/J (xt(C1/n) yc (£,n) - x^ (£,n) yfc (^.n)) 

j = x^ (C,n) 7   tdn) - x^ (C,n) y^ (C,n). 

The coefficients c, d, and e in (8) are quite arbitrary and need only satisfy 
the condition d^ - 4ce< 0. 

m 

4 

A well-posed initial-boundary-value problem for the coordinates of the moving 
grid has now been defined. An explicit numerical algorithm has been proposed 
for solving this problem concurrent with the solution of the Euler equations. 
Since only coordinate values are considered in this Section, and not flow 
variables, we will let r(^,  n ;) *  r j: rather then revert to the 
fractional indexing used in Section II. Central differences are used for 
aproximating the second order derivatives. However, due to stability 
considerations, one-sided upwind differences must be used for the first order 
spatial derivatives. The complete difference equation which governs the 
movement of the interior grid points at time level n + 1 can be written MS 

n ♦ 1 
ri,j    ' *i,j +  ^ {ca (rifj - ti +c ,j) ♦ 6b (rifj - rifj  ^ > 

n n 
i.i * i»j - 2r i.j) 

n n n 
♦ * <ri ♦ i,  j ♦  1 ♦ *i - 1,  j - 1 - *i ♦  1, j - 1 - *i -  1,  j ♦  1>/^ 

n n n 
♦ e (rifj ♦  i ♦ rifj _  j  - 2ritj)) 

where 

c    .    C   1    if    a -  0 

(-1     if    a >   0, 
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{1  if b I 0 

-1  if b > 0. 

Based on the coefficients used by Thompson et. al. (3) in elliptic systems, 
the following values were selected for c, d, and e. 

e-lrJVf 

d - i    • r /f 

e * kc|
2/f 

where 

2 At( r V ) 

Since the factors multiplying a and b in (10) are the order of the grid 
spacing and the factors multiplying c, d, and e are the order of the square of 
the grid spacing, these coefficients work especially well when a fine boundary 
layer grid is to move with a body and the smoothing is to occur in the region 
of the coarse grid. This is exactly the situation encountered in the examples 
of the next Section. 

V. EXAMPLES 

The computational results of this report serve only to validate the numerical 
algorithms and are not intended to be precise fluid dynamic simulations.  It 
must be admitted that the reason for this deficiency lies in the inability of 
the original Euler code, which was developed to solve a nozzle flow problem, 
to generate accurate pressure values near stagnation points. Therefore, the 
numerical results will be presented from a qualitative rather than a 
quantitative point of view. All grid movement was started in what was roughly 
a steady state flow field. 

The first series of computations were performed on the grid illustrated in 
Figure 1. The interior boundary component is the crossection of an elliptic 
cylinder and the outer boundary component is a nearly circular ellipse. The 
free steam flow is at Mach number 1.1 and zero angle of attack.  If the 
cylinder is released from its fixed position, and gravitational forces are 
negligible, the cylinder will move to the right with the center remaining on 
the major axis. Figures 2 and 3 are of the same region of the xy-plane. 
Figure 2 is a closeup view of the elliptic cylinder in its original position 
and Figure 3 i*  the grid about the cylinder after the acceleration due to drag 
has caused the cylinder to move a distance of nearly half of its major axis. 
The noticeable rotational movement was due to a slight nonsymmetry in the 
numerical solution.  If the acceleration of the body is primarily due to 
gravity, the body translates along the minor axis. Figure 4 indicates the 
position of the cylinder after translation "y a large gravitational force. 

In both Figures 3 and 4, the grid cells near the body retain the same size and 
shape as in the original position indicated in Figure 2. The remaining part 
of the grid, which is not plotted, would appear as is Figure 1.  A graphical 

m 
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representation of the flow field generated by solving the Euler equations 
reveals the expected perturbations caused by movement of the body.  Velocity 
vectors and mach contours for the body in Figure 3 are depicted in Figures 5 
and 6. The velocity vectors have remained tangent to the body.  Since the 
numerical solution was highly smoothed, the Mach contours are somewhat 
unrealistic. However, the position of the contours is characteristic of the 
angle of attack of the body at that particular point in time. 

The second configuration is motivated by practical problems in 
aerodynamics such as aircraft-store separation and ground effects on low 
flying aircraft. A portion of the outer boundary component is now a 
horizontal line segment on which solid wall boundary conditions will be 

y imposed. The grid for this region appears in Figure 7. The grid motion in 
S] this case is due to both gravitational and drag forces. At a later time, the 

body and nearby grid appears as in Figure 8.  Note that the presence of the 
wall causes a nonsymmetric pressure distrution which induces a larger 
rotational motion in this example.  A modification of the grid moving scheme 
was necessary to keep the grid points near the wall in their original 
position. All that was required was simply to multiply the coefficents in (8) 
by an exponential decay factor which was one near the inner boundary component 
and nearly zero at the outer boundary component. The free stream flow field 
for this problem is at a Mach number of 1.5 and the velocity field and Mach 
contours are plotted in Figured 9 and 10. 

Although no addition computer storage is required for moving grids, the 
execution time is increased. The above cases employed a 30 by 40 
computational grid and were run on a CDC 6600.  In the initial time interval, 

W when no grid movement was allowed, the computation of each 100 time steps 
Sj required about 5 seconds of computer time. After grid movement was allowed to 

commence, each 100 time steps consumed about 7 seconds of computer time. 

VI  CONCLUSIONS 

A numerical algorithm for solving the Euler equations on a moving grid has 
been developed and coded. The numerical results represent the gross 
characteristics of the flow field. The accuracy of the results was limited by 
the original Euler code and not related to grid motion. No doubt improved 
results could have been obtained if more effort had been expended on 
optimising the smoothing procedure for this particular geometric 
configuration. Rather it was decided to direct our efforts toward the grid 
moving procedure. Most likely, the potential user will want to incorporate 
the moving grid techniques into a highly developed production code. This 
report should make that task easier. All of the concepts can be easily 
applied to three-dimesional problems with no more than the usual complexity 
associated with an added dimension. 

It is obvious fron, the above statements that much work remains to be done. 
The eventual goal is the solution of the three-dimensional Navier-Stokes 
equations for fluid dynamic problems requiring moving grids. The technique of 
allowing Che interior grid to move with the boundary was developed with this 
goal in mind. For core complex geometric problems involving multiple bodies 
or large rotational motions, this technique would have to be augmented by an 
occasional redistribution of boundary points or even a regriding of the 
complete region whenever the grid became distorted.  It should be noted chat a 
regriding of the region would require an interpolation of the solution values 
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from the old grid to the new grid.  One advantage of the moving grid algorithm 
of this report is that interpolation is not needed. 

9 
A" 

tos 

h 

A rather heavy penalty must be paid if the solution of the fluid flow problem 
is to follow the grid dynamics.  In the examples reported here, the execution 
time of the Euler code was increased by about 40 per cent.  Clearly, the 
program would be more efficient if the grid were only updated when necessary 
rather than at each time step.  This option was not tested since no simple 
procedure for determining when updating was necessary could be found. 
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Figure 1. Complete grid about ellipse - initial position 
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Figure 2. Partial grid about ellipse - initial position 
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Figure 3.  Partial grid about ellipse - after motion by drag forces 
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Figure k. Partial grid about, ellipse - after motion by gravitati :.». 
forces 

64-18 

.v • 

\ %. • \ 

k» ."• •"• »*•**••• •" .^ 

***** -.<*••:< ;>. . .Wy.» ̂ f'.v^v.v.v.'..'^-.. - .,y. .v,- -y.y< 



* 

Fw 

^N 

r.% 

'* Ji »♦:.- •<• 

Figure Velocity  vec 

64-19 



COM*** »im»   « 11 Ac* •*•  t ie 

Figure 6.  Contours of equal Mach number 
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Figure 8.  Partial grid for  tody/vail configuration - after grid 
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Figure 9.     Velocity  vet-tors 
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Figure 10. Contours of equal Mach number 
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APPROXIMATE EVALUATION OF OPTIMAL CONTROL MINIMIZING NONCOERCIVE 

COST-FUNCTIONALS OVER UNBOUNDED SETS; HYPERBOLIC SYSTEMS 

by 

TAPAS MAZUMDAR 

ABSTRACT 

.N 

In this report we give a preliminary Iterative approximation 

procedure to solve the optimal control scheme that leads to the 

minimization of a, possibly noncoerdve, specified performance Index 

of a system governed by the usual type of hyperbolic equation. The 

minimisation 1s over specified types of closed convex sets that may 

possibly be unbounded. 
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I.  INTRODUCTION: 

m 
& 

& 

Feedback optimal control problems related to partial differ- 

ential equations of the hyperbolic type are of Interest because it 1s 

known that vibrations of large flexible structures in space are governed 

by hyperbolic differential equations. To prevent a breakdown 1n the 

space-structure, these vibrations must be kept under control, near to a 

pre-determlned desirable level. This 1s achieved by first sensing the 

magnitude of the vibrations by sensors which, then, trigger the controls 

or actuators to alter the external force-function that creates the 

vibrations In accordance with a law governed by a hyperbolic differen- 

tial equation. So, one of the underlying problems 1s to arrive at a 

control energy that will alter the external forcing function to just the 

right extent with a view to keeping to a minimum level a certain "per- 

formance Index" or "cost-functional" which measures, among other things, 

"the excess vibrations" I.e. the deviation of the state of the system 

from a desired state. 

Lacking the knowledge of a most suitable expression for the 

performance Index, we keep all possibilities In mind 1n doing the 

thoeretlcal work of minimizing 1t. Of several types of performance 

Indices that may be employed, we have here worked with a general type 

that Is not r*%trirtmA K? *h- \-:^ivizy  «»millions usual in liter- 

ature (cf. [1]) when the set of admissible controls 1s unbounded. It 

r«$ oeen shown 1n [21 th*t with this kind of performance Index, In 

certain general types of unbounded sets of admissible controls, an 

optimal control exists that minimizes the performance Index. So, under 

the stipulated conditions, this renders false the naive Intuition: the 

t 
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greater is our technological ability to develop more and more control 

energy, the greater is our success In controlling unwanted vibrations. 

Thus, the energy producing technology need not be developed beyond an 
optimum point, in our context. 

We have maintained the "partial differential equations 

approach" to the optimal control problem for various reasons. Efforts 

are more needed to (1) devise ways of approximate numerical calculation 

of the optimal control whose existence and uniqueness is proved in 

[2], and (11) study the various Instability problems that arise because 

of the practical difficulty of controlling all the variables on which 
the optimal control depends. 

II. OBJECTIVE AND THE PROBLEM SET-UP: 

The basic Hilbert spaces with which we work here are H » 

C(/*>C)    and *»La(tolH)sL*C-a'je) .where-aisa 

bounded open subset of »R , t> being a positive Integer, 1R being the 

set of real numbers, C  being the set of complex numbers, and  -A. 

m XX *  (0|T) , 0<T<«§ . The **<*** *- if «..uiiare denoted by MM 

and j-j^ 

and 

- -, -. w ucfiuiea oy j 

respectively, with th. corresponding Inner products given by 

JX 

n- I ftCi.*)j(» .t) ol* At      f0rall W €* 
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Here i7C55 denotes the complex conjugate of v(^) , H is Identi- 

fied with its anti-dual H' , and U  with its. In addition, we will deal 

with Hilbert spaces (yt N
#|lv)  and (¥t IHI^)  where V 1s alge- 

braically and topologically contained in H , V is a dense subset of 

H, and V* L*(tO,T] J v)   . The inner products of V and V are 

denoted respectively by (C* > *\      and ((• > •$. 

Of concern in this report are certain aspects of a feedback 

control problem, as explained below. 

We will begin with a space of controls, *U. s 2  a S* 

2<- - *S  (" factors), where (E,HM0  is a complex 

separable Hilbert space, algebraically and topologically contained in 

(tijIM } • XL  is then a product Hilbert space, with the usual 

Euclidean norm and Inner product denoted by HHI)^ and 0X*i%2D« 

respectively. The control feedback operatorB on It is assumed to be 

extendible to a continuous linear operator I +1   -+ U>      , the exten- 

sion being denoted again byB . The set of admissible controls, in this 

report, 1s a set of the form 

0» 

where X is a constant,  V a C*t>^. - "> *0 H ^*A»iC U* 

and for all i, 1**4 *i, &. * E-*^ is a continuous, linear 

operator. Also, \t* M     for all i,       U*|<n. 

Assumption on each J& . There exists a constant Y>0 such 

that 

*■. ;- 
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I £ #.(»*>! »VIII^IIL  for all   £*U. (2) 

f' 1 

Assumption on each 1:. There exist constants *ax. M^ 

such that 

floft. $£.(.-*,*) $ M<< op (3) 

for almost all  C*/0 € -CL . (Some or all of the |r;*   may 

satisfy the alternative requirement, -«•<-Mi4VtC;X»*)<->n <0» 

and our work goes through with only minor modifications). 

Although our results are true for all V^* of the form 

(1), and» Indeed, for somewhat more general forms of ^4*  • our 

Interest obviously lies only on those 14^*  which are unbounded 1n 

U. It 1s easy to show (cf. [2]) that the definition (1) of U^ 

renders it closed and convex in 11. 

In this report we will lay down the beginning of a theory that 

will eventually allow us to numerically approximate the optimal control 

44, € ^U^  that minimizes a certain performance Index (described 

Uter In (6)) of a system whose state U is governed by a hyperbolic 

partial differential equation of the form: 

it1    '    ° 
(4) 

where, Vt«tO,T]  , ACt) : V-» V      , V' being the anti-dual 

of V, 1$ a continuous linear operator satisfying certain well-known 
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conditions of continuous weak-dlfferentlability, symmetry and strong 

coerclvlty (or V-ellipt1c1ty). These conditions are needed for the 

existence and uniqueness of solution of (4) under ^ery general types 

of Initial and boundary conditions ([1]). 

We are Interested In a certain type of performance Index, 

J • U-*^ , and to completely describe this «* , we Introduce among 

the hypotheses, (1) a complex Hllbert space of "observations", 

(X "''O * (11) * "des1red observation" XfW   . (111) a con- 
tlnuous linear "observation" operator  &:Ü-*4/, and (1v) a con- 

tinuous, linear "control law" operator   N . Tl-^IL such that 

*-*■* 

s 
(KV^NvS)  is ml, and 

for til <g a (yS   *   H-^J • 

(5) 

The performance Index or the cost-functional J Is now given by 

yw-nc»*«)*!!«^^)-^^*!^^^ 
+ ((£«, NyS»    ^rall    2«^« (6) 

U 

where v(>* Jl?) Is the "state of the system", and 1s, 1n fact, the 

unique solution of the closed-loop system ( 4r« 1* , % * V  and 

€ H being given) 
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st 

[7) 

ijCS.OjK)« Y/S)  a.e. in 

at 

•nd  T; : U»U-+1R  1S a 

tlons, 

SI 

function satisfying the following condl- 

and 

^•-►^(V.V): U->1R    Is convex.       ...        (8) 

there exists a constant   *•>()    suchthat 

(9) 

for all       V a (.*„•, V,) C U     . 

Let us emphasize that the J given In (6) need not be coercive, i.e. J 

fcr 

65-9 

;*:--..VA 
■>-^-::-<:-:-J->y-^:.-: 

•". • ■ ■ ■ • * • • • • V   • • - * %■ •-* ,* *.* \" •/-/%* '.• ••" -»• *.* \ ••* . %V- *. .v" vv ■• ■ -V* A. . *.*> ■..% . ,■ 



need not satisfy the condition " JC"*) ^ (const) |U HI *V*U.". 

With minor modifications 1n the def1n1t1on(1) and the assumption (8)» we 

may even supply examples In which J does not satisfy the condtion, 

" J('JNn)-*00 whenever III 1*,Jllu-*<*  1n   U«/'. Of 

course, our theory holds even 1f these condltons were true. 

As stated earlier, the objective of the present report 1s to 

put forward a theory which will eventually lead to methods of numeri- 

cally approximating the optimal control ^0
€^tU  thdt wi11 m^n1m1ze 

the J" given 1n (6) subject to the other stated stipulations. 

III. EXISTENCE AND UNIQUENESS OF OPTIMAL CONTROL - VARIATIONAl 
FORMULATION: " "" 

Me continue with the notations and the assumptions laid out 

above. 

Let Aw ; W-* V  and Au: U-* U' be the canonical 

Isomorphisms where *fr and IX are the anti-duals of VandIL respec- 

tively. Let the operator  # : U -♦ U*"'  be defined by 

4«i 
^CiL^iJj      for all u 4 LuO 

and for all ir-fef   mil.   Let B':*-+ U', tf'. U->U, K'I *W 

«+1i , ft:V-+14   be the appropriate adjolnts (cf. [3]) of the continu- 

ous linear operators 3: II-* **.     N : U-> U ,   Sc": U-»W^ and 

{J:fl->V   respectively.    Then, under all the assumptions made earlier, 

we can prove the following theorem ([2]), 

Theorem.   There exists an optimal control  u.«*^^   {see (1)) 

minimizing the performance Index given by (6).    This optimal control -cc. 
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Is a simultaneous solution 2 of the system (7), the following adjoint 

system ( jv 1s called the adjoint state), 

(10) 

(where -u , being * solution of (7), 1s a function of V€ U  , and 

so |* should In reality be represented as *C\l)   • and ft(T) as 

n(T J It)    • etc-). and the following vaHatlonal Inequality, 

♦ a«(2-lJ[s/|itV)J»-* \*0 for all 1}^^. 

Moreover, this optima ^t;*l is unique in *U  1f 

(in 

at least one of the r**2 mans, U^ ^ tlf »V). 

Is strictly convex. 

(12) 

This completes the statement of the theorem. Nontrlvlal 

examples applying this existence-uniqueness theorem are given 1n [2]. 

IV. A PREUHIHARY APPROXIMATION PROCEDURE TO EVALUATE THE OPTIMAL 
CONTROL A±t   : 

We make all the assumptions made above, Including (1?). In 

addition, we assume that (see [3] for tachnkal deflnltons) 

8t Ti->t* Is a compact operator,         (13) 

>> 
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of U. J 

and 

V^^iCTtiV) : U->1R        1s lower 

semi-continuous 1n the weak topology 

Results of the previous section yield existence and uniqueness of an 

optimal control U, € U^ . Fix a positive number j> >, 2 III^RI 

and let 

(14) 

U 

^sVbcU: ■**u*^}- 
Me now give below steps of a preliminary approximation procedure with 

the limited objective of approximating the solution of only the varia- 

tlonal Inequality (■■;. This procedure, as 1t stands here, 1s not 

directly adaptable to numerical treatment because at each step exact 

solution of an approximate varlatlonal Inequality 1s called for. 

Development of the following Ideas Into a numerical analytic procedure 

Is left for the future. 

Step 1. Start with any conveniently chosen ^' t lp - 

Step 2. Obtain the exact solution of the system (7) 1n which 

\t  has been replaced by *£ . Such a solution exists by a known 

theor« (cf. [1]). Call this solution \fl)  . 

Step 3. Replac * by %fi*   In (10), and then obtain Its exact 

solution. Such a solution exists by a known theorem. Call this solu- 

tion (0 

CO 
Step 4.    In (11) replace fill)     by  p      and U^   by 

It*'™    .   Obtain the exact solution of the resulting variational 

inequality.    Since   *U is a closed convex bounded set 1nU» a 

,(« 

6S-i: 

*# 

ta&£^ 
*    A 



ä 

,v 

known theorem tells us that such a solution exists. Call this solution 

<U .<»> 

f*5 
Step 5. Repeat Step 2 with £L ' replacing the £ of system 

(7) (Instead of aw replacing the 2). This will yield a ^ 

Step 6. Repeat Step 3 with if*  replacing the ^ 1n (10). 

This will yield a Ji**3 . 

Step 7. Repeat Step 4 with |\(l) replacing tiC*) 1n (11). 

This will yield a u^ . 

This procedure may be repeated Indefinitely. We have thus 

Inductively constructed an Infinite sequence 

CO  W      ..CO 
. 1* »  (15) 

.(ft) .th of elements of the closed convex bounded set *U^ . At the 1tn stage 

we actually have 

/ c**o  C**o \ 

»-•«' w £*♦•) M 
u 

(16) ♦ <B ÖC2 A,|3 fiw, V- * * 3» >/Ö for all U « Uj. 

Slnct  uW« u!v • «e h»»e «Hft*0*..«^ for a11 *■ Thus» the 

sequence (15) has a weakly convergent subsequence (for this weak sequen- 

tial compactness property of Hllbert spaces, see [3]). We are now going 

to show that whenever   [^    \ 1s a subsequence of (15) that 

converges weakly 1nU, this subsequence converges weakly to <£• . 
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So, suppose       114    ]        converges, in the weak topology of 

U. to    vt € U    .   since U^      fs weakly closed In U, we have, in 

fact,       V#c^2 •   B*03),        i^C^r       converges to 

B1^     1n W.   Since the solution of the system (7), and the derivative 

of the solution, depend continuously on the forcing function ([!]), we 
have 

xf1*-* t|CT&) 1n     <V    as      /*■+ *, 

Jl ^?lc*)  1n     *     as      A"**- 

This yields, In turn, 

fCv.)    In       V     as        yuH 

as /*-*••. 

» 

StW »1**) 
3t 3t in      <4 as       /*-»■ CM 

Let us note now that the Inequality (16) Implies that 

(p) for all    ^ A It 

U 

«4. 0«) 

ÜY, 

65-14 

^:^:^:v.>::v:v 
w S>v :;.•-:-;>>;•<•;: <>;v-;..v;- "■ >\ »V -".V 
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because fe ftCA^Cfc-HC'Kv),!* JÖ = 2«^ .X (»/v». »A 

and ftttCMti^CV.^^maflJktt^N»»  § an(J ^ 

.(<"+') assumption (5) can be applied with g replaced by -v» - -u( 

In the Inequality (17) transpose the term F.C-u'''*0, u^*)       t0 

the right side, take the «11m Inf» of both sides as ^+m    , app1y 

(14), and we eventuilly end up with 

+(52. tt( CN+N'K^+A^C^+K'X«^ *-■&:» 

for all u £ «U 
-    ft* 

This yields that 

1        u 
for all "tf c 1L£W, 

(18) 

U 

(19) 

as can be seen by replacing the "»£ In (18} by O-WU + 0**» for 

Ö < fl < I , applying the convexity of r\ (¥> 1!) , dividing by 

l-# , and finally Uklng the limit as *-► T . 

The Theorem given In the previous section Is true when 14^ 

Is replaced by *U • Using this theorem we see that the Inequality 

(19) Implies that if. Is the optimal control that minimizes J" over 
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%l"  . However, <j£# minimizes J over V.       , and hence, over 

U*?  • By the uniqueness part of the theorem just mentioned, we 

have yf * u# . 
IAO 

Thus,  u  -4 ii0   weakly In 11» asu^ei. But 

{ Uc^ j     was an arbitrary weakly convergent subsequence of 

the sequence (15). Hence, by standard methods of analysis, the sequence 

(15) Itself converges weakly to u# InU. 

Let  Kii\ be an orthonormal basis of U. We now 

have  «C<*o §*)» « the usual llialt (1n£) of «( <± \ e.»)t 

as >n -> «* . So, calculation of  «- a 21 (CC *±* $ 6i 5» 6^  to a 

desired degree of accuracy may be accomplished by calculating 

«C Ü«t Si^)u t for each i , to an appropriate degree of accuracy by 

representing <*£<&• > giW  by Ä***"*, £«;%, for «n appropriate 

•m. Since in numerical calculation, we are able to deal with only a 

finite number of 1's by Ignoring the rest, we may face here a different 

kind of "spillover effect" that depends on the 1's that were ignored. 

V.  RECOMMENDATIONS: 

Follow-up research may be performed 

(I) to consider the spillover kind of effect mentioned 1n the 

last sentence of the preceding section, 

(II) to Investigate under what conditions approximate solu- 

tions may be obtained In all the algorithmic steps given near the begin- 

Ing of the previous section, and still come out with a sequence (15) 

that converges weakly to the exact solution 4A# , 
wt 
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(iii) to develop the numerical analysis needed to obtain the 

approximate solutions just mentioned, 

(1v) to determine whether our theory may be successfully 

applied to systems governed by parabolic partial differential equations, 

(v) to examine whether a hyperbolic equation more general than 

the one given In (4) may be dealt with, 

(v1) on the effectiveness of our theory If the performance 

Index 3" depends on -I or the space-time boundary values of u or the 

derivatives of these boundary values of U , or 

(v11) on the problems of decoupling the systems (7), (10) and 

(11), and solving the resulting Ricc*t1-type 1ntegrod1fferent1al equa- 

tions. 
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\:>*> 
A STUDY OF THE CH NO RADICAL USING A 

MULTICONFIGUATIONAL APPROACH 

-tt 

by 

Micheal L. McKee 

ABSTRACT 

SF 

tZK 

The CH7NO2 radical is used as a nodel for first likely 

reactive species in the decomposition of high energy materials such as 

TNT (1,3,5'trinitrotoluene) or HMX (octahydro-l,3,5,7-tetianitro- 

1,3,5,7-Tetrazocine** Radical species can be observed in an ESR 

cavity during the inductive phase of decomposition however their 

identity is not clearly established. Semiempirical, single 

configurational, and eventually multiconfigurational ab initio 

calculations were carried out to determined the ground electronic 

state and the electronic distribution. Ab initio calculations based 

on a single configuration plus correlation could not distinguish the 

ground state.  The MCSCF results indicate that the ground state is a 

planar  A" state which results from the interaction of the planar 
2       2 
B  and  A« states that  cross at a common C.  geometry and 

which leads to a favorable asymmetric distortion from C-  symmetry 

to a lower C  symmetry.  A similar distortion was observed by 
■ 2 

Davidson and coworkers for NO..  The  A" state i»    14.6 kcal/mol 
2 

more stable than the  B  stare and 19.9 kcal/mol more stable than 
2 2 the  A-  state.   The  staggered   B.  state  which  is  the  C_ 

ground state is 6.8 kcal/mol higher than  A" state.  The planar 
2 
A" ground state has considerable spin density on the carbon and 

some on one oxygen in agreement with ESR results. 

I. INTRODUCTION: 

The nitromethyl radical has been postulated to be invloved in a 

number of different phenomena. In a study of nitromethylation of 

aromatic compounds it was determined that the radical had appreciable 

electrophilic character. The only products formed were through 

reactions at the carbon suggesting that it was the more reactive 

C*!*??rs   Twf#F#*fi«#1v in rh* r#»i*finn wirb «nn(i<in*<^ (TIT) nrmtatP 
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and nitrome thane the authors  suggested that it might be the aci 

form (CH-jONO) that underwent oxidation followed by tautomerization. 

The radical could be produced in the following reaction: 

CH3 + CH3N02 * CH4 + CH?N02 
which has been suggested  to explain the appearance of methane as a 

major product in the decompostion of nitromethane.  Once formed the 

nitromethyl radical is believed to effect the thermal decomposition of 
3 

nitromethane in condensed phase systems .  Such systems  include 

propellant ignition and explosive initiation. 

Nitromethyl radical mcy even play a role in the chemistry of the 

upper troposphere through the degradation of nitromethane formed from 
A 

the possible reaction of CH- and N0_. 

Very recently the vibrational spectrum of Ct^NC^ was reported 

by Jacox who codeposited F atoms and nitromethane in an Argon 

matrix at 14 K and analyzed the changes in the IR spectra. Different 

isotopes of nitromethane were used in the study to help assign the 

bands. 

The heat of formation of gaseous nitromethyl radical has been 

estimated to be 37.5 keal/s&l. 

The ESR spectrum of the nitromethyl radical h«a been interpreted  as 

supporting  a  nonplanar  geometry.   However,  the  only  repotted 

theoretical calculation on CH.NO, was an INDO calculation  which 

predicted a planar structure. 

The motivation for  this study was not only  to gain an 

understanding of this particular system *»   a reactive intermediate, 

but also to view the system M»  a model for the radicals produced from 

high energy species such as TNT (l,3,5-trinitrotoulene) where radical 
g 

intermediates as J. or 2 might occur. 

IT- 

CH, CH2 
N0:r<£>iN02 

NO, 

1 I 
The two valence structures which can be written for planar 

CH?NO? are: 
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A theoretical study on radicals of this nature involving 

structures with comparable energies but inequivalent assignments of 

v bonds and the lone electron suggest that accurate results require 

substantial effort to correctly predict their relative energy. Indeed 

this could be predicted by the sophisticated basis sets needed to 

predict the states of NO,. 

II, OBJECTIVES OF THE RESEARCH EFFORT: 

The object of this work was to study the types of radicals that 

could be generated by thermal or photolytic decomposition of high 

energy materials. Specifically the radicals produced from 

polynitrated systems t» TNT or HMX. To do this Jne must determine 

which is the most economical method that will produce results of 

sufficient quality or accuracy to answer the particular chemical 

problem. If empirical methods are not suffiently accurate and more 

sophisticated methods too costly, one may ask if there are trends 

which could still allow the empirical methods to be used predictively 

with some confidence. The objectives of this study were as follows: 

(1) To study the electronic states of the CH NO radical with 

the semiempirical method UNDO to determine the ground state and 

electronic configuration. 

(2) To study the problem using ab initio methods with geometry 

optimisation and correlation. 

(3) To determine the extent that other configurations play in 

determining the properties of the electronic states by using a KCSCF 

method. 

ft 
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III. RESULTS AND DISCUSSION: 

S 

1V. 

w<" 

The first method used to study the electronic states of 

CH2N02 was the MNDO method, a semiempirical method based on the 
11 NDDO approximation   and very successfully paramaterized by Dewar 

12 and  Thiel ,   All  calculations  were  carried  out  using  the 

unrestricted SCF formalism. 

The heats of formation and geometries for C.  species are given 
2 

in Table 1.  The most stable state is the planar  B. followed very 
2 1 

closely by the staggered  B-.  These two states simply correspond 

to rotation of the singly occupied p orbital on carbon.  The other 

states were obtained by starting with a bond order generated from an 

orbital guess in which selected orbitals were occupied.  During the 

iteration to self consistency the switched orbital was montitored to 

insure that it remained occupied. Unfortunately in many instances the 

wavefunction lost the initial C.  symmetry and it proved to be 

impossible to obtain those states* 

The planar  A. solution was found to be 18.3 kcal/mol higher 
2 

in energy than the planar  B. state.  Roughly, th*se two states 

correspond to valence structures 3  and 4«  The unrestricted solution 

obtained  for  A.  was  characterised  by  three  singly  occupied 

orbitals; a b2 and a^ orbital of alpha spin and a b^ orbital of 

beta spin. 

The assumption of C.  symmetry for CH NO.  radical  seems 

intuitively obvious but «?w* to the interaction of closely related 

electronic state this assumption may be wrong.  It has previously been 

noted *•  that under certain conditions electronic states in C_ 

symmetry may mix by an asymmetric distortion and lead to a lower 

energy in C symmetry. The conditions which must be met are: 

1) the two states in C.  symmetry must transform as the 

same irreducible representation in the Cg point group; 

2) there must be a surface crossing at some nearby C« 

geometry; 

3) the leading configurations must differ by only one spin 

orbital* 
2       2 The  A.  and  B,  states of NO. meet the above conditions 

and it is found  '  that an asymmetric distortion does lead co a 

7 "m. * 
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lower energy. 

If we look at the CL point group table we see that the C2 

symmetry can be reduced to C by the loss of the sigtna (yz) plane or 

the sigma (xz) plane (5) ^""^XI, 

H 
•N' 
V 
f-J 

If the xx symmetry plane is lost then the A_ and B. states 

transform M9 A" while A^ and B2 states transform as A
1. If the yz 

symmetry plane is lost then A- and B. transform B* A" while the 

A. and B. transform as A1. 

The NNDO wavefunctions were tested for stability under C 

distortions and the results are presented in Table 2 and 3. 

Table 1 MNDO Heats of Formation (kcal/mol) and Geometries* 

of CtLNO. radicals in C. symmetry 

State  AH, C« NO CH ONH 

35.2 

53.5 A *B*  35.6 
2Aj'd 63.1 

HCN 

118.3 1.476 1.214 1.084 119.3 

1.414 1.266 1.084 122.3 119.0 

1.482 1.219 1.082 119.4 117.6 

1.454 1.264 1.084 121.5 118.2 

a) Distances are given in Angstroms and angles are given in degrees. 

b) Planar geometry. 

c) Staggered geometry. 

d)  The 

occupied. 

state  has and ?1 orbitals  singly 

-2v Symmetry to C Symmetry 

i^ 

Element of 

symmetry kept 

sigma(yt) 

Symmetry 

in,C2» 

1 

v S 

Symmetry 

2 
in C AH? AH" 

s f f 
33.8C   (1.4)     71.0 
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•V- 
sigma(x«)     2A2> *B        2AM   33.8C (1.8)   d 

2AV  hx 
2A'     d       61.6 (1.5) 

a) Planar geometry.  Number in parenthesis refers to lowering in 

kcal/mol with respect to the lower of the two C_ states. 

b) Staggered geometry.  Number in parenthesis refers to lowering in 

kcal/mol with respect to the lower of the two C-  states. 

c) The wavefunction exhibited only Cj symmetry. 

d) A distortion from C2V symmetry was not energetically favorable. 

Table 3 MNDO Geometries3 

of ChV^NCv, radicals in Cg symmetry 

Geometry AHf CN    NO    CH    ONC HCN Dihedral 

1.466 1.221 1.083 120.5 118.3 

1.227 1.083 119.1 118.5 

1.268 1.084 118.0 120.2  72.8 

1.082 116.4 

1.452 1.226 1.084 125.3 118.0  88.9 

1.306       116.6 

a) When two values for a variable are given, the first value 

corresponds to the bond distance or bond angle on the side of the CN 

bond denoted 'a' in figures 6, ]_t    and 8 while the second value 

corresponds to the side denoted ' b*. 

33.8 

61.6  1.465 

71.0 

The global minimum was a distorted planar structure 6 but since 

the wavefunction did not possess C  symmetry, the state could not be 
8 2 2 definitively  assigned.   Although  the  staggered   A-  and   B. 

solutions could not be found, the MM>0 value of 71.0 kcal/mol for the 

heat of formation of the distorted structure ^   is   M   lower boun4 for 

the lower of the C.  states.  When the sigma (yz) plane of symmetry 
2        2 2 is  lost  the  A.  and  B.  states  interact  and  lead  Co  a  A' 

state 8 1.5 kcal/mol lower in energy than the A. state. 

re Q B 
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Since Che relative energies of NO- and related compounds are 

particularly sensitive to the basis set  , ab initio calculations 
13 

were  performed  on  the  CI^NO«  system .   Geometries  were 

completely optimized within either the C«  or C  point group using 
14       ■ . the 3-21G basis   and single point calculations were ther made 

including correlation at the UMP3 level .  The energies relative to 

the staggered  B. are presented in Table 4, absolute energies in 

Table 5, and geometries in Table 6. From Table 4 one can determine 
2       2 

that  the  A^  -  B.  (planar)  separations  calculated  at  the 

UHF/3-21G, UHF/6-31G, UMP2/6-31C, and UMP3/6-31G are respectively; 

-17.7, -4.6, 49.4, and 31.0 kcal/mol. This compares to the 

MNDO value of 18.3 kcal/mol from Table 1. 

P.i£. 

Table 4 Relative Energies (kcal/mol) for Different States of 

CFUNCL Based on Single Configuration Calculation 

UMP3/6-31G UMP2/6-31G ÜHF/6-31C ÜHF/3-21G 

K 
Planar * 

Stagg. 

\H 24 ~ 45.1 -12.7 -26.5 

\ 
-6.7 -4.3 -8.1 -8.8 

*2 16.5 29.8 9.2 0.3 

/* 
122.9 

2A" 5.7 23.3 -22.8 -32.6 

V 37.5 57.9 9.0 -16.0 s 75.4 87.7 58.2 45.4 

A2 110.4 133.0 76.0 53.1 

>1 58.1 71.6 38.6 30.9 

*2 0 0 0 0 

A 80.7 
2A" 52.5 73.7 15.5 0.9 
2 A* 18.0 36.9 -1A.4 -24.6 
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Table 5 Total Energies (Hartrees) for Different States of 

C1LNCL Based on Single Configuration Calculation 

& 

State config. UMP3/6-31G UMP2/6-31G UHF/6-31G UHF/3-2IG 

Planar 
2BX  16/3/2/10 243.33871 243.35832 242.89561 241.62565 
2B2 16/4/2/9 243.30166 243.30401 242.86808 241.61118 
2A2 16/4/1/10 243.28929 243.27959 242.90298 241.65386 
2AL 16/5/1/9 241.41585 
2A"b  26/5 243.31891 243.31428 242.91899 241.66365 

( 6.1)C 

2A,d  25/6 243.26825 243.25916 242.86835 241.63718 

(16.3)c 

Staggered 
2BX 16/5/2/8 243.23547 243.23744 242.82115 241.56241 
2B2  16/4/2/9 243.32802 243.35148 242.88272 241.61165 
2A2 15/5/2/9 243.20787 243.21167 242.78989 241.53924 

^  16/4/1/10 243.15204 243.13955 242.76159 241.52701 
2At 16/5/1/9 241.48298 
2A,,e  24/7 243.24441 243.23404 242.85805 241.61020 

(30.0)c 

2A,f  25/6 243.29926 243.29263 242.90567 241.65085 

(24.6)c 

a) The notation refers to the number of electrons in the a., b , 
2 

a2,  and b2 orbital s respectively.  The notation  for  A" and 

A* refers to the number of electrons in a*  and a" orbitals 

B, and and 

respectively 

b) Involves the interaction of planar states 

the loss of the sigma (xz) plane of symmetry. 

c) The number in parenthesis refers to the lowering in kcal/mol with 

respect to the lover of the two interacting C. states for the 3-2IG 

energies. 

'B„ and vl 
and d) Involves the interaction of planar states 

the loss of the sigma (xz) plane of s; ametry. 

e) Involves the interaction of staggered states 

and the loss of the sigma (xz) plane of symmetry. 

f) Involves the interaction of staggered states 

and  the  loss  of  the  sigma   (xz)  plane  of  symmetry. 

B,  and 

B„ and 1 
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Table 6 Ab initio UHF/3-21G Geometries of CHgNOg radicals 

in C2v Symmetry and the Spin Squared Values (without projection) 

S 

State    S CN NO CH ONC HCN Dihedral 

Planar    A- 1.59 1.377 1.360 1.065 122.5 117.2 

\ 0.79 1.H08 1.257 1.065 117.1 116.6 

\ 1.08 1.281 1.369 1.066 129.2 118.3 s 1.80 1.384 1.428 1.064 138.6 116.1 
2A..a 1.47 1.391 1.288 1.065 124.5 117.1 

1.362 1.064 115.1 117.1 

V 1.37 1.341 1.458 1.065 115.0 118.9 

1.284 1.066 129.8 116.5 
2Ab 

Stagg.    A, 

9> 
1.54 1.336 1.454 1.068 128.4 117.2 

1.84 1.425 1.370 1.068 115.2 116.7 

\ 1.C4 1.413 1.363 1.070 128.2 117.8 

\ 0.76 1.456 1.241 1.067 117.0 116.5 

Al 
1.84 1.402 1.419 1.071 124.7 118.0 

2A„c 1.76 1.419 1.472 

1.299 

1.070 111.8 

128.9 

118.7 90.6 

Vc 
1.63 1.431 1.319 

1.328 

1.070 120.8 

118.7 

118.0 96.1 

a) See Table 3 and Figure 6. 

b)  The geometries  for the two perpendicular states of  A. 

symmetries differ in the orbital occupancy.  The first entry was 

obtained with 3 open shells, and the second with one open shell (see 

text), 

c) See Table 3 and Figure 8. 

The rotational barrier of planar TJ, to staggered  B  is 

fairly insensitive to the level of calculation (7-9 kcal/mol).  The 
2 2 rotational barrier of  planar  A.  to  staggered  *A_  is  also 

insenstive to correlation if the same configuration is used.  The 

barrier at the UHF/6-31G level is 79.6 kcal/mol compared to 86.1 

kcal/mol at the UMP3/6-31C level.  The high barrier reflects the 

multiple   bond   character   of   the   ON   bond.    At   the 
2  2  2   1 

single determinant level, however, the (8at2bpb«]la9 configuration 
2  2  2  2   11  1 16 

leads to a higher energy than the papb'la^b^apbpbj configuration . 

The energy difference between the two solutions varied from 10-30 

kcal/mol depending on level of calculation (see Table 4). 
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2 
Of course the true  A_ staggered state will be some linear 

combination of these two states plus other configurations of the 

correct symmetry.  The proper treatment of such states must be based 

on either an MCSCF approach or a full configuration interaction 

approach. 
2 

As seen in Table 6 the CN bond length of the planar  B. 
2 

states  elongates  0.05  A  upon  twisting  to  the  staggered   B 

state.  This suggests that the 6.7 kcal/mol required for rotation 

(UMP3/6-31G) may be due either to elimination of conjugation in the 

planar structure or increased repulsion of the electron in the singly 

occupied orbital with the oxygen atoms in the staggered structure. 

It must be remembered that this is not an electronic transition 

between spates but rather a conformational change.  The  states 
2 2 
B   and  B-  are  antisymmetric  with  respect  to  C.  rotation 

while A, state is symmetric. 
2        2 

In the former case  a rotation will split  the  B.  and  B 

planar states into 1 A" and 2 A" which may interact.  The rotation 

continues until at 180 degrees the states become noninteracting with 
2       2 

new designations of  B-  and  B.«  The interaction could  lead 

to a weak minimum for the lower state or a slight maximum in the 

higher state. However ,n this paper rotational barrier refers to the 
2 

energy difference in the two C.  electronic states.  For  A. 
2       2 

rotation the same applies to the interaction of  A- and  A. as 
2       2 

1 A' and 2 A'.  In this case the energy separation between the two 

states makes mixing unlikely. 
_ 2 
The shortest CN bond occurs in the planar  B. state, 0.10 A 

2 
shorter than the CN bond in the planar  A« state 4 whose valence 

structure can be drawn with a double bond. The shorter CN bond is due 
2 

to removing an electron (with respect to the  A, configuration) 

from the CN antibonding 5b» orbital and putting it in the CN bonding 

la- orbital.  The loss of a electron from the 5b2 orbital also 

causes the CNO bond angle to increase about 6 degrees when compared to 

the planar A. geometry. 

The spin squared values for the 3-21G wavefunctions are given in 

Table 6. The only states which approach the ideal 0.75 value (S(S+D) 

are the planar  B.  state and  the staggered  B.  state.   In 

these states the extra alpha spin electron is almost completely 
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localized in a p orbital perpendicular to the CtL plane. The other 

states indicate a large amount of spin polarization where alpha and 

beta spins localize in different regions of the molecule. This gives 

some indication that a restricted program must use additional 

configurations to achieve the same result. 

It t/as found that the 3-2IG optimized geometries are unstable 

with respect to distortions from C_ . The results are also 

presented in Table 4, 5, and 6. The distortions and energy changes 

are larger than found for MNDO. Whe« correlation is used the 

distortion becomes unfavorable. 

A perturbatiortal correlation treatment such as the UMP3 method 

becomes ineffective when the single Hartree-Fock configuration is not 

the dominant configuration in the wavefui. :tion. Since it is known 

that there are several configurations of the same symmetry and of 

comparable energy, a MCSCF treatment was used to continue the study. 

The program ALIS developed by Klaus Ruedenberg and coworkers and 

sponsored by the U.S. Department of Energy was us id to determined 

MCSCF energies and wavefunctions. 

In order to 'feel out* the potential surface and determine which 

configurations  were  important  for  the  different  states  MCSCF 
18 

calculations were made using a ST0-3G basis •  In all calculations 
19 

reported below the 3-21G geometries were used .  It was later 

confirmed that the largest contribution to the wavefunction was the 

configuration used to generate the geometry«  It can be argued that 

using geometries optimized with a single configuration might 'favor' 

that configuration in a MCSCF scheme, however the extra expense of 

optimizing at this level was not feasible.  MCSCF calculations were 

performed on the two staggered  A, states obtained at the 3-2 IG 

level (vide supra) using different configurations.  For the geometry 

obtained with 3 open shells, the leading contribution (one space 

orbital with two spin functions) also contained the 3 open shells 

(a., b., b ) and accounted for 63Z of the wavefunction.  For the 

geometry obtained with one open shell (a.), th» same configuration 

accounted for 49Z of the wavefunction. 
20 The steps taken to obtain the MCSCF energy  are given below. 

An initial guess of orbitals is made by doing a restricted open shell 

calculation.  For the ST0-3C basis the energy normally converged but 
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for the 6-31G basis the energy diverged. In the latter case it was 

necessary to stop the SCF at the point of divergence and orbital 

improvement was made at the expense of extra MCSCF microiterations. 

Next a limited MCSCF was performed with a few intuitive 

configurations. Using this wavefunction a CI in a larger space 

(approximately 500 Spin Adapted Antisyrameterized Products) was made to 

determine which configurations made substantial contributions to the 

wavefunction. These configurations were then used in another MCSCF 

calculation with the CI orbitals as the initial guess. The process 

was repeated until the MCSCF and CI had the same dominant 

configurations and until no configuration in the CI which was not 

included in the MCSCF contributed IX or more to the wavefunction. The 

final MCSCF was carried out with between 5 and 11 spin adapted 

configurations. This provides an approximation to the full 500 

configuration MCSCF as the most important configurations have been 

iteratively selected. 

The MCSCF/ST0-3G results are presented in Table 7. The first 

column represents the restricted open shell energies while the second 

column gives the MCSCF energy with the number of configurations in 

parenthesis and the per cent contribution of the most important 

configuration« The third column gives the CI energy with the number 

of spin adapted configurations in parenthesis (8 orbitals and 7 

electrons in C, symmetry). It has been pointed out that in some 

cases carrying out a calculation in CL symmetry may lead to a 

higher energy than if only Cf symmetry were used, but in the 

calculations *• for NO, it was found that the C. solution was 

the same as the C solution. For this reason plus economics, the 

C2v point group was used when possible. 

Relative energies are presented in Table 9.  In contrast to MNDO 

and ab initio results, the planar A. state is predicted to be the 
1 2 

most stable of the C-  states followed by the planar  B  state 

8.0 kcal/mol higher. The rotational barrier for the B. to 
2 * 
B  conformational change is 18.6 kcal/mol, considerablely higher 

than the MNDO (0.4 kcal/mol) or the UMP3/6-31G (6.7 kcal/mol) *V" 
2 , E barrier.  The barrier for the rotation of the  A. state (45.1 

* .*» 
kcal/mol) is larger than the UMP3/6-31C value (51.1 kcal/mol). >. 
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Table 7 Total Energies for Different States of 

CH2N02 Based on Multicon.igurational ST0-3G Wavefunction 

Planar 'VL 

Stagg. 2A, s 
2B„ 

State   RSCF   MCSCF #conf. 
2, 239.7296 239.79270 (4} 

239.88456 (6) 

239.7699 239.86848 (6) 

239.7512 239.82680 (5) 

239.84988 (9) 

239.5864 239.79005 (8) 

No SCF  239.73403 (7) 

239.81702 (11) 

239.7633 239.85302 (5) 

Z    CI    #conf. X 

239.86545 (582) 112 

65Z 239.90642 (582) < 1Z 

81Z 239.89358 (588) < IX 

87* 239.83138 (594) 6Z 

239.85617 (594) < IX 

52% 239.79205 (584) < IX 

239.79018 (588) 6Z 

30* 239.82255 (588) < IX 

83* 239.86399 (594) < 1Z 

a) Largest contribution from a single configuration in the MCSCF 

wavefunction. 

b) Largest contribution from a single configuration in the CI which was 

not optimized in the MCSCF wavefunction. 

The ST0-3G minimal basis set is known to be inferior to the near 
21 double  seta  quality 6-31G basis  set .   For  this  reason  the 

calculations were repeated with the larger basis set.  It was felt that 

most of the important configurations would already be identified from 

the STO-3G basis allowing rapid convergence to the most important 

configurations in the expanded basis. 

The absolute energies for  the MCSCF/6-31G calculations are 

presented in Table 8 and the relative energies are presented in Table 

9.  The restricted open shell energies are not given as the SCF 

diverged.  The percent contribution of the single largest contributing 

configuration clearly indicates that a single determinant cannot be 
2 2 adequate.  The  planar  B.   and  staggered  B2  states  have  one 

configuration comprising approximately 

Table 8 Total Energies for Different States of 

CILNC, Based on Multiconfigurational 6-31C Wavefunction 

State MCSCF #conf. 

Planar 2K2      242.86061 (6) 

242.9238 (8) 

Z      CI   #conf.    Z 

242.89866 (582)  less 1Z 

73Z  242.94688 (582)  less 1Z 
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2 2 ZA" 

Stagg. ^ 

V 

% 

242.8978 (7) 

242.94927 (7)   89Z 

242.86   (5) 

242.92690 (8)   91Z 

242.92308 (7)   81Z 

242.90617 (8)   70% 

242.92   (7) 

242.93088 (8) 

242.96236 (8)   90Z 

242.6    (6) 

242.80496 (7) 

242.80498 (9)   24% 

242.8238 (9) 

242.82383 (9)   52Z 

242.84862 (11) 

242.84806 (11)  492 

242.93351 (5)   90Z 

242.90731 (588) 1Z 

242.95541 (588) 1Z 

242.90560 (594) 1Z 

242.94086 (594) 1Z 

242.92988 (588) 1Z 

242.92207 (582) 1Z 

242.92671 ( 68) 8Z 

242.95703 (1176) lZ 

242.97867 (1176) < lZ 

242.62593 (584) 34Z 

?42.81163 (584) 3Z 

242.81155 (584) lZ 

242.83152 (584) 1Z 

242.83165 (584) lZ 

242.86150 (588) 1Z 

242.86847 (588) lZ 

242.96780 (594) 1Z 

a) Largest contribution from a tingle configuration in the MCSCF 

wavefunction. 

b) Largest contribution from a tingle configuration in the CI which 

vat not optimised in the MCSCF wavefunction. 

c) The  B.  calculation wat  at  the  A, geometry  and  the 
2 2 
Ag calcuation wat at the B. geometry(tee text). 

Table 9 Relative Encrgiet (kcal/mol) for Different Statet of 

CH2N02 Btted on MCSCF/ST0-3G end MCSCF/6-31C 

Sttte MCSCF/ST0-3C *CI MCSCF/6-31G  ♦« 

Planar   A. -19.8 -26.6 6.1 13.1 

\ -9.7 -18.6 -9.9 7.8 

S 2.0 4.9 4.1 16.9 

V -18.1 -6.8 

St.gg. 2*j 39.5 45.1 80.6 98.0 

\ 68.8 85.4 

s 22.6 46.3 53.6 62.3 

\ 0 0 0 0 
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902 of the wavefunction.  These corresponds to one electron in a p 

orbital perpendicular to the CH9 plane and are the same states that 
2 

produced 'normal' S values.  Even for these two states the orbitals 

occupations showed a significant population of a 'virtual' orbital* 

In Figure 8 and 9 the nonbonding oxygen b. orbital contained 1.8 

electrons while the antibonding (bonding across oxygen) contained 0.2 

electrons.      —^ ^ 

to    o:°o 
This suggests that there may be some stablization through pi overlap 

of the oxygen p orbitals. 

The MCSCF/6-31G plus CI lead to a predicted staggered  B 

C2v ground state for the nitromethyl radical.  This is different 
2 

from each of the previous methods.  The planar  B, state is 7.8 
2 * 

kcal/mol less stable and the planar  A. state is 13.1 kcal/mol 
2 2 

above the staggered  B  state.  The difference between the  A. 

states is 72.3 kcal/mol which is almost identical to the ST0-3G 

difference and greater than that predicted by UMP3/6-31C. 

The relative energies have not converged with respect to 

increasing the sophistication of the basis set. Therefore it is 

premature to give the definitive electronic state ordering. In 

particular polarisation functions as well as a more complete CI may 

make significant contributions to the relative energies. 

Another possible influence on relative energies could be 

distortions from C . This was found to be favorable in the MNDO 

approximation and at the UHF/3-21G and UHF/6-31C levels (though not at 

the UHP2/6-31G or UMP3/6-31G levels).  In order to see if the planar 
2       2 
A  and  B.  states might interact upon loss of the sigma (xz) 

plane (vide supra), NCSCF calculations were carried out on the planar 

try and on the 91 state at  the 
2 2 
A  state at the  B.  gee 

2 
A. geometry.  The results shown in Figure 10 (see Table 8 for 

absolute energies) indicate that a crossing must occur somewhere 

between the two geometries along a C- reaction coordinate. 

A MCSCF calculation w    carried out on the distorted C. 
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Je. 

geometry optimised with the UHF/3-21G basis (see Table 6).  The 

results given in Table 8 and 9 indicate that the distortion is 
2 

favorable and yields a A" state 14.6 kcal/mol more stable than the 
2 

planar  B.  state.  This is 6.8 kcal/mol more stable than the 
l2 

staggered  B2 and thus becomes the ground state.  It would be 

important to precisely determine the C  minimum before structural 

predictions are made as the UHF/3-21C optimised geometry may not be 

accurate,  but  it  is  felt  that  such  optimization  would  not 

qualitatively change this result. 

kcal/ 
t 

Energy 

V 
C-v Reaction Coordinate 

Figure 10. Illustration of CL Energy Crossing with the MCSCF 

calculations at the four labeled points. 

v>\ 

IV. RECOMMENDATIONS: 

On the basis of the above study the following recommendations can 

be made: 

(1) That single determinant methods for the nitromcthyl radical may 

neglect important contributions to the wavefunction and must be used 

with some caution in making structural and energetic predictions. 

(2) That semi-empirical and ab initio methods provide similar 

qualitative predictions, however it is more difficult to obtain 

different electronic states with the MNDO method. 

(3) That distortions from CL symmetry must be considered when 

states differing by only one spin orbital cross at some C-v geometry. 

(4) That unrestricted ab initio results without correlstion probably 

overestimate such distortions. 
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(5) That a similar study be undertaken at the ab initio level for the 

radicals derived from 1-Nitropropene which may be a more realistic 

model for the radicals produced from TNT. 

(6) That in order to study the decomposition mechanism tor 

nitromethane the reaction pathway from the nitromethyl radical to 

Ch*2 plus N02 and to CH.O plus NO be studied. 
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INVESTIGATION OF VIBRATION PROBLB1S WITH 

HETERODYNE HOLOGRAPHIC INTERFEROMETER 

by 

Dr. Robert A. McLauchlan, P. E. 

ABSTRACT 

An investigation was made of the mechanical/acoustic vibration 

sources of the large (A/35) FMS surface errors in 10 in. bean 

vavefronts measured with the AFWL/ARAA heterodyne holographic inter- 

ferometer, vavefront sensor (HET) system. Seismometer, etc. vibration 

sensor measurements, HET optical system measurements and a simple 

undamped resonant frequency analysis were used to identify the 

attached acoustic/wind screen as a significant local "source" of nomi- 

nal 30 and 40 Hs, pitch and yaw vibratory modulations of the HET opti- 

cal beams. Supporting studies relevant: (a) rigid body motion of the 

HET optical table system, (b) flexural and torslonal motion of HET 

optical table, and (c) impact of vibrating motion on differential 

hologram fringe modulation function »ere performed and are alao 

discussed in this report« 
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EXECUTIVE SUMMARY 

Consistently large mechanical/acoustic vibration induced RMS 

deviations (X/35) in 10 In. beam wavefronts have been measured through 

late Spring 198.'i with the AFWL/ARAA heterodyne holographic inter- 

ferometer, vavefront sensor (HET) system. These large vavefront surface 

measurement errors motivated an investigation of the sources of these 

mechanical/acoustic vibrations and work to eliminate/minimize their 

Impact on HET vavefront sensor performance« Measurements were made of 

the IMS acceleration level spectra at several locations on the floor in 

the HET lab and on the HET optical table with the acoustic/wind screen 

in place - i.e., mechanically attached to the table. These spectra 

shoved two very significant local peaks in the vibration levels at 

nominal frequencies of 30 and 40 Hz. Independent spectral decom- 

positions of the vertical and horizontal, two-point relative phase 

measurements made vith the HET system indicate that these 30 and 40 Hz 

frequencies correspond to pitch and yav vibratory modulations, respec- 

tively, of the HET (reference and object) optical beams. A simple anal- 

ysis (using nominal mass and stiffness values) made of the motion of 
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the top member of the acoustic/wind screen with respect to the optical 

table gave translatlonal (correspond to pitch, roll optical beam 

modulations) and yaw natural resonance frequencies of 29.03 Hz and 40.81 

Hz, respectively. The close agreement between the analysis and measured 

RMS spectra results indicated that the acoustic/wind screen, when 

attached to the optical table, is a significant local "source" of vibra- 

tory motion and hence relative optical beam modulations which degrade 

the wavefront sensor performance of the HET system. Removal of the 

acoustic/wind screen gave significant reduction of these 30, 40 Hz 

vibration noise components for seismometer locations on the optical 

table. Use of a system of floor to celling curtains reduced the large- 

scale (> X/4) random, low-frequency (0 to 2.5 Hz) oscillations—induced 

by random air movements and turbulence—which degraded HET system per- 

formance without the wind screen in place. Here ten-inch beam RMS 

wavefront surface errors were reduced to X/60 with the curtains. In 

support of the above described measurement and analysis program, work was V.V/- 
* " • 

also done in three areas:  (1) Rigid-body, time-domain analysis of the 

motion of the HET optical table, etc; (2) Tabulation of normalized, 

approxiaate-flexural and torslonal frequencies for various free, pinned- TPT*. 

corner and intermediate support leg conditions; (3) Impact of vibratory 

motion on differential hologram fringe modulation function. Based upon /-V* 
♦.'"•.'*»" 

this work and the results of the measurement and analysis program, &Ay"~ 

recommendations are msde to further reduce or eliminate mechanical/ 

acoustic vlbrstlcj Induced problems with the HET system. 
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I.  INTRODUCTION 

The AFWL/ARAA heterodyne holographic interferometer (HET) system 

is an extremely sensitive optical wavefront sensor system. The HET 

can operate in either a conventional hologram-interferometer or a 

heterodyning hologram-interferometer mode. In the conventional mode 

both the reference and object optical beams are at the same frequency. 

In the heterodyning mode the HET uses a constant 625 KHz frequency 

difference between the reference and the object beams in a hetero- 

dyning, frequency-modulation sense. Here the optical result is used 

to define the differential holographic fringes (difference between 

specified reference and desired wavefront surfaces) characterizing the 

spatial distortion of a nominal 10 in. diameter wavefront image of the 

transverse distortion of a static or a vibrating surface. The 10 in. 

diameter wavefront size is a nominal design value for the HET system. 

It can be varied from 1 in. to 16 in. by suitable choice of the beam 

expander lenses in the optical beam paths. Figure I gives a block 

diagram representation of the optical path components comprising the 

HET wavefront sensor system. 

The HET system Is mounted on an optical bench which is presently 

supported by six vibration isolation support mounts or legs. It ori- 

ginally (through 1 August 1983) was covered by an attached acoustic/ 

wind screen to minimize the effects of random air movements and tur- 

bulence upon the performance of the HET system. Figure 2 depicts 

this HET configuration. 

Significant mechanical and/or acoustic vibration level problems 

have been observed with the HET configuration In its present laboratory 
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location in the center of the first floor of Building 413 at 

AFWL/ARAA. This location may be a vibration antinode in an office 

building which was neither structurally nor acoustically designed to 

house high precision optical measurement laboratories« 

The mechanical and acoustic vibration problems referred to above 

manifest themselves in real time as vibrating differential hologram, 

interferometer fringe patterns in the image formed of the transverse 

distortion of an illuminated object/wavefront surface. That is, the 

vibrations can cause modulations in the relative phase between the 

object and reference beams. After electronic detection at spatially 

discrate sampling locations and Zernlcke orthogonal-modal-basis- 

function» least squares fit to the deformed surface, consistently 

large BMS deviations (A/35, X - S145 A) have been found in the 10 in. 

optical beam wavefrouts through late Spring 1983. These large wavefront 

surface measurement errors as compared to an apparently obtainable 

(A/200 to A/75), have motivated the measurement and analysis work 

described in this report* The primary effort in this work consisted 

of am lnvestlgftlon of the sources of unwanted mechanical/acoustic 

vibrations and of system modifications to eliminate/minimise their 

Impact on HET wavefront sensor performance. In support of the primary 

effort work was also accomplished In the following three areas: 

• Rigid-body, undamped resonant frequency and time-domain analyses 

of the motion of the 1ST optlcsl table, etc. 

• Calculation of normalised, approximatedlexural and torsional 

frequencies of optical table for various free, planed-corner and 

intermediate support leg conditions. 
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• Impact of vibrating motion on differential hologram fringe modu- 

lation function. 

The remainder of this report is organized aa follows. First, 

the objectives of the research project are stated. Next the experi- 

mental and analytical investigations of the sources of mechanical, etc. 

vibration are described and their results discussed. This is followed 

by sections describing modifications to the HET optical table con- 

figuration and the results of these modifications. Next the work In 

the three supporting areas are described. Their supporting analysis 

and results can be found in the Report Appendices. Conclusions are 

then made regarding the investigation of vibration sources and modifi- 

cations tried to improve HET system performance, as well as the 

related support area work. Recommendations are made to further 

Improve HET wavefront sensor performance at the end of the body of the 

II. OBJECTIVES vV>J 

The primary objective of this research project has been to *jrfi: 

Investigate sources of mechanical and acoustically coupled vibrations 

(possibly parametric) te a heterodyne, holographic interferometer, 

optical wavefront sensor (HET) system. This investigation was made using: 

• Limited number of available seismometers and accelerometers to 

measure velocity and acceleration levels on the floor In the HET 

lab and on the optical table. 

HET system itself to obtain horizontal and vertical, two-point, 

relative phase measurements corresponding to yaw and pitch vibra- 

tory modulations, respectively, of the HET optical beams. 
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• Simple resonant frequency analyses of the relative (to optical 

table) notion of the acoustic/wind screen and the laser support 

table. >v;vt 

• Limited time-domain computer modeling, analyses of rigid body * !s*N* 

motion of HET optical table, etc. system designs. ft™ 

• Idealized temporal filtering of holograms consideration of the v."--.'• 

Impact of vibratory motion upon «avefront sensor fringe modula- 

tion function. ™!*v; 

Baaed upon the experimental and the computer, etc analyses of the /■]'* 

vibration problema; techniques and/or design modifications were to be >'.' [ 
mml 

recommended and, if possible, developed and actually tried out in the -\ ■/: 

HET lab. Target goals of this vibration level reduction work were '«SC 

vibration levels permitting 10 in. beam «avefront interferometer 

system accuracy of < x/75 (i.e., MS wavefroat surfaee errors < X/75 Rfej 

with X - 3145 A). '<.*, 

III. HET FLOS ACCBLBROHBTEB. ETC. SBMSOE-HEASUBB4EMT 

AMP DATA ANALYSIS IWVESTICATIOW OF VIBBATIOH PROBLEMS 

III.I FAMILUII2ATI0H WITH HIT STSTBt 

A review waa made of the relevant optice and of the laser and 

optical path system components comprising the HET system (Eefs. 1-8). 

Aa indicated In the introduction, Figure 1 schematically depicts the 

component lineup and the optics1 path signal flow In ehe present HET 
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TABLE I Sources of Unwanted Noise 

• Seismic/Structural Floor Vibration 

• Acoustic Pressure Radiation Via Air Path (Fluldborne; Fluldborne, 

Structureborne) 

• Acousto-optical Interaction Coupling 

• Flow Induced Vibration Using Water Cooling for Laser (Monitor 

Transition, Mid and Laser Output Beam Sections of Flow-Line on Laser) 

• Flow Induced Plasms Fluctuation and Beam Modal Drift 

• Optical Separation of p,s~ Polarisation Beams 

• Electrical Line/Electronic Recording Processing snd Radiation 

• Laser-Detector Shot Noise <-> System Optical Gain Figures 
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system. In addition» Che data collection electronics system and the 

heterodyning holographic Interferometry/signal processing principles 

upon which the HET system Is based were also reviewed (Refs. 4, 9-12). 

Relevant all aspects of noise degrading HET wavefront sensor 

performance, the optical bench or table, etc* plus the vibration Isola- 

tion legs and the complete optlcr.1 path/optical, etc. component lineup 

In the HET were considered* This was done to place the mechanical/ 

acouatlc vibration problems In context with respect to other noise 

sources and to obtain an Indication of the potential noise floor — 

i.e., best wavefront sensor performance possible with the HET system. 

Table I summarises the five mechanical/acouatlc and the three- 

laser /opt leal polarisation/detector — potential sources or mechanisms 

of unwanted noise which were Identified. 

Newport Research Corporation was contacted relevant the design and 

dynamic mechanical response details of the optical bench, the attached 

acoustic screen, the bottom mounted laser bench, and the vibration Iso- 

lation leg support system (Refs. 13,14). This was done to gain further 

Insight from the equipment manufacturer Into the mechanical/acoustic 

vibration frequencies» and mode shapes possible la the HET optical table 

Jft^j       design. NEC Indicated that the flrcc free-free flexural bending and 

torslonal resonance frequencies should be approximately 100 and 170 Hz, 

respectively for the HET's 12 ft x 4 ft x 1.5 ft optical table In an 

unloaded condition, nominal vertical and transverse stiffnesses of 64 

lbf/ln and 125 to 150 lb./ln were Indicated for each of the six pneuma- 

tic, vibration isolation mount support legs ... " frequencies around I Hi. 
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It was also Indicated these stiffnesses are frequency dependent. 

That is, above L Hz these stiffnesses are somewhat less than --'— 

(nominal 50 to 601 of) the 1 Hx values. Vertical and transverse 

damping values were unavailable. They can, however, be Inferred from 

the frequency response results given in the equipment catalog (Ref. 13). '.</. 
t."—L 

K' 
III.2 HET INTERFEROMETER PLUS ACCELERATION, ETC. SENSOR MEASUREMENTS 

• • .** 

Initially a complete set of measurements were defined to be taken, *.-v"* 

up to six channels at a time, digitised and transferred from the HET p!ST« 

system's Data General Computer to the online user disk pack of the -*V- - 

PDP-11/24. This plan called for an assortment of single axis and 

triaxlal accelerommters to be located MM 

1) On the floor la the HET Lab room. \v*v 

2) At the laser coolant system Inlet and at the end of the 

coolant line after transition to (turbulent) steady-state 

flow. 

3) At the four corners and 1/2, 1/4 points along the length, 

width of the top of the HET optical table. 

4) OB the acoustic/wind screen—i.e., at the corners and at the 

1/2, 1/4 points slong its length and width edges. 

5) On the laser support bench—I.e., at the corners and 1/2 

points al^ng Its length edges. 

In addition, two acoustic microphones, If available, were to be 

placed at varying loctions both inside and outside of the wind screen 
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enclosure. The HET aysten itself vss also to be used to obtain 

simultaneous, two-point relative-phase modulation measurements and 

corresponding time (not simultaneous), HET maps with RMS error results. 

After canvassing AFWL re-availability of triaxlal and single axis 

sccelerometers, the author found three ENDEVCO 2262C-25 plezoresistlve 

acceleroasters plus corresponding amplifier/signal condition cards 

(AFVL/HTDE) and three Geo Space HS-10-1 seismometers (AFWL/NTDE) 

(Refs. 15,16). In addition, two PCB 303A02 plezotronlcs eccelerome- 

ters and amplifier/signal conditioning systems were borrowed from the 

M. K. Department at Texas Tech (Ref. 17). AFWL/ARLB which performs a 

vibration measurement and analysis service function was also contacted 

relevant the use of accelerometer sensors, modal analysis equipment, 

acoustic microphones and, If available, peraonnel to help with the 

measurement and analysis program* Unfortunately, ARLB personnel and 

equipment wars not available within the time frsme of the suthor's 

research project. 

Velocity and acceleration measurements have been made ualng the 

three Geo Space seismometers (direct measurement of velocity) end the 

two PCB eccelerometers. The seismometers have been the sensors most 

extensively used to 

(a) Heaaure acceleration, velocity, and motion levels st three 

locations across the mid-length plsne on the optics1 table 

end at three locations near the 10-inch beam expander and 

mirror components (ssst end of optlcsl table in RET lab). 

(b) Measurs acceleration, velocity ard motion levels st three 

locations on the floor under the optlcel tsble and st a loca- 

tion south of snd swsy from (4 ft) the optics! table. 
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la addition, the seismometers were also used to survey the accel- 

eration, etc. levels in three other ARAA labs. Here measurements were 

made at locations under and on the optical tables in the (1) Phaser 

lab, (2) Deformable Mirror Lab (D. Heimlich) and (3) Adaptive Optics 

Lab (D. DePatle).  It should be noted that the optical table in the 

Phasar Lab also has an attached (somewhat shorter vertically) wind 

screen enclosure* The deformable mirror and adaptive optics labs also 

each have a 6+ ft long trench running lengthwise (east-west) along 

their floors. The optical tables in these three labs are somewhat 

longer (IS to 18 ft) than the nominal 12 ft table long HET Lab table. 

Vertical and horizontal, two-point relative phase modulation 

measurements and RMS wavefront surface error measurements wer«: made 

using HET system detector signal conditioning A/D conversion hardware 

and its Data General signal processing software. It should be noted 

that the vertical and horizontal, two-point relative phase measure- 

ments correspond to pitch and yaw vibratory motion modulations, respec- 

tively, of the reference and object beams in the HET system. 

III.3 DATA PROCESSING/ANALYSIS 

One- (for time sample analysis) and two- (for wavefront surface 

-l f'm'~j 
analyses) dimensional FFT(PFT )s were put on the ARAA PDP-11/24 com- \>. 

puter system by the author. Consideration was also given to antl- hßy 

aliasing and window smoothing filters tuned to the frequency range and 

the dynamic bit range of the sampled data (Refs. 18-20). However, £*•.v 

these FFT programs, etc. were not used to develop an integrated data ^*^' 
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analysis (power spectra, coherence, etc.) software package to process 

the accelerometer, etc. sensor and RET system-time sample results discussed 

in this report. This was because the Data General Eclipse S/200 soft- 

ware for A/D conversion and transfer to the PDP-11/24 was not 

available until late in the author's research project work. The 

"quick look" results discussed in this report were based on (a) 

Nicolet 660A digital oscilloscope RMS spectral analysis, dlfferen- 

tiation and integration processing and plotting system and (b) HET 

system relative phase measurement, FFT processing and plotting capabi- fP* 

lity using Data General Eclipse S/200 computer system. The latter was 

developed during Summer 1983 by Hiss Geraldine Cordova under the 

direction of Captain Joseph T. Evans. It was checked out and then 

available for use by the last week in July. 

III.4 IDENTIFICATION OF VIBRATION NOISE SOURCES IMPACTING 

SYSTEM PERFORMANCE 

III.4.1 Measurement Results 

As indicated previously a survey/comparison was made of the 

velocity and acceleration levels in the ARAA-HET, PHASAR, Deformable 

Mirror and Adaptive Optics Labs. RMS floor velocity, etc. level 

results in these four labs indicated that the Deformable Mirror Lab is 

quietest at 20 to SO Hz closely followed by the Adaptive Optics Lab. 

The PHASAR and HET Labs seemed to be somewhat noisier (nominal 5 to 10 

dB) in terms of peak velocity and acceleration levels in this 20 to 50 

Ht frequency range with the HET Lab the noisier of these two. This 
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may be correlated with, i.e., due to the fact that the HET Lab is near 

the center of the first floor of AFWL Building 413 which can be a 

vibration antinode. Building 413 is an office building which was not 

structurally and acoustically designed for precision optical measure- 

ments. 

Comparison of the difference between the RMS acceleration, etc. 

spectra levels for the table and the floor for each of the four above- 

mentioned labs indicates nominal IS to35 dB differences (level 

reductions) for the Deformable Mirror and Adaptive Optics Labs and ZO 

to 25 dB level reductions for the HET (nominal 20 dB) and PHASAR 

(nominal 2£ dB) Labs in the 25 to 45 Hz frequency range. The rele- 

vance of the peak levels observed at nominal 30, 40 Hz frequencies 

will be discussed later. Here it should be noted that the optical 

tables in the HET and PHASAR Labs both have attached acoustic/wind 

screen enclosures while the optical tables in the Deformable Mirroi 

and Adaptive Optics Labs do not* 

Figures 3a and 3b give representative plots of the RMS spectral 

decompositions of the velocity levels under and on the HET system 

optical table with the attached wind screen enclosure. These results 

show very significant peaks at nominal frequencies of 30 and 40 Hz. 

Examination of these figures Indicates that the floor minus table dif- 

ferences In the 30, 40 Hz levels are/f«6t 21.+dB, respectively, or a ;"■" 

nominal 20 d&.    These reductions are somewhat less than the vibration 

isolation to be expected at the NRC Indicated' 12 dB/octave fall off 

above 1 Hz with the six NRC vibration isolation mount supp "t legs. 

Since comparable NRC vibration isolation legs seem to perform well in ^* 

corresponding leg configurations in the Deformaole Mirror and Adaptive 
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Optics Labs, these results indicate that additional vibration noise 

sources as, e.g., acoustic are exciting the system via the 

acoustic/wind screen enclosure. 

Figures 4a and 4b respectively plot spectral decompositions of the 

vertical and horizontal, two-point relative phase measurements which 

were made with the HET system. It should be noted that an independent 

sensor (HET system) using a different physical process—ms  compared to 

the seismometers—was used to obtain these results. Figure 

4a shows a relatively large RMS motion/relative phase modulation peak 

at a nominal 30 Hx. This is for the two vertical points configuration 

in the HET detector array and corresponds therefore to a pitch vibra- 

tory modulation of the HET reference and object optical beams. Figure 

4b similarly gives a large IMS motion/relative phase modulation peak 

at a frequency of 42 to 43 Hx. In this case two horizontal points 

were sampled in the HET detector array. Thus it corresponds to a yaw 

vibratory modulation of the reference and object optical beams in the 

HET system. 

III.4.2 Simple Analysis of Screen Enclosure, 

Laser Table Motions WRT Optical Table 

Simple spring-mass analyses were made of the translatlonal and yaw 

motions of 

(a) Top member of the acoustic/wind screen with fixed end attach- 

ment to the top of the optical table. 

(b) Bottom member/ledge of laser bench with fixed end attachment 

to the bottom of the optical table. 
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Figure 2 depicts Che location of the wind screen and laser bench 

structures. More detailed figures are included in Appendix A. 

Nominal nass, stiffness values were used in the analyses of these 

motions with respect to the optical table. Here it is assumed that 

since the rigid body notion natural frequencies of the optical table 

(as indicated by experimental results and by analysis and time domain 

computer model results) are in the low frequency range 0 to 5 Hz while 

the wind screen and laser bench resonant frequencies are in the range 

25 to 55 Hz. That is, they are somewhat separated in frequency and 

thus the wind screen and laser bench can be considered (each 

separately) as moving with respect to a fixed table. Thus uncoupled» 

singla-degree-of-freedom representations can be used for each of the 

x,y translation and yaw (wrt s axis) motions. Details of the analysis 

calculations are given in Appendix A. 

Table II gives the natural resonant frequency results» 29.03 Hz and 

40.61 Hz calculated for the translatlonal and yaw motions, respec- 

tively, of the top member of the wind screen. Table III summarizes 

corresponding translations! and yaw resonant frequency results» 48.09 Hz 

and 39.88 Hz, respectively, for the laser support bench. 

These resonant frequency analysis results taken together indicate 

that there are translatlonal motion resonant frequencies at nominal 

values of 29 and 48 Hz. In addition, there are two closely placed yaw 

motion resonant frequencies st nominal values of 40 and 41 Hz. These 

results sre in close agreement with the significant peaks observed In 

the MS seismometer velocity level spectra at nominal frequency ranges of Mj 
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TABLE XI Translational Mode and Yaw Mode Natural Resonant Frequency 

Result« for Motion of Top Member of Acoustic/Wind Screen WRT 

Optical Table 

f      (Hi> 
NAT RES 

*TRANS 

(along table length) 
29.03 

yTRANS 

(along table width) 
29.03 

(angular sotion WRT 

vertical s axis) 

40.81 

fc 

vvS 
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TABLE III Translational Modt and Yaw Mode Natural Resonant Frequency 

Results for Motion of Bottom Ledge of Laser Support Bench 

WRT Optical Table 

si 

f      (Hs> 
NaT RES 

*TRANS 

(along table length) 
48.09 

yTlAM$ 

(along table width) 
48.09 

yaw 

(angular notion WRT 

vertical s axis) 

39.88 

& 
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29-31 Hz, 40-42 Hz and on occasion 50-52 Hz with both the wind screen 

and the laser bench structures In place. These rssults are also In 

agreement with observed peeks in the Independent spectral decom- 

position* of the vertical and horizontal, two-point relative phase 

measurements made with the HET system (with both the wind screen and 

the laser bench attached to the optical table). 

Specifically, the 29 Hz and 48 Hz natural resonant frequencies are 

for relative (x,y) traaslatlonal motions which correspo: 1 to roll and 

pitch optical beam modulations. They correspond to the 32 to 33 Hz and 

53 Hz spectral peaks found in the vertical, two-point relative phase 

measurements directly giving the pitch motion component of the modula- 

tion of the HET system optical beams. Similarly, the calculated 40 Hz 

and 41 Hz yaw natural resonance frequencies correspond tu the 43 Hz 

spectral peak found in the horlsontel, two-point relative phase 

measurements. These measurements directly give the yaw motion com- 

ponent of the modulation of the optleal beams in the HET system. 

In summary, these results Indicate that both the acoustic/wind 

screen and the laser support bench are Important local "sources" of 

mechanical vibration In the HET system* Together they cen eause nomi- 

nal 2$ to 53 Hz frequency modulations of the phase difference between 

the reference and the object beams. Thus they are apparently signifi- 

cant local sources or causes of the consistently large * X/35-mMS 

wavefront surface deviation errors measured with the HET system. 
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III.5 DESIGN MODIFICATION STUDY AND RESULTS 

It was decided co reaove the attached acoustic/wind screen—a non- 

trivial, though relatively easy task—and investigate Che Impact of 

this change upon «assured acceleration, velocity, etc, levels and upon 

HET systea wavefront aansor performance. The laser support bench, 

etc* «as not alao removed because its removal is relatively difficult 

and mould require long term separate mounting modifications to 

suitably reconfigure tha laser to optically drive the HET system. It 

should be noted that tha ideal modification plan hare mould be to 

remove oaly one of thasa two structures then, replacing that one, only 

remove tha other, and than remove both. 

Removal of tha acoustic/vlnd screen was found to give significant 

reduction of the nominal 29-31 Hi (10 to IS dJ reduction) and 40-43 Hz 

(15 to 20 dB reduction) vibration noise components for seismometer 

locations on top of tha optical table. However, when the 

(a) Dlffereatlil hologram optical fringes were visually observed 

for the 10 in. beam wavefronts in the HET system, 

and 

(b) Corresponding relative phase between tha reference and object 

optical beams waa visually observed on the systea 

oscilloscope, 

It waa saan that removal of the wind screen gave large-scale (> X/4 

and hence quadrant errore), random oscillations in the low frequency 

range 0.0 to 2.3 Ha. 

Subsequent Invest igstions showed that these oscillations were due 

to random air movements and turbulence aa, e.g., generated by 
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oscilloscope and computer, etc. equipment fans and blowers In the HET 

Lab« These air movements, etc. severely degraded HET system wavefront 

sensor performance without some form of a wind screen surrounding the 

optical table and system components. 

A system of floor to celling curtains with a rudimentary ceiling 

of plastic film sheeting which completely surrounds, but is not physi- 

cally attached to, the HET optical table was used as a near term solu- 

tion to reduce the effects of the random air movements and turbulence. 

It was found that 10 in. beam RMS wavefront surface deviation errors can 

be reduced to X/60 with the curtains and celling in place, 

IV. SUPPORTING STUDIES 

IV.1 UNDAMPED NATURAL RESONANT FREQUENCY ANALYSIS OF 

RIGID BODY MOTION OF OPTICAL TABLE 

An undamped natural resonant frequency analysis was made of the 

rigid body motion (RJtf) of the HET optical table (Refs. 21-23). 

Figure 5 depicts the idealised six degree-of-freedom representation 

used in the analysis. The six degrees of freedom are: 

x or x_ • Tranelational motion along the table length. 

2 
y or x- » Tranelational motion transverse to the table length, i.e., 

along table width. 

3 V"^ z or x_ » Tranelational motion in the vertical direction. ] .*V 

♦     - Roil angular motion about the x axis. 

6     • Pitch angular motion about the y axis. 

f     * Yaw angular motion about the c axis. 
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TABLE IV Summary of Undamped Natural Resonant Frequencies of HET 

Optical Table with Six Legs 

f      (Hz) 
NAT RES 

*TRANS 

9PITCH 

Mode 1 0.27 

*TRANS 

9PITCH 

Mode 2 2.3A 

7TRANS 

*ROLL 

Mode 1 0.66 

7TRANS 

*ROLL 

Mode 2 2.61 

*TRANS 
1.12 

YAW 2.49 

Note that the six legs are assumed to be placed one at each corner and 

one at the midpoint of each nominal 12 ft length-side. 
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12  1 
Here x,y,z (or x-, x_, x_) form a right-handed, fixed inertial coor- 

dinate system. Positive x,y,z are in the directions indicated in 

Figure 5. Positive 4, 0, f are defined as positive if they are CCW 

with respect to the positive x,y,z axes, respectively. Figure 5 also 

shows the six vibration isolation mount support legs which are repre- 

sented as three-dimensional linear springs. In this analysis the 

motions are assumed to be small such that the resulting dynamic system 

is linear* It Is further assumed that the (x,ö) motions and the (y,*) 

motions are coupled each pair together, while the z and the f motions 

are each uncouple^ 

Table IV summarises the results of this undamped natural resonant 

frequency analysis* These MM frequencies range from 0.27 Hz to 2.61 

Ha« They are In basic agreement with relative/load peake which have 

been observed in the measured acceleration, velocity and motion level 

spectra for non-zero initial conditions in each of the six degrees of 

freedom. Appendix B gives details of the analysis. This includes a 

summary of the equations used to calculate the resonant frequencies 

given in Table IV. 

IV*2 !i STATB VARIABLE, TIME-DOMAIN ANALYSIS OF 

RICID-BODT-MOTIOH OF OPTICAL TABLE, ETC. DESIGNS 

A 12 state-variable, nonlinear, time-domain model analysis wee 

made of the rigid-body-motion (MM) of the HKT optical table, etc 

system design. The dynamic systems model considers x», i • I»2,3— 
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translational nation of the center of mass and *, 0, f—roll, pitch 

and yaw degrees of freedom. The dynamic systems model can handle an 

arbitrary number (> 4) of vibration isolation mount support legs 

arbitrarily placed under the table. Figure 5, as discussed pre- 

viously, gives an idealized representation of the system under con- 

sideration. 

The RBM equations of motion can be defined in state vector 

equation form as follows*: 

7T " Ai + B£ at (1) 

in which, 

(2) 

, the 12 component state vector 

, the 6 component generalised force vector (3) 

0    *FB    ° 

on      o 

o 

o 

o  o <rlai) o 

o   o FB 

,  12 x 12 nonlinear system matrix (4) 

* See Rafs. 26,27 for background development re Eqs. (1-11). 
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0 0 

(III) 0 

0 I 

0 o 

-1 
, 12 x $ compatibility matrix relating 

generalized forces to time rate of 

change of state vector components. 

(5) 

TFB* 

(cGcf) ([s*s6cY] - [s¥c*]>  ([cfs9c*] + [sfs*]) 

(c8sf) ([s*sesf] + [cfc*])  ([sOc*s¥] - [c¥s*]) 

in which» c( ) - cos (),■() - gin ( ), 

TBF " <TFB>T 

(6) 

(7) 

■>' 

Note that 

V* *F " FB*B   Transformation relations between rotating 

x_ • T_-iL   body and fixed inertial vector components. 
(8) 

TFB- 

1  (rftne)  (citnö) 

0  <c*)    (-*) 

0  (Hscd)  (c*sc6) 

in which, tn( ) - tan ( ), sc( ) - sec ( ) 
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Note that 

d0 . Z,      - d 
dt * TFB WB 0r dt 0 

P 

Q 

R 

(10) 

in which, 

12 3 
(wB - *)»   (wB - Q),   (wB - R) - so-called  "roll,  pitch and yaw 

rates," - wrt body axes. 

Q - 

0      R    -Q 

-R      0      P 

Q    -p      0 

(ID 

r-r max r-r ■x i„ 
7m   til    fCO-TBP    }ml    

FvIsL(r) X  *W3 (12) 

KKr  , the number of vibration ■ex 

absorber support legs. 

u. , u  are unit vectors in 
F  XB 

frame, body coordinate systems. 

rVASL(r)      *(r)jp ^x(r) " 'VlOORtr)  (t)J (13) 

Kir.JF<3 

Kr<r 

j>S 

max 
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M 

r*«r 
max 

l    * 
r-l 

(r)x F(r) (U) 

8? 

This dynamic systems model was implemented in the Fortran IV com- 

puter software package HETRBM09, which consists of a driver plus 21 

subroutines and 2 function subprograms. This software has been 

thoroughly checked out. Complete listings of HETRBK09 and of an 

example input data sat file HETRBMIN are given in Appendix C 

HETRBM09 runs have been made which show the coupling of the 

(1) x.« x translation and 9 pitch 

2 
(2) y - x- translation and ♦ roll 

degrees of freedom. The t « Xy vertical translation and Y yaw degrees 

of freedom are each essentially uncoupled from all others. The 

undamped resonant frequency behavior observed with HETMH09 for non- 

sero initial condition runs with tero motion input at the floor are in 

good agreement with the results discussed In Section IV.1. 

It should be noted that time did not permit including the effects 

of: 

(a) Damping of the vibration Isolation mount support legs. 

(b) Mass and Inertia effects of additional optical components and 

structures (as, e.g., wind screen and laser support bench 

structures) in HETEÄ109. Modifications to Include these 

effeets can easily be made at a later date. RBTEBM09 can 

also be used to investigate optimum leg placement, etc. 

designs—i.e., those placement dealgns which give the best 

rigid body motion behavior. 
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IV.3 FINITE ELEMENT METHOD ANALYSIS OF 

OPTICAL TABLE, ETC. DESIGNS 

Here It was desired to use ANSYS or SAPV finite element computer 

£■ '< programs to analyze the flexural, torsional, etc. elastic system 

■.<. response of the optical table, the acoustic/wind screen enclosure, the 

laser support table, and the large beam expander lens a*:d mirror optical 

components. Time limitations (including the two-week downtime caused 

by relocation of the CRAY/CDC/IBM large-scale computer system) did not 

permit the effective use of these finite element method software 

packages. 

However, a normalized, approximate resonant frequency analysis was 

made of the flexural and torsional vibration modes of the optical 

table. Here the free/pinned boundary, pinned intermediate support 

results given in Blevins (Ref. 28) for the resonant frequencies of the 

multispan elastic beam configuration were used. Tables V, VI and VII 

present these undamped natural resonant frequency results which have 

been normalized to a first free-free unloaded, single span flexural 

frequency of 100 Hz and a corresponding torsional frequency of 170 Hz. 

These values were given by Newport Research Corporation (Ref. 14) as 

reasonable approximations for a nominal 12 ft x 4 ft x 1.5 ft HET 

system optical table. 

These results indicate that significant changes in the resonant 
r', 

frequencies and hence mode shapes excited at a given excitation fre- f-; 

quency can be effected by a judicious or more optimal placement of the K 

vibration isolation mount support legs. Indeed, Vhaley and Pearson 

.v, 
it, 
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TABLK V Resonant or Natural Frequencies for Optical Table Modeled as 

.1 Frt'e-Preu Beam with Pinned Intermediate Supports 

U   ■   12.0 ft 

i 
fl(H«) 

Single Span 
Mo Support 

flOlz) 
Triple Spar. 
2 Supports 
(4  Lefts) 

Quadruple Span 
3 Supports 

 (n UftSJL 
1 100.0 80.2 162.2 

2 275.6 109.3 176.5 

3 540.8 515.6 833.0 

4 893.7 73'».5 1103.4 

5 1.334.(, 891.3 1408.6 

6 1863.8 1809.5 1588.5 

i 

f-ffE\E-fR£b 

FREC-fREt 

SPAM 

A   A 

[ 
7Y~7K'~ZX 

1 

#- 
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TABLE VI  Resonant or Natural Frequencies for Optical Table Modeled as 

a ILVl^l'JL*n.nPy.^  Bt,;,m wltn Pinned Intermediate Supports 

L  12 ft. 

fi(Mz) 
Sfnglo Span 
2 Supports 
(4 l,.<i;s) 

fi(H2) 
Double Span 
3 Supports 
(6 Legs) 

3 

4 

44.1 

I 7 r. . s 

110*.I 

1SH8.2 

176.5 

775.7 

705.3 

891.2 

1587.8 

1863.8 

PlNNcD   PlUML-U 

:)IN(>L£ 5PAISJ 

A" —A A   A   A 
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Mln t*«T. COHP. • (=T " ^>12 <18> 

Over 

Leg Placement Designs 

Tsble Physical Psrsaeters 

Table Placement, etc. of Optical Component» 

IV.4 VIBRATORY/ACOUSTIC MOTION-IMPACT ON FRINGE MODULATION 

A review «as made of the survey work by Smith (Ref. 30) relevant 

the impact of motion upon holograms and the fringe modulation func- 

tion. Smith's consideration is based upon the temporal filtering of 

holograms formulation Introduced by Goodman (Ref. 31). Powell and 

Stetson also considered the related problem of interferometrie vibra- 

tion analysis and derived equivalent results from a somewhat more 

complicated point of view (Ref. 32). The related areas of PM modula- 

tion (straight line FM slide, constant frequency sinusoidal modula- 

tion, etc.) as considered by Nltta (Ref. 33) and the impact of noise 

on phase-lock-loop, heterodyne system performance as examined by 

Gardner (Ref. 34), Llndsey (Ref. 35) and Van Trees ^Ref. 36) were also 

reviewed. 

The analysis for slnusoidally vibrating motion can be summarised 

as follows. Consider the reference and object beam geometry as 

depicted in Fig. 6. Here the optical component in the object beam 

path la assumed to have vector sinusoidal motion as per 

Velocity 

W'cV 'oc' \>c)coiV <l**> 
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Dlaplacanont 

.= /Voc^      Voc^*oc'yoc'xoc^ - 
A*oc - ^ - TT 

uoc iln V <l9b> 

in which, 

(*oc> Toci *oc)   ■ Three-dimensional location of "optical 

cantor" of optical component under 

cootIdaratIon. 

Voc(loc* ^oc1 foc} - Voc -H*«nituda of velocity of optical 

component. V^ - [Voc . ?oc]
1/2 

^oc - Unit vector defining direction of vibratory 

(i.e., almtaoldal) motion of optical 

V 
- I 

oc component, u^ - (^2£) . 
oc 

« • Temporal angular velocity of vibrator/ motion 
T 

at frequency f. w. * 2nf. 

It should be noted that the optical component could be any lane, 

mirror, beam eplltter, etc component In the object or the reference 

optical beam petha or it could even be the wavefront hologram 

aperture-electronic detector or film recording medium, etc. 

The vibratory motion can alao arlae acouatleally In the air 

through which the optical beam travele. It la aeeumed that the vibra- 

tory motion la email enough auch that u  • u. and u  • u- are 

cometaut with time. That la, that the changes in the engine between 

67-43 

.>"N£re-.v**>v .-■*.•*. v-\- v .v- •• vv-v\^v-v \ ^vv-v\*.\ . ' • • . --v..  . .- 



UM 

the direction of Che vibratory notion and the directions of the inci- 

dent and transmitted beams are very small and can be neglected vlth 

respect to unity or 

Max u^ • ^ - Min UQC • ^  « 1 (20a) 

over t      over t 

Max u  • u-, - Min u  - u. « 1 
oc  T     oc  n? 

over t over t 

(20b) 

The exposure at point (x , y , s ) of the electronic detector or 

the film recording medium in the hologram aperture plane la 

♦T/2 

*(xA,yA,iA) • /    
H^xA»

T
A»«A

;t)*H(xA,yA,IA;t)dt (2l) 

in which, 

.H(*A,yA,iA;t)*H(xA,yA,iA;t) - the irradiance distribution at 

the detector/recording medium 

location. 

T   - Total sample or exposure time 

( )* - Complex conjugate operator 

Since, 

tq. (21) can b»  :«vrltt«n «• 

"VVV* " Sir * Bou * Rcoiu * Sim 

(22) 

(23a) 
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In which, 

ER__tE0BJ * Exposures resulting from reference, object 

complex light waves alone, respectively. 

CONJ  T?RIM Vi 

* +T/2 
SpRIM " R (WV iT/2 °<V Wt)dt 

(23b) 

(23c) 

which results in the primary image. 

The primary image term Ep   is thus the irradiance image term of 

interest in the following analysis. 

Defining 

1, | t|< T/2 

Rect(t/T) (24a) 

0, | t| > T/2 

and writing the Fourier transform of 0(x.»y*»*A»0 

as 

3(«At Wv> " ^  0(VWt)dt 

allows Eq. (23c) to be written as 
«• 

^RIM * ^WV* I    •ittc(nvT)0(xA,yA,rA;v)dv 

(24b) 

(25) 

In which 

T sinc(HvT) - ti/^"xT^ " Fourier transform 

of Rect (t/T) 

It should be noted that Eq. (25) can be Interpreted as a linear filter 

with transfer function slnc(IIvT). 
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Using the sinusoidal time dependence given in Eq. 19 allows the 

time dependent phase difference between reference and the object beams 

to be written as 

V 
oc - 

♦REF " +OBJ * *o + SJ- V <U
T"
U
I
)
 
8ln ut 

Thus 

0(x1(yA,*4;t) - V
xA'yA'z4),I*<t> "VA^A' 

VW'A* 
**o laMOD 8ln V 

in which 

Voc(xoc,yoc,Zoc) r-   ,- - M 
^OD Z  [V (ur~ui^ 

(26) 

(27) 

(28) 

k * 2n/X - Spatial wave number/frequency. 

Substituting Eqs. (27,28) in Eqs. (24b,25) yields 

# i<fr n-+«   V 

n—•    T 

sinc( X j 
(29) 

In Eq. (29), J ( ) - nth order Bessel function of the first kind of 
n      ~"— 

argument ( ). 

Because ^ - ^^»^''A^ in Bq" ^29*' the «^c"0111"11* detected 

or film recorded fringe modulation 

u      f       PRP* CONJ^ H - ^-_ _ j 
EREP + EOBJ 

(30) 

:'.v 
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is not constant over the hologram image in the aperture plane. This 

can therefore result in degraded optical fringe patterns as a function 

of aperture size. Equivalently there is a higher phase detection 

noise floor (less signal to noise ratio - SNR) which can result in 

significant wavefront IMS errors (say >  X/35) as measured with the HET 

system. 

A software package TFVMHF02 has been developed to evaluate the 

fringe modulation (Eqs. 29,30) as a function of HET sampling time, 

translational or angular sinusoidal vibration amplitude as a function 

of frequency, and planar direction of motion with respect to the opti- 

cal beam. As indicated on the previous page, aperture size effects 

can also be Investigated. TFVHHF02 has been written, data sets 

defined and was being implemented/checked out on ARAA's PDP-11/24 com- 

puter system at AFWL at the end of the author*s SFRP work period 

there. 

TFVKRF02 should allow the investigation of meaningful amplitude 

levels for both mechanical and acoustic vibration source mechanisms. 

Here curves relating HET sampling time and vibration amplitude as a 

function of frequency can be validated via measurement experience with 

the HET system and additional accelerometer, etc. sensors. These 

validated results can be used as, e.g., to develop design curves spe- 

cifying maximum structural dynamics-acceleration or g levels. This 

entails a mapping from acceleration levels in the structural 

dynamics/mechanical vibrations area to vibratory motion and hence rela- 

tive phase optical beam modulations per se. The amplitude of these 
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modulations can be set at values which give acceptable 10 in. (i.e., 

large diameter) beam, wavefront sensor performance of the HET (or a 

comparable wavefront sensor) system. If necessary, corresponding 

acoustic sound pressure level design specification curves can also be 

developed. 
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V. CONCLUSIONS 

As discussed in Section III, an investigation has been made of 

mechanical vibration/acoustic sources of the consistently large (A/35) 

RMS deviation errors in 10 in. beam wavefront surfaces measured with 

the AFWL/ARAA heterodyne holographic interferometer, wavefront sensor 

(HET) system. Spectral decompositions of vibration level measurements 

made with seismometer sensors and independent spectral decomposition 

measurements made with the HET system of pitch, yaw modulations of HET 

(reference and object) optical beams — showed significant peaks at nomi- 

nal frequencies of 30 and 40 Hz. Additional seismometer and HET beam 

modulation peak responses (albeit at somewhat lower levels) have also 

been seen at nominal frequencies of 50-52 Hz. 

Simple undamped resonant frequency analyses of the relative motions 

with respect to the optical table of the 

(a) Top mounted acoustic/wind screen structure 

(b) Bottom mounted laser support bench structure 

have been made using nominal mass, stiffness values. These analyses 

gave translational (x,y) and yaw angular motion resonant frequencies 

corresponding to (roll, pitch) and yaw optical beam modulations of 

(29.03, 40.81) Hi for the wind screen #nd (48.09, 39.88) Hz for the 

later support table. These results plus the attachment of the wind 

screen to the top of the optical tabla indicate that the wind screen 

Is a significant local source (or antenna/amplifier as opposed to 

absorber) of mechanical/acoustic vibratory motion. 

Removal of the acoustic/wind screen enclosure resulted In reduction 

of the nominal 30 Hz pitch and 40 Hz yaw vibration level and 
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optical beam modulation components. However, large amplitude, low 

frequency random motion induced modulations caused quadrant errors 

(>X/4) in (a) the two-point relative phase observed as a function of 

time on the HET system oscilloscope and (b) the wavefront sensor sur- 

face error results indicated in using the HET system detection plus 

A/D conversion hardware and Zernicke polynomial surface fitting soft- 

ware. These large amplitude, low frequency (0.0 to 2.5 Hz) random 

modulations were found to be caused by low level, random air movement 

and turbulence. The use of a system of floor to celling curtains and 

plastic sheeting ceiling as a near term/interim fix to this problem 

was found to improve HET system performance to the extent that 10 in. 

beam MS  wavefront surface errors of <X/60 could be obtained. 

Four supporting studies were also performed as Indicated in Section 

XV. These were: 

(1) Resonant frequency analysis for linearized rigid body motion 

of HET optical table system. 

(2) 12 state variable, time-domain analysis of the nonlinear rigid 

body motion of HET optical table, etc. system designs. 

(3) Finite element method, etc. analysis of flexible motion 

response of optical table system designs. 

(4) Impact of mechanical vibration/acoustic motion on relative 

phase modulation of HET system optical beams and hence on 

fringe modulation. 

Limited work in supporting studies (I), (2) above gave good rigid 

body motion resonant frequency and time-domain predictions as com- 

pared to a limited amount of sensor time function measurements. These 
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good comparison results Indicate that the 12 state-variable, nonlinear 

time-domain model and the linearized resonant frequency model, when 

extended to include such effects as vibration isolation support leg 

damping and realistic uonsymmetric mass distributions can be used to 

investigate the number, placement of the support legs to minimize the 

effect on the rigid body motion of the HET optical table system. 

The limited results and formulations presented in supporting stu- 

dies (3), (4) indicate that computer model analytical calculation 

results (and corresponding modal analysis measurements) can be used 

to directly investigate the Impact of HET system vibratory motion upon 

its relative phase modulation and aperture-plane fringe modulation 

response behavior. Therefore, these computer model analytical, etc. 

studies can be used to optimize or at least Improve upon the design of 

HET and similar optical, large-beam (as, e.g., > 10 in.) vavefront sensor 

systems. 
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k-* VI. RECOMMENDATIONS 

Baaed upon the results of the research project reported herein 

the following recommendations are made: 

(1) That ARAA construct and use an unattached "rigid" member wind 

screen enclosure (4 sides and top) for the HET optical table 

and components mounted to its top surface. This enclosure can 

be easily made from a 1 in. steel channel framework plus 

sliding mylar sheeting sides (* 1/4 in. thick) and a fixed 

mylar top or celling member. This structure should be 

separately supported on its own set of vibration isolation- 

rubber or similar material pads. It should minimize the 

effect of random air movements, etc. on HET wavefront/sensor 

performance. 

(2) That usage be investigated of additional local wind screen 

enclosures at the location of the large-beam expander and 

mirror, etc. optical components as well as at the table loca- 

tion where the laser beam enters the HET optical system. 

(3) Consideration should also be given to the design and use of 

off-the-shelf components to provide a positive pressure, clean 

room system environment in the Interior of the large wind 

screen enclosure surrounding the HET optical table. 

(4) ARAA should investigate employing separate mounting of the 

driving laser and the use of fibre-optic or comparable means 

for light input to the HET system. Alternatively, placement 

of the laser on top of the optical table should be considered. 

(5) An investigation should be made of the optimisation/improve- 

ment of water Input for laser cooling to reduce low frequency 
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vibration inputs to HET system. 

(6) ARAA should consider the design, construction and use of a 1 or 

2 mass plus damper, spring elements tuned vibration absorber 

fielding 10 to 30+ dB notch at specified design frequency) to 

reduce the still high 30 Hz, etc. line vertical motion com- 

ponent observed at the top of the HET optical cable. 

(7) That ARAA use ARLB personnel, equipment lo perform modal ana- 

lysis and acoustic sensor measurements. These measurements 

can be used to define present optical component vibration mode 

sensitivities and to suggest changes/perturbations to the HET 

system resulting in Improved wavefront sensor performance.. 

This modal analysis and acoustic sensor work can also be used 

to head-off potential future wavefront sensor problems rele- 

vant the calibration, testing and use of flexible mirror and 

subaperture-to-full wavefront-rcconstruction components. 

(8) That the finite element and vibratory/acoustic motion analyses 

discussed In Sections IV.3, IV.4 be used to (a) Examine in 

detail the Impact of sampling time, vibration amplitude as a 

function of frequency, direction of vibratory motion and aper- 

ture sixc-upon the relative phase modulation of HET optical 

beams and upon the HET hologram fringe modulation function, 

(b) Optimize or Improve HET system designs as per selection of 

the number and placement of the vibration Isolation support 

legs, the table physical parameters and the table placement, 

etc. of HET optical components* 
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(9) That caliKated mechanical vibration and acoustic input sour- 

ces be used to validate analytical predictions of the impact 

of vibratory motion (Recommendation (8) and Section IV.4) on 

the relative phase modulation between the reference, object 

optical beams and upon the fringe modulation/RMS wavefront 

sensor error performance obtained with the HET system. 
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APPENDIX K 

Resonant Frequencies for x,y TransUtional and Yaw Rotational 

Motions of (I) Acoustic/Wind Screen and (2) Laser Support 

Bench Structures with Respect to HET Optical Table 
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Acou3Ttc/\A/iMCi  SCREEN   SUPPORT  S TRUCTUP.E 

H STEEL JUPPORT  /uaes 

50 in   In   LENGTH 

2.375 ,n   0D 

I op  [s   NOMINAL 

ALüHUNüM 

I?. FT    LON6 

4r-7    WiOi£      , 

2% /n    / NIC icy 
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(1) Acoustic/Wind Screen Structure Attached to Top of HET Optical 

Table 

(a) x,y Translational Motion Undamped Natural Resonant Frequencies 

(correspond to pitch, roll vibratory modulation of HET 

optical beams). 

SL EX EQUIV *(*%& (X) 

n(x.y) " 
2n 
1_ r^EXEQUIV^ 
2n ^   M   J 

1/2 
(2) 

(b) Yaw Motion Undamped Natural Resonant Frequency 

(corresponds to yav vibratory modulation of HET optical be«™*) 

1 (*TLZX  EQUIV\1/2 f 
-n,  . W[ M J   ^7T 

31 111 

(yaw) (I 
'SlOOF 

+ £' 
jrr> 

rROOF 

(3a) 

"j 

'  Sx.y) fc 
n 1/2 

*ROOF   yROOF 

(3b) 

In Eqs. (1-3), 

M - 150 lb 

E - 30 x 10 
6lbf 

in2 

4   4 n(Ro - RJ) 4   4 
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FIG..   A. I 

LASER   BENCH   AMD   SUPPORT   5TR\JCTURt 

4- 5T£tL SUPPORT 7VBE5, 
M in     IN     LEMGTH 

1.5  m     OD 
WA3T 

jcokisreucm 
in    THICK/ 2-0 
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&: 
(Ri,Ro) - (1.0625,1.1875) in. 

Ä - 50 in. 

(A    , i ) - (72,24) in. - one-half length, width of top 
*R00F  yR00F 

member of acoustic/wind screen 

•_/> 

Substituting into Eqs. (1-3) -> 

(x,y) 

(yaw) 

29.03 Hz 

40.81 Hz 

(4a) 

(4b) 

(2) Laser Support Bench Structure Attached to Bottom of HET Optical 

Table 

(a) x,y Translational Motion Undamped Natural Resonant Frequencies 

(correspond to pitch, roll vibratory modulation of HET 

optical beams) 

"FL: EX EQUIV 4Ä) (5) 

(x.y) 

i_ r^FLBX BQUIVS 
1/2 

(6) 

(b) Taw Motion Undamped Natural Resonant Frequency 

(corresponds to yaw vibratory modulation of HET optical 

beams) 

a(y«0  2n    M <lx + V 
(7a) 
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3<^ +^)1/2Ä 1/2 
m   f        f * X ) (7b) 

In Eqs. (5-7), 

M - 571.2 lb 

E - 30 x 10 6^f 

i„2 

xx  yy  4 v o   i' 
4  .4,  Wo-»? 

~ —u— 

(Rt,Ro) - (0.625,0.750) In. 

t - 14.0 in. 

Ux,l ) - (33.94,7.47) in. - One-half length, width of bot- 

toa ledge aeaber of laser bench. 

(lx,l ) ■ (18.69,6.47) in. x,y coaponents of distance 

vector fro« points of attach- 

ment of four support «ember« to 

center of botto« ledge aeaber 

of laser support bench. 

Substituting into Eqs. (5-7) -> 

f     - 48.09 Hs 
Vy) 

f     - 39.88 Hi 
a(y«w) 
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APPENDIX B 

Resonant Frequencies for Six-Degree-of-Freedom 

Rigid Body Motion of HET, Etc. Optical Table System 
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(A) x - Translation, 9 - Pitch Motion Analysis 

W), 

'(x.O), 

C-K^) * [( 
all + a22 ^        ^^ 
 2 )  _°21a12]     (1) 

in which, 

. *BQ(*) 
*11    M 

(2a) 

x12  l  M   j (2b) 

*21 
^(»/ij (2c) 

2       2 

22  I a.. -( 5 (2d) 

Here 
lbf 

KEQ(x) - 6 Lags (150 ^VUg) - 900 lbf/in 

SQ(«) -4 u«§ (64 ir'1^ -256 lbf/ln * 

S,-ir *£♦*.)* yy 

♦Note that only 4 as opposed to 6 lags supply pitch sonant via 

vertical atIffnass force at aach lag. This assumes that two 

aiddlt lags ara in vertical symmetry plane of optical table. 
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(W * <72'44»9) in* " One-half length, height of HET 

optical table. 

The undamped natural resonant frequencies in Hz follow as 

n(x,0). 

n(x,0). 

1 
2n 

n(x,0). 

n(x,0)„ 

(3) 

Substituting into Eqs.   (1-3) gives 

n(x,0), 

n(x,0). 

0.27 

2.34 
Hz W 

(B)    y - Translation, ♦ - Roll Motion Analysis 

(y,*), 

(y>*h 

A* +a22v   .   „°ll+«22,2 ,1/2 

I        2 J  t  l( 2 )    "a21a12l <5> 

in which, 

bsizl 
*U M 

■u - (V^) 

(6s) 

(6b) 

XX 
(6c) 
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'22 

2 2 
^KEQ(y/z + *EQ(g)*yj 

xx 
(6d) 

and 
lb. 

^QCy) " 6 Leg8 X (l5° ln^/Le8) - 90° lKtia- 

lb. 

*HQ(«) " 6 Leg8 X (6A IF"/Le8) " 38A lb
f''i,u 

M - 3000 lb 

I      - n-ftt  [I2 +£2]A xx      12       l y        z1 

(i  ,A  ) - (25.00,9,00)  In.  - One-half width,  height of HET y   * 

optical table. 

The undamped natural reaonant frequencies in Hx can be written as 

•CM), 

■<y.*>. 

1 
«(y,*>, 

Vy.t), 

Substituting into Cqs.   (5-7) yields 

■(y.O, 

W.«>2 

0.66 

2.61 
Hx (8) 
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A 

(C)    z - Translation/Vertical Motion Analysis 

f 1 l    fTQ(i)i 
n(z) - 5f wn(z) * W L~M      J 

wl/2 
(9) 

in which, 

«^(t) - 6 U«. (M ^.g)   -384^1 

M - 3000 lb 

Substituting into Eq.   (9) gives 

fn(z) * ia2 «* (10) 

(D)    I - Yaw Motion Analysis 

Ail + 1?) + 2K,      .I2 1/2 4K,       x(£    + t   ) + 2K,      xl    : 

,, M(4)(i* +1*) 
12 v x       y 

(Us) 

n 2(1Z +iZ) 
x       y 

1/2 
(lib) 

Hart 
lbf K,       x - 150 T-J 

(x.y) In 

M - 3000 lb 

(I   ,1   ) - (72.44,25.00)  in.  - One-half length,  width of HIT 
*    y 

optical table. 
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The undamped natural resonant frequency in Hz can be vriten as 

fn(¥) " 2n un(*> 
(12) 

Substituting into Eqs. (11»12) yields 

fa(f) - 2.49 Hz (13) 

(E) Summary of Resonant Frequency Results 

Therefore, the undamped natural resonant frequencies for the 

rigid body motion of the HET optical table can be summarized as 

n(x,e), 

n(x.0)2 

n(y,«)2 

n(i) 

n(t) 

0.27 

2.34 

0.66 

- 

2.61 

1.12 

2.49 
.         mmm 

Hz (14) 
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V 

APPENDIX C 

HETRBM09: Fortran IV Software Package for Time-Domain 

Modeling, Analysis of Rigid Body Motion of 

HET System Optical Table Designs 

tt 
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C COBBBHT:   BBTRBB09.FTR;1                                                                                                                                            !*£■ 
C DBITBB   PBOGBAB  BBTBBB  -  DBITBB  PROGBAB   FOR RIGID BOOT                                                                     i& 
C RODS -  TXBRATXOB  BODEL  OF  RAIR/SALIEH?  BECBARICAI/                                                                             *•. 
C STROCTDRAL   RIRBERTS OF TBB  BBTBBODTBING-HOLOGRIPBIC- 
C tRTBRFEROBBTER  STSTBH   ORSIGR. 
c       fr*«*«*»«***************************»***«*«*»*****««***« j-: 

EXTERRAL  BTBBTB IT. 
COBHOf /L0BI01/1UBI, LB BO,L0RO1 
COBBOR /IRITC1/XTOTRA(10.3) 
COBBOB  /BAIB1/8DIN 
COBBOR /XPRIRT/XPRDBB(50) 1 .. 
COBBOR  XFRB0,XOTBL1,XO?Bl2,XOTBLJ,XftASS?,RHOO?B, 

• XKSACT(10,3)9XRSACT(10,3),XXPLRA(10,3),XXFLRPPO,3), 
• BSTACT,ISTOIB,IBASSO,IGCOP- T£, 

DIRBRSXOR APD8RPC50) S\" 
DIBRRSIOR  XTRIFBt3,3),XD0ai(3)#ID0B2[3) 
REAL f,T(12),TO0T,RELERR,ABSERR,XPREQ ^V 
REAL fnBAL,?PRIRT,EORK(75) 
IRTBGER  IE0RK(5),XFLAG,REQH ->S 

895 FORBAT(IBO) PS 
896 FORBAT(IBI) 
897 POBBAT t/) V* 
898 FORBATr///) V' 
899 FORBAT(8E13.5) •>; 
900 FORRAF(8B10.5) •>*• 
901 FORBAT(16X5) V.* 
902 PORSA?(8R16.8) »»% 

c »I««»*»»*«»*«*»**»»***»*»**««*«««»*»*»»****»***««*.««»* ¥k» 
LORI -   1 V 
LORO -   2 
LQR01  *  3 
OPEH(0HXT -  LORI,TYPE -   «OLDS RABE «  • BETRBHIK. 'JAT* , 

• ERR •  99J ,V 

• *» 
RDIBt  *   t9 
R0IB2 •  3 
RDXB3  -   102S 
BOXR «  RDIB2 Vv 
ROXR «  3 V.V 
XBR «0.0 vCv 
*••••»•***•*••••*•*•••** »•••«•*»•»»••*»•**•*••»*•» ^ 
CALL R3APRTIAP0SEP,1,20,1) | ^ 
08FXRB  XRXTXAL CORDXHOHS  FOR STATE  TARXABLES. T" 
R8AD  (LORI,901) B3TEQM 
READ   (LOBI,900)XCB10,ICR20,XCB30 V\ 
READ   (LORX,900)7CB10#TCB20,FCB30 SV- 
READ   f LB BI, 900 )OBG 10, ORG 20,0*1630 
READ   (LORI,900)IPRI0,X?»T0,XP5I0 
READ   (LORI,900)XXCR10,tXCN20,XXCB30 * 

r 

V V 
V.V • •  " • » m » 
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READ   (LUNI,9O0)XIPHIO#XXTBT0,XXPSI0 —- 
C            INPOT/DEFINE OPTICAL TABLE  SIZE  AND  HASS  PROPERTIES. L 

READ   (LONI,900)XOTBL1,XOTBL2,XOTBL3 
READ   tL0NI,901)IHASSO,IGCOPT 
KEAD   (L0NI#900)IBASST,RROOTB 

C INPUT/DEFINE LINEAR SPRIIG   CONSTANTS,   DISTANCES   FROM CENTER 
C Rl TERENCE POIRT  FOR  6   RRC  7IBRATIOR   ISOLATION   BQONT  LEGS. 

READ   [L0NI,901)NS¥ACT,NSTDIH 
CALL RDPRNT(XJCSACT,NSVACT,NSTDIR,HDIB1,1) — *• 
CALL  BDPRNT(XRSACT,NS?ÄCT,NSTDIR,WDIB1,1) -   \ 
CALL  RDPRRT (XXFLR4,RSrACT,NSFDIB,NDIM1,1) 
CALL  RDPRRT (XXFLBP,NSYACT,NSVDIR,NDX81,1) r\\* 

C            NSIACT -  ROBBER OF TIBRATIOR ISOLATION  SUPPORT LEGS* . ', 
C            RSTDIR  «  ROBBER OF DIRBCTIORS/DOF FOR   TRARSLATIORAL >/ 
C                                 SPBIRG CONSTANTS   FOR VIBRATION  ISOLATION  LEGS. '.<V. 
C        *****«********•*•»•*•»*»««*»***«»«*«•*********•*•*«»«•»,»»»«,•, ^ 

READ   (LORI,900)   XFREQ MW 
C            XFREQ  ■   EXCITATION  FREQUENCY  AT TBE  FLOOR. .•;%* 
C          ****.•*.*:*******.•**:********+*.*******„*.„—****..*„*„ ,;.- 

IRITE   (L0RO,895) V.s 
CALL  RDAPRTCAPDSEP,1,20,2) '. •> 
f*I?E   'LQRO,998) >..N 

IRIT8   (L0RO,901)RS?EQN <«•/ 
NRITE    (LÜNO,89fl) Kg 
WRITE   (LONO,899)XCB10,XCB20,XCBJO TV7 

tRITE   (L0NO,897) %V * 
WRITE   (L0BO,899)YC810,*CR20,¥CS30 \-V 

V4                                            WRITE   (L0NO,897) >\ * 
WRITE   (LONO,899)OflGlO,ORG20,OflG30 
NRITE   (L ONO , 89 7) < > 
WRITE   (L0NOt899)XPBI0,XTBT0,XPSI0 L^, 
NRITE   (L0NO#898) l£~* 

V.                                            CALL  RDAPRT(AFDSEP#t#20#2) 'V 
RRITE   rL0NO,898) >V- 
WRITE   (L0WO,899)    XXCB10,IXCH20,XXCS30 / £ 
NRITE   (LDNO,B97) >?.•/ 

y;                                            WRITE   (L0NO#899)   XXPBI0,XXTHTO.IIPSIO !>>' 
^ WRITE   (L0WO,898) 
■                                             CALL  8DAPRT(APDSEP,1,20,2) ?—• 
V 1«"R   (L0RO,897) 

WRITE   (L0RO,899)XO?BL1,XOTBL2,XOT8L3 
;X                                              WRITE   [LO NO, 89 7) ^.'V 
V.                                              WRXTB   {L3NOr901)IBA5SO,IGCOPT >    . 

■^                                            WRITE   (LONG,897) / 
WRITE   (LONO,899) XNASST.RHOOTB •' ^ 

^m                                             WITE   (L0NO,898) |i|(fc 

■^                                            CALL RCAPRTtAPDSRP,1,20,2) ~™ 
WRITE   (L0NO,897) 

»>; NRITE   (LONO#901)NS?ACT,NS?DXR 
\                                              NRITE   (L0NO,897) .\V^ 

CALL 8DPRNT(XXSACT,NSTACT,NSVDXR,!f9Ifl1,2) 
NRITE   <L0NO,891) .'   \s 

£*•                                             CALL  RDPRRT {XRSAC7,NSTACT,NSVDXR,NDIN1,2) **•'•"-'• 
P                                           WRITE   (L0NO#898) »      * 

Vv 
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c 
c 

c 
c 

c 
c 

PAGE  3 

!§**«* 

CALL  BDPR!IT(XXFLRA,NSVACT,NSVDIR,NDIB1,2) 
WRITE   (tONO,897) 
CALL  RDPBNT (XXFLRP,RSVACT,NSTDIR,NDIH1,2) 
»RITE   (LONO,898) 
CALL  8DAPRT(APDSEP,1,20,2) 
»RITE   (LUNO,899)   XFREQ 
WRITE   (LONO,898) 
WRITS   (L0NO,89 5) 
****** ** ****** ********** ****** **************** ************* 
SET INITIAL CONDITIONS. 
1(1) i 
T12) « 
T<3)   « 

T(5) 
*(6) ■ 
T<7) ' 
1(8) • 
T(9) . 
T(10) 
T(11) 
T(12) 

XCH10 
XCN20 
XCN30 
?CN10 
VCH20 
VCB30 
006 10 
OHG20 
OH6 30 

■ IPHIO 
■ XTHTO 
•  XPSIO 

XXCB10 
XXCB20 
XXCH30 

♦ XXPHIO 
♦ XXT9T0 
♦ XXPSIO 

DEFIHB   INITIAL   OR   SB?  POINT  DISPLACEMENTS  FOR  OPTICAL 
TABLE  AT  TIBRATION ISOLATION flOONT  LOCATIONS. 
CALL TRXFXB(XTRXFB,XPHI0,XTHT0,XPSI0,NDIRfNDIH2) 
CALL  BTRINT(XTOTHA,10,3,NDIB1,ZBR) 
DO   1X1*1,RSVACT 
DO   212*1,NSVDIR 
XDUN1(I2)   -  IRSACT (11,12) 

2 CONTINUE 
CALL  BATPRD(XTRIFB,XD0N1,XDUB2,3,3,NDIfl2) 
XTOTBAtfl, 1)   -   XCB10 ♦   XDUHI(I) 
X?0TRA(I1,2)   «  XCH20 ♦   XD0H1(2) 
XT0TR1(I1,3)  «   XCB30 ♦   XDOfll (3) 

1  CONTINOE 
*****«**********#**•****•*****************************♦**♦**** 
DEFIHK  NOBBRICAL   INTEGRATION,   ETC.   PARAMETERS. 
BBLBRH  -  0.5E-03 
AB5BI11  «0.0 
TFINA1L  -  20.0 
TPBINT «0.1 
INITIALIZE  INDBPBNDBNT   TARIABLB TINE. 
T ■ 0.0 
TOOT • T 
IFLA6  •   1 
N8QN r   iSfBQN 

IPSINT «   1 
10 Cktt RKF%5(BTRBTB,BEQW,T,T,TOOT,RELEBB,IBSE8R, IFLAG, 

•  SORK, IWOBX) 
IIXTB   (LONO,8<I9)   T, (T (I) ,I»1,BBQB) 
IPBIBT  ■  XPBI1IT  ♦   1 

GOTO   (80,20, 3i),«10,50, 60,70, BO),   XFLAG 
20 TOOT «  T ♦  TPIII1T 
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IP   (T  .LT,   TFINAl)   GO TO   10 
GO TO  98 

30  WRITE [LÜNO, 31)   RELERH, ABSERR 
GO  TO   10 

4 0  WRITE [LONO ,41) 
GO TO   10 

50 ABSERR  '-   1.0E-9 
WRITE(LÜNO,31)    RELEHH,ABSERR 
GO TO   10 

60 RELEBB  »   10.0*RELERR 
WRITE (LOHO,3 0   RELEHR, ABS ERR 
IFLAG *  2 
GO TO   10 

70  WRITE (LONO,71) 
IFLAG  =   2 
GO TO   10 

80  WRITE(L0N0,81) 
98 COHTIHOE 

CLOSE(OMIT 
99 CONTINUE 

STOP 

= L0BI,DISP  '   »KEEP»,ERR  =  99) 

11  FORHAT(?5.1,  2F15.9) 
31   P0RHAT(17H TOLERANCES  RESET,   2E12.3) 
41  FORRAT (11H   flAKY  STEPS) 
71  PORHAT(12H  HT1CH OUTPUT) 
81   FORHATP4H  IMPROPER CALL) 

END 
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SUBROOTIHE   BTBBYB (T,T,YP) 
BBAL T.Y(12),YP(12) 
SEAL  BSXTOT,BSYTOTfBSZTOT 
COflflOH  XFBBQ#IOTBL1,IOTBL2,XOTBL3fXMASST,BBOOT8, 

* XKSACTnO,3),XBSACT(10,3),XXFLBA(10,3)fXXFLRP(10,3), 
* HSYACT,HSYDIRfIHASSO,IGCOPT >V 

COflHOH /LöiIOl/tOHI,LUNO,LüH01                                                                                                                          JL± 
m COBHOH /IHITC1/XTOTRA(10,3) f*"^ 
~ COflHOH  /HAIH1/HDIH 
•y COBBOH /XPFIHT/XPFEOB(50) 
rv.i c       *♦*+****♦***********♦****#****#*♦*#******♦***♦*♦********»»***** 
'JO DIMEHSIOB   XIIIXJ(3,3),XTBXFB(3,3),XTRXBF(3,3),ATBXFB(3,3)# 

;%1 * XDOB(3).XXDUH [3J ,mDOH (3) ,OBGHTB(3, 3) , XBRIIJ (3,3) 
^ DIHBHSIOH   FYACTY(10,3) ,XYACTY(10,3) 

■I HDIH1  =   10 
\-; MDIH2 *  3 
f<, HDIB *  3 
'S- HDIH *   HOIB2 

HBQB  «   12 
■-"•.; ACCGRY «  3 2,174 

H CALL  IXIJRP(XOTBL1,XOrBL2,XOTBL3,BBOOT8fXBASST,XIXIXJ,HDIB2, 
™ •  IHASSO,IGCOPT) 
^% CALL  rBXBXF(XTRXBF,Y(10),Y(11),Y(12),HDIHfRDIH2) \V-I 
> CALL  TRXFXB(XTRXFB,Y(10),Y(11),Y(12),HDIB#RDIH2> [slS 
*> CALL  AHGYTH(ATRXFB,Y(10),Y(11),Y(12),HDIR#HDIH2) ."•> 
■£ XDOB(1)   -  Y(a) -X 
"> XDOH(2)   -   Y(5) ^i. 
■ XD0«(3)   - Y(6) ^ 
HI CALL  HATPHD(XTHXFB,XDBflfXXDÜH,3f3,HDIfl2) »W 
•5"» YP(1)   « XX DOB (1) .;V 
SSJ YP(2)   «  XXDUH(2) "S\ 
^ YP(3)   - XXDBB(3) >!• 

H? C OEPIHITIOH  OF  FSX(IB)TOT. 
I1TOPT -   1 SxS- 
I1TOPT «   2 •fTf 
CHSWTO  »1.0 \\V 
IF(IITOPT. EQ,2)CHSHTO «0.0 .V 
XDOH(1)   »0.0 V>. 
XDOB(2) «o.o ;*•>;. 
XD0B(3)   « -XH1SST*ACCGRY*CHSHT0 V / 
CALL  HATPBD(XTRXBF#XD0B,XXD0Bf 3,3,H3XH2) I-*, 
FSXTOT »   XXDÜB (1) L^| 
FSITOT  «  XXDOB(2) V'- 
FSZTOT «   XXDOH{3» 
DO   1I1«1fHSYACT 
DO  2I2«1,MS?DIR 
XDOB(I2)   «   XJFIRF(XXFLRA(I1,I2) *XXPLRP (11,12) ,XFHBQ,T) %V 
XXDOH(I2)   *   XISACT(X1,I2) -' 

2  COMTIHOE 
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CALL  BATPRD(ITRXPB,XXDÜB,XXXDÜB,3,3,NDIM2) %$, 
DO  313=1,HSYDIR 
X7ACT7(I1,I3)   =   (T(I3)    ♦   XXXD0H(I3)   -   XTOTRA(II,13))   - 

*  XD0H(I3) 
PTACT? (11,13)   »  -XKSACT (11,13) *X¥ACT7(I1,13) 

3 COHTIHOB 
DO 4I4»1,RS?DIR 
XDUB(I4)   «  PVACT7(11.14) ~ 

4 com»TO 
CALL HATPRD(XTRXBP#XD08,*:XD0H,3,3,YDIH2) 
DO 5I5«1,RS7DIR 
PTACT? (11,15) • XXDDB(I5) ■/'. 

5 COHTIIOE 
PSXTOT - PSXTOT ♦ P7ACT7(I1,1) 
PSTTOT « PSITOT ♦ PTACT7(I1,2) I^- 
PSZTOT ■ PSZTOT ♦ PYACT7(I1,3) RSN 

1  CORTIROE ? ' '."v 
c ********** ********ft*************************************** 
C DEPIHB OHGHTR   «SPIHOR»   MATRIX   II!  TERHS OP   (T (7), 1(8) #T (9)) V{ 
C «   (R,P,Q)   «   «ROLL,   PITCH,   TAf  RATES». 

CALL 0HGDBP(0HGBTB,I(7) ,T(8) ,T(9) ,HDIM2) 
XDOH(I)   »   T(Q) 
XDÜH(2)   - T(5) 
XD0H(6)   *   T(6) 
CALL 3ATPBD(OBGBTR,XD0H,XXDUB,3,3,»DIB2) ']■ \ 
YP(4)   ■  IXDOH(1)   ♦ PSITOT/IBASST "*A 
TP(5)   « XXDDB(2)    ♦ PSTTOT/XBASST '.<*?' 
IP (6)   »   XXDDH(3)   ♦  PSSTOT/XHA5ST »V- 
CALL  GBIN7(3,3,XIXXXJ,XBRIXJ,BTBAR(C,0) \\\ 
IP (HTRANK-3) 11,12,11 ^T 

11 CORTIROE *&% 
WRITE   (LtJ»O,90 3)BTEAN!T 

903  PORBAT(5X, »STOP  RO.   11   IN  HTRB7B,   BTRABK -   • ,15) *■■'•• 
STOP /v 

12 CORTIHOB 
FDOB(1)   -  T(7) VV 
XD0H(2)   -  T(8) ;>^. 
XD0B(3)   «   T(9) 
CALL RATPtD(XIXIXJ,XDafl,XXD0fl,3,3,HDin2) 
CALL BATPRD(OBGRTR,XXD0a,XD0a,3,3.NDIB2) 

C DEPIBITIOH  OP BSX(XB)TOT -  TOTAL »ROLL,   PITCH,   IAB»   - 
C (R,P,Q)   BOBBRTS. 

RSXTOT  *  XDDH(1) 
SSYTOT  «   XDOB(2) K    , 
aszTOT « XDOB(3) ;££* 
DO  6I6»1,RS7ACT ,   . .'-W 
DO  7I7«1,IS7DIR •> > 
ID0H(I7)   «   IRS ACT (16,17) \\\\ 
XX DOB (17)   »  r?ACT7(I6,l7) 
CORTISOE *;.\\- 
CALL   FARAX8(XD0B,X2D0fl,XXXDOfl,NSYDIR) o\v 

■ SXTOT «   HSITOT   ♦   IXfDOH(l) r^ 
R57TOT  «*  aSTTOT   ♦   XXXDUB(2) T*"7" 
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HSZTOT  ♦   XXXDUB(3) BSZTOT 
i COHTIHUB 

XDtJB(1) - BSXTOT 
XD0H(2) ■ BSTTOT 
XD0B{3)   * HSZTOT 
CALL BATPBD(XBRIIJ,XDUBfXXXDüa,3,3,NDIH2) 
TP(7)   -  ♦  XXXD0B(1) 
YP(8)   ■  ♦   XXXDOB(2) 
YP(9)   ■   ♦ XXID ÖM (3) 
***************************************************************** 
XDUB f1)   *  T(7) 
XD0fl(2)   *   T{8) 
XD0B(3)   «   M9) 
CALL BATPR0(ATBX7B,X0aflrXXD0B#3f3#If0ZH2) 
YP[10)   «   XXDDB(I) 
7P(11)   *  2XDOB(2) 
TP{12)   «   XXDOB (3) 
DO   919*1,HEQH 
XPRD0BfI9)   * TPJI9) 
COMTINtJE 
RETURN 
HID 

s 

»*v 

iro 

flH*Ä 

i.v; 

I** 

*' * 

fe?-?7 

V« ■.V^NV'^'.NV-".1'' \»V**\ ».*•",*»' ■\VVV 



PAGE 8 

fr 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE  BKF45(F,NEQN,Y,T,TOUT,REiEBB,ABSBBB,IFLAG,WOBK, 
1 IIOBK) 

FEHXBEBG  FOURTH-FIFTH   ORDER  RUNGE-KUTTA  METHOD 

WBITTEH   BI  H.A.WATTS  AMD  L.F.SHAMPINE 
SAN DIA   UBOBATOHIES 

ALBUQUERQUE,NEW   MEXICO 

RKF45  IS  PBIMABILY DESIGNED TO SDLVE   NON-STIFF  AND BILDLT 
STIFF   DIFFERENTIAL EQUATIONS   VBEN   DERIVATIVE  ETALDATIONS 
ABB INEXPENSIVE.   BRF45  SHOULD  GENEBALIT NOT BE USED IS 
DEMANDING  HIGH  ACCURACY. 

ABSTBACT 

SUBROUTINE  BKS45   INTEGRATES  A SYSTEM OF NEQN  FXBST OBDEB 
OBDINABY   DIFFERENTIAL   EQUATIONS OF  THE FORM 

DYMJ/DT »   F(T,Y(1),Y(2) ,Y(NBQN)) 
WHERE THE   1(1)   ARE GIVEN AT T. 

TYPICALLY THE SUBROUTINE IS  USED TO INTEGBATE  FBOM T TO 
TOUT BUT  IT CAN  BE USED AS  A  ONE-STEP  INTEGBATOB TO 
ADVANCE TBE SOLUTION  A   SINGLE  STEP IN THE DIRECTION OF TOUT. 
ON  BETUBN  THE  PARAMETERS   IN THE CALL   LIST ARE SET  FOB 
CONTINUING THE  INTEGRATION.     THE  USEB  HAS  ONLI TO CALL THB 
RKFS  AGAIN   (AND  PERHAPS   DEFINE  A N El  VALUE   FOB TOOT). 
ACTUALLY,   RKFS  IS  AN   INTEGRATING ROUTINE WHICH  CALLS 
SUBROUTINE RKFS   FOR THE SOLUTION.      RKFS  IN   TURN CALLS THE 
SUBBOUTINE FEHL  WHICH  COMPUTES AN   APPROXIMATE  SOLUTIOI  OVER 
ONE STEP. 
EIF*5  USES THE  RUNGE-KUTTA-FEHLBERG   (4,5)   HETBOD DESCRIBED XB 
THE REFERENCE. 
E.FEHLBESB  ,  LOW-ORDER  CLASSICAL  RUNGE-KUTTA  FORMULAS  WITH 
STEPSIEB CONTROL   ,   NASA TR  R-315 

THE PERFORMANCE OF RKFS  IS  ILLUSTRATED IV THE REFERENCE 
L.F.SHA»?INE,H.*. WATTS, S. DA VENPOHT,  SOLVING   NON-STIFF ORDINARY 

DIFFERENTIAL EQUATIONS-THE  STATE OF THB ABT. 
SAHDU   LABORATORIES REPORT   SAND75-0182. 
TO   APPEAR   IN SIAN   REVIEW. 

THE PARHETRPS  REPRESSNT- 
F —   SUBROUTINE   F(T,T,YP)   TO  ETALUATE  DERIVATIVES 
*P(0*DT(1)/DT 

NEQN  -   NUMBER   OF   EQUATIONS  TO  BE  INTEGRATED 
?(•;    -   SOLUTION   »ECDR   AT  T 
T -  INDEPENDENT   ?*KI*BLE 
TOUT  -  OUTPUT  AT   WgtCB   SOLUTION  IS   DESIRED 
RELERR,ABS£8t   -   RELkUVE   Art  ABSOLUTE  ERROR  TOLERANCES  FOR 
LOCH   ERROR TEST.     AT   EACH   STEP  THE CODE  REQUIRES THAT 

£ 
H 
v.* 

V." 
V.' 
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y* 

v. 
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ABS JIOCAL  ERROR)   .LE.   BELEHR*ABS fY)    +  ABSEBB 
FOB  EACH COMPONENT Of   THE LOCAL EBBOR AND  SOLUTION VECTORS 
IFLAG  -  INDICATOR POR  STATUS OF INTEGRATION 
IORK(*)   -   ARRJT  TO  HOLD  INFORMATION  INTERNAL TO  RKF45   WHICH 
IS  NECESSARY  FOR  SUBSEQUENT  CALLS.   flUST   BE  DIMENSIONED AT 
LEAST  3»6*HEQN 
XfORK(*)   —  INTEGRATE   ARRAY  USED TO HOLD INFORHATION INTERNAL 

RKF15   WHICH IS   NECESSARY   FOR  SUBSEQUENT CALLS.   HOST  BE 
DIMENSIONED AT LEAST   5 

FIRST CALL TO  RKF45 

THE  USER   HOST   PROVIDE   STORAGE  IN  HIS   CALLING  PROGRAM   FOB  THE 
1RRAY   IN  THE CALL LIST.        Y (NEQN)    .   VORK(3*6*NBQN).   IWORR(5). 
DECLARE F IN AN   EXTERNAL STATEMENT«   SUPPLY   SUBROUTINE 

F(T,Y,YP) 
AND INITIALIZE TBE FOLLOWING  PARAHBTERS- 

HEQN-NUHBBRS OF  EQUATIONS TO BE INTEGRATED.      (NEON . GE.   1) 
If*)   -  VECTOR OF  INITIAL  EQUATIONS 
T -  STARTING POINT OF  INTEGRATION,   HUST  BE  A VARIABLE 
TOOT  -  OUTPUT  POINT AT   WHICH  SOLUTIONIS DESIRED. 

T ■  TOOT IS  ALLOWED OW THE FIRST   CALL  ONLY,   IN  WHICH  CASE 
RKF45  RETURNS  WITH IFLAG*2  IF CONTINUATION  IS  POSSIBLE. 
RELBRR,ABSERE  -   RILATIVE 

WHICH MOST BE ION-NEGATIVE.   RELERR MUST BE A  VARIABLE WHILE 
ABSERR  HAY BE A  CONSTANT.   THE CODE SHOULD NORMALLY BOT BE 
USED WITH RELATIVE ERROR  CONTROL   SMALLER THAW  ABOUT   t.E-8. 
TO  AVOID LIMITING PRECISION  DIFFICULTIES TBE CODE REQUIRES 
RELERR TO BE LARGER  THAN AW INTERNALLY COHPOTBD RELATIVE 
ERROR  PARANBTE1  WHICH  IS   MACHINE  DEPENDENT,   IW PARTICULAR, 
PORE ABSOLUTE  ERROR  IS NOT PERMITTED.   IF A   SMALLER THAW 
ALLOWABLE VALUE OF RELERR IS  ATTEMPTED,  RKF4S  INCREASES 

RELERR  APPROPRIATELY  AID RETORWS COITROL TO THE OSER  BEFORE 
CONTINUING THE  INTEGRATION. 

IFLAG -   *1,-1   INDICATOR  TO INITIALIZE THE CODE FOR BACH  NEW 
PROBLEM.   WORHAL  INPUT  IS  #1.   THE OSBR  SHOULD SET  IFLAG—1 
OWLY  WHEW ORE-STEP  INTEGRATOR CONTROL IS ESSENTIAL IB THIS 
CASE 

RRF45 ATT2HFT3 TO ADVANCE  THE SOLUTION  A SINGLE-STEP  IN THB 
DIRECTION  OF TOOT  BACH TIMS IT IS  CALLED.   SINCE THIS MODI 
OF OPERATION  RESULTS  IR   EXTRA  COMPUTING OVBRHBAD.     IT SHOULD 
BE AVOIDED OBLESS REEDED. 

OOTPOT FROM RKF93 

Y (•)   -  SOLUTION   AT T 
T - LAST  POINT BEACHED  IN  INTEGRATION. 
IFLAG •  2 - INTEGRATION   REACHED TOOT.   INDICATES SUCCESSFUL 
RETURN AND IS THE NORMAL  MOOS  FOR  CONTINUING  INTEGRATION. 

•2 -   A  SINGLE  SUCCESSFUL  STEP  IN THE DIRECTION OF TOOT 
MAS   BEER  TARBB.   BOBMAL  NODE FOR CONTINUING 
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C INTEGRATION  ONE   STEP   AT  A  TIHE. 
C *   3  - INTEGRATION   HAS  HOT  COHPLETED BECAUSE RELATIVE 
C ERROR TOLERANCE     AS TOO  SHALL.   RELERR  BAS   BEER 
C APPROPRIATED   POR  CONTINUING. 
C -  4  -  INTEGRATION  WAS MOT COHPLETED R3CAUSE  HOBS THAR 
C 3000   DERITATE  EVALUATIONS  «ERE NEEDED.     THIS IS 
C APPROXIHATELT  500  STEPS. 
C ■   5   - INTEGRATION  WAS  NOT COHPLETED BECAUSE  SOLUTION 
C VANISBED  MAKING A   PORE   RELATIVE  ERROB TEST 
C IMPOSSIBLE. 
C HOST   OSE  NON-ZERO  ABSERR   TO CONTINUE  USING THE 
C ONE-STEP INTEGRATION  HODE  POR ONE-STEP IS A  GOOD 
C BAT TO PROCEED. 
C «  6   - INTEGRATION  WAS  HOT  COHPLETED BECAUSE BEQUBSTED 
C ACCURACY COULD  NOT BE   ACHIEVED   OSIVG SMALLEST 
C ALLOWABLE  STEPSIZE.   USER  «OST  INCREASE THB SBBOR 
C TOLERANCE   BEPOBE CONTINUED INTEGRATION CAB BB 
C ATTEHPTED. 
C «  7 -  IT  IS LIRELT THAT RKP45 IS INEFFICIENT FOB 
C SOLVIBG THIS   PBOBLEB.   TOO  HOCH OUTPUT  IS 
C RESTRICTING 
C THE   NATURAL STEPSIZE CHOICE.   USE THB ONE-STEP 
C INTEGRATOR   HODS. 
C «  8   - INVALID INPUT   PARAflETEHS,   THIS   INDICATOR  OCCURS 
C IF ART OP   THE  FOLLOWING  IS SATISFIED -  NEQB.LE.0 
C T-   TOOT  AND IFLAG.RB.*1  OR  -1 
C RBLERR  OR  ABSERR.LT.  0. 
C IFLAG.EQ.O OR .LT.   -2 OR   . GT.   8 
C WORK (*>,IWORK(»)-- INFORMATION   WHICH  IS  OSOALLT  OF   MO IRTEBEST 
C TO THE  USER   BUT   NECESSARY   FOR SUBSEQUENT CALLS. 
C WORK (I),.««, WORK (NEQN)   CONTAIN THE  FIBST  DERIVATES 
C OF THE   SOLUTION   VECTOR  Y  AT  T.   WORK(HBQM*1)   CONTAINS 
C THE STEPSIZE  H TO  BE ATTEMPTED ON   THB BEIT STEP. 
C IWORK(I)   CONTAINS  THE DERIVATE EVALUATION COUNTER. 
C 
C 
C SUBSEQUENT CALLS  TO RKFU5 
C 
C SUBROUTINE RKF%5   RETURNS  WITH  ALL   IBFOBHATIOB   BEBDBD TO 
C CONTINUE THE  INTEGRATION.   IF THE   INTEGRATION  BEACHBD TOOT, 
C THE   USER   NEEO ONLY DEFINE A  NEW  TOUT   AMD CALL  RKFWS AGAIN. 
C IN THE ONE-STEP   INTEGRATOR  HODE   (IFLAG—2)   THB USER   HOST 
C KEEP IN  RIND THAT EACH STEP TAKEN   IS   IN THE  DIRECTION 
C OF THE CURRENT TOUT.   UPON REACHING TOUT   (INDICATED 8* 
C CHANGING   IPLAG   TO  2) .   THE   USER   HOST  THEN  DEFINE A  NEW TOUT 
C AND   BESET  IFLAG  TO -2  TO CONTINUE   IN  THE ONE-STEP 
C INTEGRATOR HODE. 
C 
C IF THE INTEGRATION WAS NOT COHPLETED BOT TBE USEB STILL 
C WAWTS TO CONTINOE (IFLAG-J.4 CASES), HE JUST CALLS RKF4S 
C AGAIN. WITH IFLAG»3 THE RELERR PARAHETER HAS BERN ADJUSTED 
C APPROPRIATELY FOR CONTINUING THE INTEGRATION. IN THE CAS B 
C OF IFLAG«« THE FUNCTION COUNTER WILL BE RESET TO 0 AND 
C ANOTHER 3000 FONCTION EVALUATIONS ARE ALLOWED. 
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HOWEVEH,   Iff THE CASE  IFLAG»5,   THE   USSR  NÜST   PIHST  ALTER THE 
ERROR 
CRITERIOff  TO   USE A POSITIVE  VALUE   OP   ABSERR  BEFORE 
IffTEGRATIOff 
CAR  PROCEED.   IF  BE DOES  NOT,   EXECUTION IS  TERMINATED. 

ALSO,   III  THE CASE IFLAG-6,   IT  IS  NECESSARY  FOR THE USER TO 
RESET IFLAG TO  2   (OR   -2   ffHEB TBE  ONE-STEP   INTEGRATION  BODE 
IS  BEING aSED)   AS VELL  AS  INCREASING   EITHER ABSBRR,RELERH OB 
BOTH  BEFORE THE  INTEGRATION CAR  BE CONTINUED.   IF TBIS IS  ROT 
DONE,   EXECUTION   WILL   BE  TERMINATED.   THE OCCURANCE OF IFLAG*6 
INDICATES A TROUBLE SPOT   (SOLUTION  IS  CHANGING BAPIDLT, 
SINGULARITY HAY  BE PRESENT)   ARD IT OFTEN IS   IHAVISABLE TO 
CONTINUE. 

IPLAG-7  IS  ENCOUNTERED,   THE USER SHOULD USE TBE ORB-STEP 
INTEGRATION  NODE WITH  THE STEPSIZE DETERBINED BY THE CODE 
OR CONSIDER SNITCHING TO THE  ADABS CODE DE/STEP.INTRP.   IF 
TBE  USER   INSISTS  UPON CONTINUING   THE INTEGRATION WITH RKF*5 
HE RUST RESET  IFLAG TO 2  BEFORE CALLING RRF4S AGAIN. 
OTHERWISE,   EXECUTION   WILL  BE TERMINATED. 

IPLAG-8   IS OBTAINED,   INTEGRATION CAN   NOT BE  CONTINUED UNLESS 
THE  INVALID  INPUT  PARAMETERS   ARE  CORRECTED. 

IT SHOULD BE NOTED THAT THE ARRAYS   WORK,   IWORK CONTAIN 
INFORMATION  REQUIRED   FOR   SUBSEQUENT,ACCORDINGLY*   WORK  AND 
IWORK  SHOULD   BE   ALTERED. 

INTEGER  NBQN,IFLAG,IWORK(5) 
REAL  Y(NEQN),T,TOUT,HELERR,ABSEBR,WORK (1) 

IF COMPILER CHECKS  SUBSCRIPTS, CHANGE  WORK(1)   TO WORK 
(3*6*NEQN) 

EXTERNAL   F 

INTEGER  K1,K2,X3,K«,K5,K6,K1H 

COMPUTE INDICATES  FOR THE SPLITTING OF THE  WORK ARRAY 

K1B-BEQN*1 
K1«K1M*1 
K2-KUMEQW 
n»K2»NEQN 
K««Kl*NRQff 
K5-KONE0N 
K6«R5*NEQN 

THIS  INTERFACING   ROUTINE  MERELY   RELIEVES THE  USER  OF A 
LONG CALLING LIST VIA   THE   SPLITTING  APART  OF  TWO WORKING 

67-31 

3 
$ 

R» 

*cs* 

' 'S." ' 

Stö^No:^*^ " 
."• .'* -x ■ '■ 



PAQI  12 

C 
C 
C 

STORAGE  ABBATS.   IF THIS   IS   NOT  COMPATIBLE  WITH  THE DSEB 
COMPILER,   HE BUST nSE  RKF45  DIRECTLY. 

CALL   RKFS(F,IEQN,I,T,TOtrr,RELEHR,\BSERH,IFLAG,fOB|Cn> , 
1 WOBK(K1R),VOBK(K1) , H OBK(K2), HOBK {K3) , IOBK <K») ,WOBK (I5| , 
2 »ORK (K6) , WORK (K6 ♦ 1) ,IWOBK (1) , IBOBK (2) , IWOBR (3) , 
3 IWOBKC4) ,IVOBK(5)) 

BETUBB 
2ND 

.i«\ 

!£*"«& 

'*'■'■' 

B 

KföS 
"    » y> 
*v 

--/. £* 
■"* ■*■ ■_j* ■ 

»V -r-r 

fc ■\*A 

A,' ■'.*"*. 
# « _ 

** .•V 
rv «M 
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ft 

SOBBOOTIHB RKFS(F,NEQN#T,T,TOÜT,BELERR,ABSERB,IFLAG,YP, X-/ 
1 HrF1,F2,F3,F4,F5,SAVBE,SAVAE,NFE,KOP,INIT,JFLAG, .V-' 
2 KLAG) VV 

FEHLBEHG  FOURTH-FIFTH  OBOER  ROSGE-KOTTA  HETHOD /%«f 

131 
c 
c 
C RKFS INTEGRATES  A SYSTEM  OF FIBST  ORDER ORDINARY  DIFPMEMTIAL 
C EQUATIONS  AS  DESCRIBED  IH  THE CONSENTS  FOR   RKF45. VV\ 
C THE  ARRAYS   YP,F1,F2,P3,F»,AHD   F5   (OF   DIMENSION   AT  LEAST NEQN) 
C AND THE YARIAB1ES  H,SA VFE,SAVAE,NrE,KOP,tNIT,JFLAG,AND  KFLAG ■"/«> 
C ABE  OSED INTERNALLY BY THE CODE AMD  APPEAR   IB THE CALL LIST TO -.*>. 
C ELIHINATL LOCAL  RETENTION  OF  YABIABLES  BETHEBH CALLS. •V- 
C ACCORDINGLY,  THEY  SROOLD  HOT  BE  ALTERED.   ITEMS  OF  POSSIBLE *MH 
C IHTEBEST ABE YP-DEBIVATIVE OF  SOLUTION  YBCTOB  AT T l*y 
C                             H-AN  APPROPRIATE  STEPSIZE TO   BE OSED  FOB  THE HEXT STEP W^ 
C                 HFE-COONTER OR  THE ROBBER  OF  DERIVATIVE FONCTION  EVALUATIONS £>. 

LOGICAL   HFAILD,ODTPOT A,-J 

INTEGER  NEQN,IFLAG,NPE,NOP,INIT,JFLAG#KFLAG tag- 
REAL  Y (NEQN),T,TOÜT,RELEFR,ABS EBB, R,YP(NEQN), PP 

1 P1 (NEQN) ,F2 (NEQN),F3 (NEQN) ,F4 (NEQN) ,PS (NEQ3) , .>< 
2 SAVBE,SAVAE vV 

EXTEBHAL  F >;£ 
■>>'" 

REAL  A,AE,DT,EE,E£OET,ESTTOL,ET,8NIN,REniK,BER,S,SCALE,TOL, t»V. 
1     TOLN,D26,EPSP1,EPS,YPK 

INTRGER  K,HAXNPE,BFLAG 
C V-- 
C              REHIH  IS THE HIHIHOR   ACCEPTABLE YALOE OF RELEBi.  ATTEBPT5 
C              TO OBTAIN   HIGHER   ACCORACY  WITH  THIS  SUBROUTINE  ABB OSOALLY 
C              VERY  EXPENSIVE ABC OFTEN OBSOCCESSFOL. 
c ~* 

DATA   BEBIB/1. B-12/ -^ 
C •..-."' 
c >•>; C              THE  EXPENSE  IS CONTROLLED  BY  RESTRICTING  THE   NOHBBB OF ,%>' 
C              FUNCTION   EVALOATICNS  TO  BE  APPBOXINATELY HAXNFE.   AS SET *'A 
C              THIS  CORRESPONDS  TO A BOOT 500  STEPS. •»■ 
C %'•*-*' 

DATA  RAXNFE/3000/ fsfcl 

c » 
C               CHECK  OOTPOT  PARABETERS >> 
C 
c 

IF   (NEON.LT.1)   CO TO   tO V^ 
IF   ((RELEBB.LT.O.O)   .OR.    (ABS EBB. LT. 0.0))   GO  TO   10 »~j.j 

&7-SJ 

*~| 

•# 
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C 
C 
C 

c 
c 

c 
c 
c 

c 
c 

c 
c 

c 
c 
c 
c 

c 
c 

c 
c 

c 
c 
c 

c 
c 

HFLAG»IABS (IFLAG) 
IP   ((HFLAG  .EQ.   0)   .OR.    (HFLAG  .GT.   8))   GO  TO  10 
IP   (flP'.AG   -ME.   1)   GO TO 20 

FIRST  CALL,  COBPUTE  «ACHIME  EPSILON 

EPS *   1.0 
5  EPS «   EPS/2,0 

EPSP1  ■  EPS »1.0 
IF   (EPSP1   .GT.   1.0)   GO  TO   5 
026 •  26.0*EPS 
GO TO  50 

INVALID INPUT 
10 IFLAG*8 

BET0B9 

CHECK  CONTINUATION POSSIBILITIES 

20  IF   ((T  .EQ.   TOOT)   .AND.    (KFLAG  .HE.   3))   GO TO  10 
IF   (HFLAG  .IE.   2)   GO TO 25 

IFLAG -  *2  08  -2 
IF  t (KFLAG  .EQ.   3)   .OR.    (HIT .EQ.   0))   GO TO 45 
IF   (KFLAG  .EQ.   4)   GO TO  «0 
IF   ((KFLAG .EQ. .AND.    (ABSERR  . EQ.   0.0))    GO  TO   30 
IF   ((KFLAG  .EQ.   b,   .AND.    (RELERR  .LE.   SAfRE)   .ARD. 

1        (ABSERR   .LE.   SAfAE) )   GO TO 30 
GO TO  50 

IFLAG ■  3,1,5,6,7 OR   8 
25  IF   (IFLAG  .EQ.   3)   GO TO 45 

IF   (IFLAG   .EQ.   4)   GO  TO  40 
IF   ((IFLAG .EQ.   5)  .AND.    (ABSERR . GT.   0.0))   GO TO  45 

INTEGRATION CANNOT BE  CONTINOED   SINCE   OSER  DID   ROT 
RESPOND TO TBE  INSTRUCTIONS   PERTAINING TO   IFLAG-5,6,7 OR   8 

30 STOP 

RESET   FUNCTION   EVALUATION  COUNTER 
4 0  *FE*0 

IF  (RFLAG  .EQ.   2)   GO  TO  SO 

RESET   FLAG  IALDE  FROfl   PREVIOUS CALL 
45   IFLAG-JFLAG 

IF   (KFLAG   .EQ.   3)   HPLAG«IABS(IFLA3) 

SAVE   INPUT  IFLAG   AND   SET CONTINUATION  FLAG   FOR  SUBSEQUENT 
INPUT  CHECKING 

50 JPLAG-IFLAC 
KPLACO 

SAVE   RELERR  AND  ABSERR   FINPUT ON   SUBSEQUENT 

b?-84 
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C 
C 
c 
c 
c 

c 
c 

c 

c 

c 
c 
c 

c 
c 
c 
c 

SAVRE-RELERR 
SAVAE»ABSERR 

RESTRICT RELATIVE ERROR TOLERANCE TO   BE AT LEAST AS LARGE 
AS  2*EPS*RB«IH TO ATOID LIMITING PRECISION DIFFICULTIES 
ARISING  FROH IBPOSSIBLB  ACCURACY REQUESTS 

RBB«2.0*EPS*REBIN 
IF   (RELERB  .GE.   RER)   GO  TO 55 

RELATIVE ERROR TOLERANCE TOO SHALL 
RELERR-RER 
I FLAG* 3 
KFLAG»3 
RETURN 

55 DT-TOUT-T 

IF  («FLAG  *EQ.   1)   GO  TO  60 
IF   fINIT •EQ,   0)   GO TO 65 
GO TO  80 

INITIALATION   
SET INITIALIZATION COMPLETION   INDICATOR, HIT 

EVALUATE INITIAL  DERIVATIVES 
SET COUNTER  FOR FUNCTION  EVALUATIONS,NFE 
ESTIMATE STARTING   STEPSIZE 

60  INIT-O 
KOP«0 

-.* S 

m 

P<5 

c 
c 

A«T 
CALL   P(A,T,7P) 
NFE-1 
IF  (T  -NE.   TOUT)   GO TO  65 
IPLAG-2 
RETURN 

65 INIT-1 
8*ABS (OT) 
TOLN»0 
DO  70  X«1,NEQ* 
TOL*RElERR*ABS fT (f)) •ABSERt 
IF   fTOL   .LE.   0)   CO TO   70 
TOLN-TOl 
VPK-ABSCTP(N)) 
IF  (TPK»B»»5  .GT.   TOL)   H*(TOL/TPK) »»0.2 

70 CONTINUE 
IF   (TOLN   .LE.   0,0)   N-0.0 
N«ARAZ1 fH,026«AHAn (ABS fT) , ABS fDT) )) 
JFLAC»ISIGN{2,IPLAG) 

N M 

t^J 

ft/-«-. 

■#;#*# 
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C 
c 
c 
c 

c 
c 
c 
c 

c 
c 

c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 

SET STEPSIZE FOE INTEGRATIOR IN THE DIRECTION FROB T TO 
TOOT 

80 fc«:.UGN(H,DT) 

TEST TO SEE IP  RKF45  IS BEING  SEYERLY IBPACTRD   BY  TOO  BANT 
OUTPUT POINTS 

IF   (ABS(B)   .GE.   2«0*ABS(DT))   KQP-KOPM 
IF   (KOP  «Hit.   100)   GO TO  65 

UNNECESSARY  FREQUENCY  OOTPUT 
KOP-0 
IFLAG-7 
RETURN 

85 IF   (ABS(DT)   .GT.   026*iBS[T))   GOTO  95 

IF TOO CLOSE TO OUTPUT   POINT,   EXTRAPOLATE AND RETURN 

DO 90   K«1,NEQN 
90 Y(K|-Y(R)*DT*YP(K) 

A-TOOT 
CALL   F(A, Y,YP) 
NFE-NFEO 
GO TO   300 

INITIALIXE OOTPUTPOINT  INDICATOR 

95 OOTPUT*. FALSE. 

TO ATOID  PREBATURE UNDERFLOR  IN  TRE  ERROR  TOLERANCR 
FUNCTION  SCALE TRE ERROR   TOLERANCES 

SCALE-2.0/RELERR 
AE»SCALE*ABSERR 

STRP   BY  STEP   INTEGRATION 

100  HFAILD«. FALSE, 

SET SBALLEST ALLONABLE STEPSIIE 

MB IN  «   0 26*iBS(T) 

ADJUST STEPStZE   IF NECESSARY TO SIT TRE OUTPUT   POINT 
LOON   ANEAD T10  STIPS  TO  ATOID  DRASTIC  CBANGES   IN  TRE 

STEPSUE   AND  TBOS LESSEN   TBE   IRPACT   OF OUTPOT   POINTS 
ON TBE CODE. 

0T*TO0T-T 

y v -v 

fe'-Sfc 
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V 

c 
c 
c 

IP   (ABS(DT)    .GE.   2.0$ABS{H>)   GO  TO  200 
IF   (ABS(DT)   .GT.   ABSfH))   GO TO   150 

THE HEXT  SUCCESSFUL  STEP   WILL  COHPLETE  THE   IHTEGBATION 
TO  THE OUTPUT   POINT 

OUTPUT«  .TRUE. 
H=DT 
GO TO   200 

150 H=0.5*DT 

i.V 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 

CORE INTEGRATOR FOR TAKING SINGLE STEP 

THE TOLERANCES HATE BEEN SCALED TO AVOID PREMATURE UNDERFLOW 
IN COMPUTING THE ERROR TOLERANCE FUNCTION ET, 

TO AVOID PROBLEMS WITH ZERO CROSSING, RELATIVE ERROR IS 
NBASORED USING THE AVERAGE OF THE HAGNITUDES OF THE SOLUTION 
AT THE BEGINING AND END OF A STEP. 

THE ERROR ESTIMATE FORMULA HAS BEER GROUPED TO CONTROL LOSS OF 
SIGNIFICANCE. 

TO DISTINGUISH THE VARIOUS ARGUMENTS, H IS NOT PERMITTED 
TO BECOME SMALLER THAN 26 UNITS OF ROUNDOFF IN T. 

PRACTICAL LIMITS ON THE CHANGE IN THE STBPSIZ TO 
SMOOTH THE STEPSIZE SELECTION PROCESS AND TO AVOID EXCESSIVE 
CHATTERING ON PROBLBMS HAVING DISCONTINUE ES. 

TO PREVENT UNNECESSART FAILURES,THE CODE USES 9/10 THE 
STEPSIZE IT ESTIMATES WILL SUCCEED. 

AFTER A STEP FAILURE, THE STEPSIZE IS NOT ALLOWED TO INCREASE 
FOR THE NEXT ATTEMPTED STEP. THIS HAKES THE CODE MORE 
EFFICIENT ON PROBLEMS HAVING DISCONTINUITIES AND MORE 
EFFECTIVE IN GENERAL SINCE LOCAL EXTRAPOLATION IS BEING USED 
AND EXTRA CAUTION SEEMS WARRANTED. 

TEST NUMBER OF DERIVATIVE FUNCTION EVALUATIONS.  IF OIAT, TRT 
TO ADVANCE THE INTEGRATION FROM T TO T*H 

200 IF (NFE .LE. RAXNFE) GO TO 270 

TOO MUCH BORK 
I FLAG»* 
KFLAGM 
RETURN 

C 
c 
c 

c 
c 
c 

ADVANCE  AN  APPROXIMATE   SOLUTION  OVER  ONE  STEP  OF  LENGTH  H 

220  CALL   FEHL(F,NEQN#T,T.H,YP,F1,F2,F3,F<*,F5,F1) 
NFE«NFE*5 

COMPUTE  AND TEST   ALLOWABLE TOLERANCES   VERSUS   LOCAL   ERROR 
ESTIMATES  AND RF^VE   SCALING  OF  TOLERANCES.   NOTE  THAT 

67-87 
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C RELATIVE   ERROR   IS  HEASURED WITH  RESPICT TO   THE HAGNITODES OF 
C THE  MAGNITUDES Of THE   SOLUTION  AT   THE  BEGINING  ARD BRD OP 
C THE  STEP. 
C 

EEOET*0.0 
DO 250 K'l.HEQR 
ET«ABS(Y{K))*ABS (P1 (K)) *AE 
IP   (ET  .GT.   0.0)   GO TO   240 

C 
C IRAPPROPI1TE   ERROR  TOLERANCE 

IFLAG-5 
RETURN 

C 
290  EE-ABS ((-2090. 0*IP (K) ♦ (21970.0*F3 (K)-    1048.0*F4 (K) ) ) ♦ 

1 (22528.0*F2(K)-27360.0*F5?Kn) 
250 BBOBT-AHAI1 (BBOET,EE/ET) 

C 
ESTTOL«  ABS(H)*BECET*SCALE/752400. 0 

C 
IF   (ESTTOL .IE.    1.0)   GO TO  260 

C 
c 
C UNSUCCESSFUL   STEP 
C REDUCE IHE STEPSIZE,   TRI   AGAIN 
C THE   DECREASE   IS LIMITED  TO  A FACTOR OF 1/10 
C 

RFAILD*  .TRUE. 
OUTPUT* .FALSE. 
S-0. 1 
IF   {ESTTOL .LT.   590*9.0)   S*0.9/ESTTOL«*0.2 
H»S*H 
IF   (ABS(R)   «GT.   H8IR)   GO TO 200 

C 
C REQUESTED  ERROR   URATTAINABLE AT SMALLEST ALLOR.BLE STEP5IXE 

IFLAG-6 
KFLAG-6 
RETURN 

C 
C 
c 
C SUCCESSFUL   STEP 
C STORE   SOLUTION  AT T*B 
C AND  EVALUATE  DERIVATIVES  THERE 
C 

260 T«T^B 
DO  270  K«1,NEQH 

270 T(R)*F1(R) 
A-T 
CALL   F(A,T,TP) 
NFE*NFE»1 

C 
C 
c 
C CHOOSE  NEXT STEPSIZE 

67-88 
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,\y 

C 
C 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 

THE INCREASE IS LIHITED TO A FACTOR OP 5 
IP STEP FAILURE HAS JUST OCCURRED, NEST STEPSIZE IS SOT 

ALLOWED TO INCREASE 

S=5.0 
IP   (ESTTOL -GT.   1.889568E-«)   S=0. 9/ESTTOL**0.2 
IP   (HFAILD)   S*AHIN1{S,1.0) 
ff*SIGI(AHAI1tSUBS(R) ,HAIN),H) 

END  OF COBS INTEGRATOR 

SHOULD WE TAKE ANOTHER   STEP 

IP  (OUTPUT)   GO TO  300 
IP   (IFLAG   .GT.   0)   GO TO  100 

INTEGRATION SUCCESSFUL! COHPLBTED 

ONE-STEP  SODE 
IFLAG — 2 
RETURN 

INTERNAL   BODE 
300 T«TOUT 

IFLAG«2 
RETURN 

END 

& 

67-89 
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S0BBOOTIBE PEHL(P,BEQB,Y,T,H,IP,P1,F2,B3,F1|,F5.S) 
C >. 
C FEHL8EBG  FOOHTH-FIPTH  OBDEB  BOBGE-KÜTTA METHOD 
C •!. 
C PBBL  IBTEGBATES  A STSTEB OP  BEQB  PXBST OBDEB OBOIH1BT                                                                    ?," 
C DIFFEBEBTIAL  8Q0ATI0BS OP TBE POBB 
C DY(1)/DT»F (TtY(1).-.I (BBQB)) 
C BRBBB THB IBXTIAL YALOESYp*   ABD   TBE   XBXTXAL  DEBITATITBS 
C YP(1)   ABE SPECIFIED   AT TBE STABTIMG  POZBT  T.   PEHL ADYABCES 
C THE SOLÜTIOB OTBB THE PIXED STEP B  ABD BETOBBS TAB FIPTQ 
C OBDBB   (SIXTfl OMÜMB  ACCDBATE LOCALLY)   SOLÜTIOB APFS0U8ATI0H 
C AT T*H  IB ABBAT S (1) . 
C F1,...fF5  ABE ABBATS OP  DIHEBSXOB  BEQB  BBICB  ABB  BBBDBD POB 
C IBTBBBAL STOHAGE. 
C THB POBHOLAS  HATE BBEB  GBOOPID TO  COBTBOL LOSS Of 
C SIGBXPICAECE.      PEBL SHOOLD BE CALLED BXTH  AB   H BOt  SBALLBB 
C THAB   10P BOOBDOPP IB  T SO TBAT TBE   URIOOS 
C IBDBPEBDEBT  ABGOHEBTS  CAB BE DISTIBG. 
C 
C 

XBTEGEB BBQB 
BEAL   T (BEQB) ,T,fl, YP (BBQB) ,P1 (BEQB) ,P2 (BEQB) , F3 (BBQB) , .'>■ 

1       P*(BEQB)#FS (BBQB) ,S (BEQB) v> c £ 
BBAL  CH *% 
XBTEGEB  K £* 

C IS CH-H/B.O ?* 
DO 221 B»1,BBQB ./ 

221 P5(B)«Y(B)*C8*YP(B) 
CALL   F(T*CB,P5fF1) 

C 
CB»3.0*H/32.0 
DO 222 K*1,IBQ8 £ 

222 P5(B)«Y(K)KB*(YP(K) O.0*F1(K|) 7Z 
CALL  F(T*1.0«H/8.0#F5#F2) .'*% 

C1M/2197.0 V** 
DO 223 B«1,B8QB !>. 

223 PS (K)-Y (K)*CH* (1932. 0*YP (B) ♦ (7296,0*F2 (B)-7200.0*P1 (B))) -.*% 
CUL   F(T*12.OM/13.0,F5,F3) >. 

c in« 
CH-H/B 104.0 ~?r 
DO 22%  B*1,HBQI 

22«       P5(B)»f(K)K:H»((83»1.0*YP(B)-8«5.0»P3(lt))* ".> 
1                                  (29««0.0«F2(E)-32832.0«F1 (B))) 

CALL   F(T*B,FS,P«) ;•%; 
C > 

CH-H/20520.0 'J. 
DO 22 S E«1#BBQB -i~* 

225       P1 (B)«Y (B) *CH» ((-4080. 0»YP (K) ♦ (9295, 0*F3 (B)- >V 

I 
67-90 >?• 

**» 

ir.V 
lt^ 

'.W . • .v"."■ '   •" '' - 'V*.«  - >v.v-v-\ - .v.%.-.k- >* 



PAGE  21 

C 
C 
c 

230 

5643.0«F4 (K))>* (41040.0»ri(K)-28352.0*F2(K))) 
CALL  F(T»H/2.0,F1,F5) 

COHPÜTK  APPROXIBATE  SOLUTION  AT  T*H 

CB*H/7618050.0 
DO 230  R*1,IEOJ 

S(KJ -T {*) ♦€!!• ((902880. 0*TP (K) ♦ (3855735.0*F3 (K) - 
1371249.0*F4(K)))*(3953664.0«P2 (K) *277O2O.0*F5 (K))) 

HETUH» 
EHD 

67.91 
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SUBHOOTIRE   RDAPFT (IPLT,N1,N2,KEY) 
C08H0R   /LORI01/LORI,LOHO,LOR01 
DIHERSION  IPLT fH2) 

903  POBRAT{20A4) 
GO TO   (1,2,3),KEY 

1 CORTIROE 
READ   IL0»I,9O3) [IPIT (I) ,I=R1,M2t 
GO  TO   4 

2 WRITE    (LÜRO,903) (IPIT (I) ,I*»1, H2) 
GO  TO   4 

3 VRITE    (LQIO1,903) (IPLr (I),I*I1,N2) 
4 CORTIHOE 

8ET1TSR 
ERD 

SÜBROOTIRE  BDPBNT(A,RRAX,HflAX,NDIN,KEY2) 
COHRON  /LÜRI01/LORI,tONO,LOR01 
DIMENSION   A(R0IH,1) 

898 POBÄAT J5E16.8) 
899 POFHAT(8E13.5) 
900 PORflAT(8E10.5) 

DO   1I*1,R«AX 
GO  TG    [2,3,5),KEY2 

2 CORTINOE 
READ   (LüMI,9O0) (A [I,J) ,J*1,B8AI) 
GO  TO   4 

3 CORTTRDE 
WRITE   (LÜH0,899)(A(I,J) ,J=1,H«AZ) 
GO  TO  4 

5  CORTIHOE 
»RITE    (LUR01,898) (A (I, J) , J*1 ,«HAI) 

4 CORTIROE 
1  CORTIROE 

»ETORR 
END 

fi 7 - y i 
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SOBROOTIHE VCTIHT (X,M, 10) 
DIBEBSIOB X(B) 
DO 1I*1,B 
X(I)*0.0*XO 

1 CORTIBÜE 
RETORR 
EBD 

SOBROOTIBE BTBIBT (A,B, fl,NDIH,AO) 
DIBERSIOH A(BDIH,1) 
DO II« 1,1 
DO 2J=1,H 
A (I, J) »0.0*10 

2 COBTIBOE 
1 COITIBOE 

RETORB 
EBD 

SUBROOTINE   RDPBT1 (X,H,KEY2) 
COHHOB  /LOBI01/LDHI,LONO,LUB01 
DIBEBSIOB   X(B) 

897 FORBtt(8E10.5) 
898 POBRAT(5E16.8) 
899 PORHAT(8E13.5) 
900 P08BAT(8E10. 3) 

GO  TO   (1,2,4,5,6) ,KET2 
6  COBTIRUE 

»BITE   (L0BO1,898| (X(I) ,I-1,B) 
GO  TO   3 

5  COBTIBOE 
READ    (LÜRI,898) 11 (I) ,1 = 1,N) 
GO  TO   3 

•  COBTTBOE 
BRITE   (L0BO1,898) (1(1) ,1-1,B) 
GO  TO   3 

1 COBTIBOE 
BEAD    (L0il,900) (X (I) ,1*1,») 
CO   TO   3 

2 COBTIBOE 
BRITE   (L0BO,899) (X(I) .1-1,B) 

3 COBTTBOE 
RETORB 
ERD 

c? 

.V 
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SUBROUTINE GHIMT (NR, ,<C, A,D, BE, AT) 
DIHLSSIOK A(1) ,0(1),S(30) 
COHNON/R&II1/MDIB 
COH BO H/I NO 0/KI If, KO OT 
HDIB1«BDIB»1 
T0t»1,B-1» 
AD?»1.B-2» 
nn-*nc 
BRfl1*BR~1 
TOL1-0. 
JJ*1 
DO   10  J*1,NC 
S(J)«DOT (HR,A(JJ) ,A (JJ)) 
IP (S (J) .GT.TOL 1) TOL1-S (J) 

10 JJ*JJ»VDIB 
TOL1«AD?»TOL1 
ADT-TOL1 
JJ-1 
DO   100  J«1,MC 
PAC*S(J) 
JB1* J- 1 
JRB«JJ*R1B1 
JCB«JJ*JB1 
DO   20   I=JJ,JCfl 

20   0(I)«0. 
D|JCB)*1.0 
IP(J.EQ. 1)   GO TO  5« 
KK-1 
DO  30   K»1,JB1 
IP(S(K).IQ.1.0)   GO TO   30 
TEBP*-DOT (PR ,A (JJ) ,A (RK) ) 
CALL  ?ADD(K,TtBP,0(JJ) r0(KK) ) 

30  KK«RK*RDIB 
DO  50  L-1, 2 
KK»1 
DO  50  K*1,JB1 
IP (S(K).EQ.O.)   GO  TO 50 
TEBP*-DOTp'B#A (JJ) ,A (KK) ) 
CALL   ¥ADD(N»#TEHP,A(JJ),A(KK)) 
CALL  VADD(K,TEBP, 0 (J J) ,0(KK)) 

50   M-PUUIIDIB 
TOL1«TOL*FAC*f.DV 
FAC-DOT(HR .A (J J) , A (JJ) ) 

5«   IP(PAC.GT.TOLI)   GO  TO  70 
DO   55   I«JJ#JRB 

55  A(I)«0. 
S(J)-0. 
KR-1 
IP(S(K).EQ.O.)    CO   TO   65 
DO  65   K»1,JB1 
TEBP—DOT(K,0{KK) ,0fJJ)) 
CALL   TADD(NP,TEBP,A(JJ),A (KK)) 

KT 

* 
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a 

i 
0 

65   KK«KK*NDIfl 
PIC»DOT (J, 0 (JJ),0 {JJ)) 
BR=BR- 1 
GO  TO  75 

70  CORTIBOE 
S(J)*1.0 
KK*1 
DO  72   K*1,JB1 
IP(S(K).EQ.1.)    GO  TO  72 
TBiP«-DOT («8,1 (JJ) ,A (KB)) 
CALL  7ADD(K,TEBP,0(JJ) ,0(KK)) 

72   KK«KK*NDin 
75  PAC*1./SQRT(PAC) 

DO   60  I=JJ,JRH 
80   A{I)*A(I)*PAC 

DO  85   I»JJ,JCB 
85  D(I)«0(I)*PiC 

100  JJ-JJ»BDIfl 
IP(BB.EQ.BH.Ofi.BR.EQ.NC)   GO  TO   120 
IP (BT.ME-0)1RITE (BOOT,110) BR,BC, BR 

110   PORBAT(I3, 1HX,I2,6H  to   BANK, 12) 
120  BEBD»BC*BDIS 

JJ=i 
DO   135   J*1,NC 
DO   125   I«1,BR 
II«I~J 
S(T)-0. 
DO   125   KR»JJ,NEBD,BDXB 

125   S(IJ«S(I)tA(II*KK)*ü(KK) 
II-J 
DO   130   1-1,BB 
0(II)«S(I) 

130 II-II+BDIB 
135   JJ*JJ»BDIB1 

RBTllBB 
END 

fr 

tn 

'-'t'y 

y 

m 
-V .v ££$: 

•>v\>. ' \' -." -." • '_      • '_■-' 
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F0NCTIO1   DOT(IRrA,E) 
DIHERSI05   A(1)fB(1) 
KPSTOL  »  0.5E-08 
DOT«0. 
DO   1   I»1,RR 
IP (IBS (1 (I)).LE.EPSTOL)GO TO 
ir(lBS(B(I)).LE.BPSTOL)GO  TO 
DOT -   DOT  ♦   1(1) »8(1) 
CORTIRUE 
IETÜIB 
DID 

SÜBBOÜTIRE  f1DD(B,C1#ifB) 
DIHEISIOS   1(1) ,8(1) 
DO   1   1*1,1 

1   A(I)«A (I)»C1*B(I> 
RETORR 
ERD 

.• 

I   '■- 

f> .*-'■> 6 
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SOBROOTISE  TRXBXF(TR,PHI,THETA,PSI,JI,NDI31) V 
C TRAHSFORHATIOM   FROB  XFRAttE (INE8T)    TO   XBODT 
C COORDIHATE  STSTEB   COHPOHEHTS. «J% 

REAL*8  CPH,SPB.CTB,STR,CPS,SPS 
OIBE1ISIOI  TR(8 DIB 1,1) >I 
CPB   ■   COS (PHI) 
SPB • si«(PHI) z.*:: 
CTH » COS (TB ET A) 
STB « SIR(TBETA) 
CPS »  COS (PSI) 
SPS » SIB(Psi) ;.•; 

C IBODT(I)   -   TR(I,J)*XFRABE(J) 
TR (1,1)   -  CTB«CPS 
TR(1,2)   *  CTB^SPS ,L- 
TR (1,3)   *   -STB f'-? 
TR(2, 1)   *   -CP8*SPS   ♦   SPH*STB*CPS 
TR (2,2)   *   CPB»CPS   ♦ SPH»STB*SPS 
TR(2,3)   «   SPH*CTR 
TB(1, 1)    »   SPB^SPS   ♦  CPH*ST8*CPS 
TR(3,2)   *   -SPB*CPS   ♦ CPH«STB*SPS 
TR(3,3)   *  CPH*CTH 
IPRTOP   »2 ££ 
IPRTOP  *   1 ™ 
IF(IPRTOP.EQ.2JCALL  RDPRST(TR,H,R,!fDIfl1,2) 
RETURN >; 
ER D ;/\ 

• .** 

A* 
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SUBROUTINE  TRXPXB [TB,PHI.THETA,PSI,H,RDIfll) 
C TRAR5F0BBATI0B   fROfl  X8O0T   TO  XFBAKB{INERT) 
C COOIDIIATE  SISTER   CORPOBERTS. 

REAL'S  CPR,SPH,CTH,STH,CPS,SPS 
DIflEISIOR TR (IDI.11,1) 
CPH - COS(PHI) 
SPH - SI«(PHI) 
CTR «  COS(THETA) 
STB  «   SI«(THETA) 
CPS  «  COS(PSI) 
SPS «   SIH(PSI) 

C XPRABE(I)    -   TR (I, J) »IBQM < J) 
TR(1,1)   ■   CTH'CPS 
TR(1»2)   «   -CPH^SPS   ♦  SPR*STH*CPS 
TR(1,3)   «  SPH*SPS   ♦ CPR»5TH*CPS 
TB(2,1)   «  CTH'SPS 
TR(2,2)   «  CP8*CPS   ♦ SPR*STB*SPS 
TR(2.3)   -  -SPS«CP5   *  CPR*STH*SPS 
TRp,1)   «  -5TR 
TI(3, 2}   *  SMf*CTR 
TR (3,3i   * CiWCTS 
IPiTOP   «  2 

m < 

IPRTO? * i 
IP(£PRTOP.EQ.2lCAit 
RETGKN 
fRB 

R0PRST(TSf*,R,ÄÖI?!l,2} 
.NV* 

*f££ 

.-.*■ *. 
sS 
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SUBROUTINE ANGVTR {TR,PHI ,THETA,PSI, N,NDIM1) 
C TBANSFORHÄTION   PBOfl  XBODI   TO  XFBAME (INERT) 
C COORDINATE  StSTEH   COSP08ENTS. 

REAL*8  CPa,SPH,CTH,STH,CPS,SPS,TNTH,SCTH 
DIMENSION  TB(NDIH1,1) 
CPH  =  COS (PHI) 
SPH  =   SIN (PHI) 
CTH =  COS(THETA) 
STH *   SIN(THETA) 
CPS *  COS(PSI) 
SPS =   SIN(PSI) 
TNTH » STH/CTH 
SCTH  =   1.C/CTH 
ANGTFB(I)   =  TB(I,J)*ANGVBD(J) 

1-0 
SPH*TNTH 
CPH*TNTH 
0.0 
CPH 
-SPH 
0.0 
SPH*SCTH 
CPH*SCTH 

TR(1,1) 
TR[1,2) 
TR(1,3) 
TH(2,1) 
TB(2#2) 
TR(2,3) 
TR(3,1) 
TR(3,2) 
TR(3,3) 
IPBTOP  «   2 
IPBTOP  -   1 
IP (IPBTOP. EQ.2)CAll 
RETriBR 
END 

|- 

RDPRNT[TB, NfN,SDIH1#2) 

B?: 

. «*, 

h;-iw v! 

v 
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SUBROUTINE  IXIJTB(IITIJ,IL1,XL2,XL3,XHB,NDIM1,IGCOPT,IT80PT) 
C SRSP  TO   DEFINE  SHIFTED   INEHTIA  MATRIX/2ND ORDEB  TENSOR. 
C I. B.,   AXES  ARE   SHIFTED   (SAY  FROH   3H  TO  ARBITRARY  POINT  0). 
C NOTE  THAT  CONST 1   =   1   FOR   XCH TO  POINT   XO TRANSFOBHATION. 
C C0NST1  =   2 FOR   XO  TO  POINT  XCH TRANSFOBHATION. 

DIOENSION   XIXXJ(HDIH1, 1) 
GCONST  =  32. 17* 
C0NST1  =   1.0 
IF(ITR0PT.EQ.2)   C0NST1   » -1.0 
XHASS  =   XHB 
IF (IGCOPT.EQ.2)IHAS5=XHASS/GCONST 
IGCOPT *   1 
XL1SQ 
XL2SQ 
XX.3SQ 

X11*ZL1 
XL2*XL2 
IL3*XL3 

ft 

XIZIJ(1,1) = 
ZIZIJ(1,2) « 
ZZZZJ(1,3) » 
XIZIJ(2,1) « 
ZIZIJ(2,2) - 
XIXIJ(2,3) » 
IIXIJ{3,1) « 
XIXIJ(3,2) « 
XIZIJ(3,3) « 
IPHTOP  «   2 
IPBTOP  «   1 
IF (I PB TO P. EQ. 
RETURN 
END 

ZIZIJ(1,1) -   CONST1«'XHASS*(XL2SQ   ♦  XL3SQ) 
ZIZZJ(1,2) ♦  COMST1*ZHASS*(XL1*XL2) 
ZIXIJ(1,3) ♦  CONST1*XHASS*{XL1*XL3) 
XIXIJ(2,1) ♦   CONST1*XHASS*(XL2*XL3) 
XIIIJ(2,2) -  CONST1*XHASS*fXL1SQ  ♦   XL3SQ) 
XIIIJ(2,3) ♦   CONST1«XHASS*(XL2*XL3) 
XIIIJ (3,1) ♦  CONST1*XHASS*fXI3»XL1) 
XIXIJ(3,2) ♦  CONST1*XHASS*(XL3*XL2) 
XIIIJ{3,3) -   C0NST1*XHASS*(XL1SQ   ♦  ZL2SQ) 

2)   CALL  RDPRNT(IIXIJ,3,3,HDIH1, 2) 

K 

A* 

67-100 
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SUBROUTINE  IXIJRP(XL1,XL2,XL3,HHOB, XBB, XIXIJ ,NDIB1 , »^ 
*  IHASSO,IGCOPT) 

DIMENSION   XIXIJ(NDIM1,1) >V 
C             IL1   =   RECTANGULAR   PABAL1ELEPIPED LENGTH   IB X1  OH   01                                                                           ,\\ 
C                           BODT   BOH   AXIS  DIRECTION. ■> 
C            XL2  =   BECTANGOLAB  PABALLELEPIPED  LENGTH  IN 12 OB  U2                                                                           '.\" 
C                           BODT  PITCH  AXIS  DIRECTION. v 

C            XL3  =   RECTANGULAR  PABALLELEPIPED LENGTH  IN X3 OB  03                                                                           — 
C                           BODT   TAiAXIS  DIRECTION- 7 
C            IBASSO,ZGCOPT *  BASS  CALCULATION,   GC UNIT CONVERSION '/."'. 
C                           FLAGS,   BESPECTIVBLT. 
C            BHOB =   BASS   DENSITY OF   BODT. "1% 
C            IBB  ~   BASS  OF THE   BODT   IF   KNOWN  A   PRIORI. > 
C            NDIH1   *   ROB  DIBENSION   ALLOCATION   FOB   INEBTIA   HATBIX 
C                           (2ND   ORDER  TENSOR) . —- 

ZEE = 0.0 p;: 
ONI =1.0 N> 
GCOBST =  32.17» 
IF(IHASSO-I) 1,1,2 -V 

1 CONTINUE \> 
XHASS = RHOB*XL1*XL2*XL3 *V 
GO  TO   3 £*£ 

2 CONTINOE m 
TBASS  =   XHB f? 

3 CONTINUE ;-•; 
IF (IGCOPT. EQ.2)XBASS  =   XHASS/GCON5T 
IGCOPT   =   1 
CALL  BTBINT(XIXIJ,3,3,NDIB1,ZEB) V 
XrACTI   *   (1.0/12.0)*XHASS 
XL1SQ  *   XL1*XL1 *v 

XL2SQ  *  XL2*XL2 IC 
XL3SQ  *   X13*XL3 *■*? 
XIXIJ (1,1)   «  XFACT1*(XL2SQ   ♦   XL3SQ) 
XIXIJ(2,2)   =  XFACT1*(XL1SQ  ♦   XL3SQ) 
XIXIJ (3,3)   =   XFACT1*(XL1SQ  ♦  XL2SQ) 
IPBTOP  *  2 V* 
IPBTOP  *   1 fc*; 
IFflPRTOP. EQ.2)CALL  RDPRNT (XIXIJ,3 , 3,NDIH1,2) >•»• 
XBB  =   XHACS 
RETURN 
END 

67-lUi 
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SOBBOOTINE  OHGDEP (CH5HTR, R,P,Q,NDIH 1) 
C »ROLL,   PITCH,   AMD   XAff  RATE»   -   »SPINOR«   MATRIX  IN 
C BODY COORDINATE  REFERENCE  STSTEH. 

DIMENSION  OHGHTR (NDIH 1,1) 
2RR  =0.0 
CALL  HTRINT(OHGHTR,3,3,NDIH1,ZEB) 
OHGHTR (1,2)   *   R 
OHGHTR (1,3)   = -Q 
OHGHTR 12,3)   *  P 
OHGHTR (2,1)   « -OHGHTR(1,2) 
OHGHTR (3,1)   ■  -OHGHTR (1,3) 
OHGHTR(3,2)   - -OHGHTR(2,3) 
RETURN 
END 

ttrr 

SOBBOOTINE  YECAXB (A1,A 2, A3, 31, B2, B3 , C1,C2,C3) 
C1   *  A2*B3  - A3»B2 
C2 «  A3-B1   - A1*B3 
C3  *  A1-B2  -  A2*31 
RETURN 
END 

SUBROUTINE   TARAXB (A,B, C,NDIB) 
DIHENSION  A(NDIR) ,B(NDIR) ,C(NDIR) 
C(1) « 
C(2) - 
C(3) * 
RETORN 
BND 

A(2)*B(3) - A(3)-B[2) 
A(3)-B(1) - A(<)*B(3) 
A(1)-B(2)   -   A(2)*B(1) 

SOBBOOTINE   EQYHTR(A,B,N1,N2,NDIHA,NDIHB) 
DIHENSION  A(NDIHA, 1),B(NDIHB,1} 
DO   1X1-1,11 
DO  212*1,N2 
B(I1,I2)   >  A(I1,I2) 

2  CONTINUE 
1  CONTINUE 

tETONN 
END 

67-lUj 
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SUBROUTINE  NATPRD (A,X, XK,N1, N2, NDIN 1) 
DIHEHSIOH   A(NDIN1, 1),X (N2) ,X!C (N1) 
EPSTOL   =   1.0E-08 
DO   111*1,N1 
SUH  «0.0 
DO   212=1,N2 
IP (ABS(A(11,12»)    .LE.   BPSTOt)GO  TO   2 
IP (ABS (T (12))   .IE.   EPSTOL) GO TO  2 
SUH *   SUH   ♦  A(I1,I2)*X(I2) 

2 CONTINUE 
XK(I1)    ■  SUH 

1  CONTINUE 
RETURN 
END 

fc 

PUNCTION  XJPIRP (AMPPLR,PHSPLH,X?REQ,T) 
C DEPINITION   OP  X(JP)   PLOOR   NOTION   AS  PUNCTION   OP  TINE 
C AT   (IR)TH   7IBRATI0N  ISOLATION  SUPPORT   LEG LOCATION. 

PI »  3.1Q15926535 £ 
PIT2 =   2.0*PI P 
EPSTOL   *  0.5E-06 
ZEB «0.0 
DEGRAD «  PI/180.0 
PPHSPL   *   DEGRAD*PHSPLB \N 
ONEGA   *  PIT2*XPRBQ 
AANPLR   *   AHPFLR *V 
CSONPH  *  COS(ONEGA*T -   PPHSPL) ir* 
IP(ABS(AABPLB)   -   EPSTOL) 1,1,2 ** 

2 CONTINUE 
IP (ABS (CSONPH)   -   EPSTOL) 1,1,3 

1   CONTINUE \% 
XJPIRP -  ZER 
GO   TO   t» > 

3 CONTINUE 
XJPIRP   *   AAHPLR'CSCHPH 5* 

Q  CONTINUE 
RETURN 
END .;- 

b 7-1-0 \ 

w. 
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************ 
12 

0.0 00 
0.0 00 
0.0 00 
0.000 
0.000 
0.000 

12.073 
2 2 
3000. 

6 3 
1500. 
1500. 
1500. 
1500. 
1500. 
1500. 
6.037 
0.000 

-6.037 
-6.037 
0.000 
6.037 
0.000 
0.000 
0.0 00 
0.0 00 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.0 00 
0.000 
1.000 

»•♦fr*****«'»********************«************ 

0.000 0.000 
0.000 0.000 
0.000 i.OOOE-03 
0.000 0.000 
0.000 0.000 
0.000 0.000 
».167 1.500 

1 
0.000 

»500. 
1500. 
1500. 
1500. 
1500. 
:JOO. 
2.084 
2.084 
2.084 

-2.084 
-2.084 
-2.084 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

768.0 
768.0 
768.0 
768.0 
768.0 
768.0 

-0.750 
-0.750 
-0.750 
-0.750 
-0.750 
-0.750 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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|P C COMMENT:   TFVHHF02-FTN; 1 
C DRIVER   PROGRAN   TFVHHP  -   DRIVER   FOR   TEMPORAL   FILTERING 
C OF  HOLOGRAflS  RELEVANT  THE   IHPACT  OF  VIBRATORY  NOTION 

Y'\ C ON   DIFFERENTIAL   HOLOGRAM   FRINGE  MODULATION  FUNCTION. 
C ******#*****♦***********#***********************♦•#******♦* 

IMPLICIT  REAL*8   (A-H,0-Z> 
COMMON /La«IO1/LüNI,L0NO,L0NO1 

Q *************•#******************************************** 

DIMENSION   APDSEP(50) 
JsT. DIflENSION   XJNXA (500),XYNKA (500) 
JV DIflENSION   ri{15),F2{15) ,DBLF12(15) 

l"' *" 

>\ 

DIflENSION   VAHPEX(50),TSAHPH(15),XFREQ(50),ALPHAEM5), 
4- •   BETAEI(15) 
>.• DIflENSION   XPRHDFt50),HXTHDF(50) r^ 
■Q *********************************************************** 

895 FORflAT(IHO) 
896 F0RHAT(1H1) 

>y 897 FORMAT (/) 
*\-^. 898 FORHAT (///) 

899 FORflAT(8E13.5) 
900 FORMAT (8E1 0.5) «X 

^                                  901 FORflAT(16I5)                                                                                                                                                                      (ftf 
JPI 902   POHMAT(8E16.8) 

************************************************************** 
LONI   =   1 
LDNO   =   4 /•; 
LON01   =5 

*/\ OPEN(DNIT  * LONI,   TYPE   »   «OLD»,   NAME  =   •TFVMHFIS.DAT«, 
* ERR  *  99) * 

****** **************** tii *********** ********* ****** ********* r- 
NDIH1   *  500 '-I 
NDIH2  - 50 vl- 

V-> »DIHJ   =   15 > 
l\\- N D IM FR   -   50 '->" 

BPSTOL   *  0.5E-15 
ONI *   1.0 
ZER  *   0.0 "• 
PI *   3.1415926535 .> 
PIT2  =   2.0*PI -V 
PIS2 =  PI/2.0 ; . 
DEGRAD *   PI/180.0 
RADDEG  =   180.0/PI 

^»-*-t 

CALL   RDAPRTJAPDSEP,1,20,1) 
READ   (L0NI#901)    NDFSHX,MXVAHP,IF1P2D,MXALPH,MXBETA.MXTSMP 

r^ READ   (LUNI,900)   CLFV,H ETFRQ, HTLNDA 
CALL  RDPRT1(VAHPEX,aXVAMP, 1) 
CALL   RDPRTUF1,IF1f2D. 1) 
CALL   RDPRT1(F2,IF1F2D, 1) 
CALL   RDPHT1 [DELF12,IF1P2D, 1) 
CALL   RDPRT1(ALPHÄE,MXALPH, 1) 

«•■-hi; \j 

v « • 
1 „- 

t. -* ••. r 
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P1GE 2 

LN V 

m 
K\ 

\> 

v   * 

m 
»> 

CALL   RDPRT1 (BBTAEX,HXBETA, 1) 
C1LL  RDPRT1(TSABPH,HXTSflP,1) 
****************************************************** ********** 
»BITE   MNO,896) 
CALL  RDAPRT(APDSEP,1,20,2) 
WRITE    (L OHO, 89 8) 
»BITE   <LtJKO,901)    RBESHX,»XVABP,IF1F2D,BXALPH,HXBETA,flXTSflP 
BRITE   (LDHO,898) 
WRITE   (L0BO,899)   CLP?, RETFHQ,HTLBDA 
»KITE (LOBO,898) 
C1LL RDAPRT(APDSEP,1,20,2) 
BBITE (LUHO,897) 
CALL  lDPtT1(?AflPEX,HX?AHP,2) 
■BITE    fLtJ»0,898) 
CALL  RDAPRT(APDSEP,1,20,2) 
WRITE   JtOBO#897) 
CALL RDPRT1(F1*IF1F2D,2) 
WRITE (LOBO,897) 
CALL RDPBT1(F2,IF1P2D,2) 
WRITE    fL0RO,897) 
CALL  RDPRT1(DELF12,IF1F2D,2) 
WRITE   t!-0WO,898) 
CALL  RDAPRT(APDSEP, 1,20,2) 
WRITE    [LOHO,897) 
CALL  RDPRT1(ALPHAE,HXALPH,2) 
WRITE   (L0HO,897) 
CALL  RDPRT1(BETAEX,HXBETA,2) 
WRITE    tLaWO,898) 
CALL  RDAPRT(APD5EP,1,20,2) 
HRl'TE   fLtJ»0,897) 
CALL   ROPRTl(TSAHPfl,nXTSHP,2) 
WRITE   {L0WO,898) 
CALL  RDAPRT(APDSEP,1,20,2) 
CALL  BOAPRT{APDSEP,1,20,2) 
WBITB   (LOWO,898) 

CALL  ALVCPD [ALPHAE,BXALPH,DEGRAD, 1) 
CALL  ALTCPD(BBTAEX,HXBETA,DEGHAD,1) 
BO   1I1«1,HX»AHP 
TTAHEX   =   VABPEX(II) 
DO   212=1,IF1F2D 
FF1  «   F1(I2) 
FF2  *   F2CI2) 
D0LF12  =   DELF12(I2) 
CALL  XTECCL(XFREQ, JHXFBQ,NDIBFB, FF1, PF2, DDLF12, 1) 
DO   313-1,HXALPH 
AALPHA   =   ALPHA E [13) 
DO   «I«*1,HXBETA 
BBETAE  »   BETAEX(14) 
DO   5l5»1,flXTS»P 
TTSIIPB   *   TSAHPH (IS) 
DO   616-1,JBXrRQ 
XXFREQ   «   XFRCO. [16) 
IOREGA   *   PIT2« XXFREQ 

fcf 

o7-!U8 
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IK  »   PIT2/HTLBDA 
«A  «   XK»VTABEX —— 
XKABG  *  XKA*(DCOS(AALPHA)    ♦   DCOS (BBBTAE) ) k,. . 
LIB  *   HBESBX 
CALL  SPBESS(XKABG,ZER,LIH,EPSTOL,XJHKA,XYHKA,DOBBT# 

*   IP,BDIB1) 
BMBSBX   3  LIB \V 
SHCABG   -   OBEGJ*TTSBPH/2.0 >V 
HPSVBB   «   1.0 ■*";-_/ 
CCSWTA   -1.0 - - 
SSBBTA   *  0.0 
CS1TAR   «   DCOS(SHCAHG) 
SMVTAB   *   DSIH(SMCABG) 
ICITER  *   ICHTEB   ♦   1 
SOB  »   O.C 
DO  7I7«1,HBBSBI 
XI7 «17 —^ 
IF (17   -   1) 10,10,11 f""^ 

10 COMTIMOE 
SMCFCI  «   Oil 
GO  TO   12 

11 COBTIMOE 
EPSVMfl   =2.0 A* 
IF (DABS (SHCABG)   -   EPSTOL) 10, 10, 13 V\ 

13  COBTIHOE Cgg 
SBCFCN   »   SSM»TA/(XI7*SHCARG) 

12 COBTIHOE 
SUB  *   SDH   ♦   EPS¥HB»XJMKA [17) «SBCFCH 
CALL  CPLXQB(CCSWTA ,SSHHTA,CSITAB ,SI»TAB,XDOB 1, XDOB2,1> 
CCSWTA  *   XDDB1 
SSBfTA  *   XDDB2 

7  COBTIMOE ;\J. 
XFBHDP(I6)   *   SDH »•* 
BXTHDP(I6)    * BIBSBX 

6 COBTIBOE 
CALL  BDPBT1(IPRHDF,JBXFBQ,2) 
BUTE    (LUMO,898) V ' 
CALL  BPIPBT(BITBDF,1,J8XFHQ#2) w< 
»BITE    (LOBO,898) /toV 

5  COMTIMOE •» 
•  COMTIMOE 
3  CO MT IM DE ym- 
2 COMTIMOE >" 
1   COMTIMOE 

CLOSE    (OMIT  »   LOHI.DISP  *   »KEEP* , EBB   *   99) 
99   COMTIMOE 

EMD 
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C 
C 
c 

c 
c 
c 

SOBBOOTIBE  SPBESS(I,OI,BTB,EP.BBJ,BBI,CB,IP,BDIHJM) 
DIBEBSIOB   BBJ(BDIBJB) ,BBY(BDIBJB) 
IBPLICIT  DOUBLE PBECISIOB   (A -B,   0-2) 
BTBBAX  *   399 
IPfX -   1.0E-06)101,101,10 

101 COBTIBOE 
WHITE    (L0BO,10 2) 

102 PORWAT{/20X,18BSTOP   101   IB   BESSEI       /) 
STOP 

10 COBTIBOE 
IF (ITS   -   MTB?AI)12,12, 121 

121 COBTIBOE 
BBITE   (1010,122) 

122 FOHBIT(/20X,18BSTOf   121   IM  BBSSEL /) 
STOP 

141  COBTIBOE 
BBITE    ftOBO,142) 

1112  PORBAT(/20I, 18BST0P   1.1   IB   BESSEX. /) 
STOP 

12 COBTIBOE 
IF (01* (1.0-01)) 141,210,210 

210  COBTIBOE 
IP -   1 

ESTIBATE TBZ  BESS El  FÜHCTIOB  OF  BAIIBOR  OBDER. 

MO -  0 
IOT  «   1/2,0 
0 »  01 
XTO  •   XOT*«0I 
GAB  «  GAB.1A(0I   ♦   1.0) 
TI  »  XT0/6A« 
PI  -  3.1415926535 
TO!  «   1.0/XOT 
V  « TOI/PI 

15 COBTIBOE 
TB  -  TI 
BO  *  BO   ♦   1 
0 -  0  ♦   1.0 
TI  «   IOT*TB/0 
IF(TI   -   EP) 151,15,15 

151   COBTIBOE 
MO   »   BO -   2 
0-0-2.0 

IF   BO   .LT.    BTB   ?BEM SET   BTfl -   MO   AMD  IP  *   2 

IF (BO   -   ITS) HI, 16,16 
161   COBTIBOE 

IP   •   2 
MTS   -   MO 

e>:-i io 



P16E 5 

C 
c 
c 

c 
c 
c 
c 
c 

16  CONTINUE 
BJP  «  Tfl 

COMPOTE  J(NU*1)/J(NU)    BY  CONTINUED   FHACTION 

0 * a ♦ 1.0 
NÜ * NO ♦ 1 
IF(0  -   1)201,201,20 

201 CONTINUE 
PRINT   202,tJ,X 

202 FORHAT t/10X#11HHAX   ORDER  *    1PEUJ- 7, 10X, lOHARGOHEHT  *   , 
•   1PEU.7,/, 10Xr40HCONTINUED  FHACTION  EVALUATION   IS   SOSPECT  /) 

20 CONTINUE 
AKHT  *   0.0 
AKHO  *   1.0 
BKHT  »1.0 
BKHO »   TOX«0 
RK  *  AKHO/BKHO 
RR   «   0.0 
SA  -  -1.0 
OK   »   0 
DP  -   1.0E-08 

21 CONTINUE 
IF(DABS{1.0  -   RB/RK)   -   DP)22,211,211 

211  CONTINUE 
RR  *  RK 
OK   -   OK   ♦   1.0 
SB  *  OK*TOX 
AK   -   SB*ARHO  ♦   SA'AKHT 
BK   *   SB*BKHO   ♦   SA*BKHT 
RK   *   AK/BK 
AKflT  -   ARBO 
AKHO  *   AK 
BKHT  *   BKHO 
BKHO  *   BK 
CO  TO   21 

22 CONTINUE 
BJ   -  BJP/RK 

IF  X   .Lf.   8 COHPUTE  NQRHALIZATION  CONSTANT,   Y(OI),   AND 
T(U1   ♦   1)    8T  SERIES   (PATH   80).   IF I.GE.   8   USE  PHASE 
AHPLITUDE  HETHOD. 

IF[X  -   8-0)80,221,221 
221  CONTINUE 

NO   =   NU   -   1 
0   *   0   -   1.0 
CO  TO    (30,40),IP 

30  CONTINUE 
NN   «   NO  -   NTH 
DO   261-1,NN 
BJH  «   0»TOX»BJ   -   BJP 
NU   *   NU  -    1 
U  «   U   -   1.0 

V\V 

V." 

:£ 

-ill 

.<<'<*: 
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BJP «   BJ 
BJ  *  BJH 

26  CONTINUE 
4 0 CONTINUE 

BBJ(NO   ♦   1)   *  ?J 
DO  351«1,MTB 
BJH  *   U*?OX*BJ   -   BJP 

|| BBJ(KO)   •   BJH 
■ BJP «   BJ 
:\ BJ  »   BJB 
fr NO  «   HO  -   1 

0*0-   1.0 
f\ 35  CONTINUE 
,*• ALI  -  01*01 -   0.25 
NA2  -  0.5*AL1 

AL2  *   AL1*AL1 
A»   «  AL2/24.0  -  AH/4. 0 
A13  *   A12»AL1 

j».- A6   *   (1.0/80.0)*AL3  -    [7.0/20.0) »At 2   ♦  0.75*AL1 
AL4  «  AL3«AL1 V 
A8   *   (1.0/1792.0)•ALU  -   (95.0/224.0)"AL3   ♦   (807.0/224.0)• -V 

b\ »   AL2 -   (315.0/56.0)»AL1 
»AL5  *   AL4*AL1 

A10  »   (7./2304. )*A15  -    (35./72.) *AL4   ♦   [ 1975./192-) *AL3 - . \ 
1*« •   (58.)*AL2   ♦   (315./4.)*AL1 \v-.. 

TS  *   1.0/1 •.*•"/' 
T2  *  T5»TS v;'0 
T4   -  T2*T2 ".\V." 
T6   -  T4«T2 /•,; 
T8  « T6*T2 ter^- 
T10 «   T8*T2 *Ty-\ 
TPHI  »   1.0   ♦ A2«T2   ♦  A4*T4   ♦   A6»T6   ♦   A8»T8   ♦   A10T10 /-/v 
PII  -   TPHX/TS -   (01  ♦   0.5)*(M/2.0) •» 
A2  -  0.25»ALI \/V 
A4  -   (5-/32.) *AL2  -   (3./8.)»AL1 
A6  -   (15./128.)»AL3 -   (37./32.) *AL2   ♦   (15w/8.)*AL1 
A8   «   (195./2048.)«AL4  -    (6 11 ./256.) «AL3   ♦   (1821./128.) •112     - :% % 

• (315./16.) «ALI rTT 
A10  «    (663./9192. )*AL5   -    (4 199./1024. ) »AL4   ♦   ( 29811./5 12.) »AL3  - 

• (2223-/8.) #AL 2  ♦   (283 5./8.) *AL1 
BIO ■   1.0   ♦   A2*T2   ♦  A4»T4   ♦   A6»T6   »   A8*T8   ♦   A 10»T10 
SQf   «   SQ»? (■) 
AMU  *   SQ«»BNO v; 
CS   ■   DCOS(PHI) 

M SS  «   DSIN(PHI) 1-    h 
P FJ  « A«n#cs 

FT   ■   ABU »S3 
C»   -   FJ/BBJ (1) 
FJP -   C»*BBJ(2) 

:• AB  *   DABS(FJ) **•!'% 

k c v:" > C IF   J(OI)   IS   NOT  CLCSE  TO  Z ItO.   CALCULATE  T(UI   M)    FtOR   THE t 

\% C **ONSKIAN   CONDITION   IF   IT   IS  CALCULATE   TBf   OEIIfATIFE  OF "..„-. 
C T(OI). 

*, ■ - u; 
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C 
IT{kB  -  0.001) 36,361,361 

361   CONTINUE T"~ 
FTP =   (FY*FJP -  W)/FJ vv 
GO  TO  50 y-v 

36 CONTINUE •■_V. 
A2  =   (5./2. )*A2 
A4  =   (9./2.)*A4 
A6  *   (13./2.)*A6 \>\ 
A8 *   (17-/2, )*A8 «£^ 
Aio = (21./2.) mo »: ; 
ANP »  0.50   ♦ A2*T2  ♦  A4*T4   ♦  A6*T6   ♦  A8*T8   ♦   A10*T10 
ANP »   -TS*SQW*ANP 
PHIP =   N/(AN0*AN0) ."v! 
PTP *  ANP*SS  ♦   PHIP*FJ '.*/ 
FTP *   0I*TS*FI -  FTP -.\ 
FJP *  ANP*CS -   PHIP*FY 
FJP =   0I*TS*FJ  -   FJP pT" 
CN  »  FJP/BBJI2) K-T 
GO  TO   50 •■■."-\ 

C 
C     SERIES CALCULATION OF NOBHALIZATION CONSTANT, T(0I), ARO V\~' 
C    Y(0I ♦ 1). START THE SERIES SOHHATION AT THE LARGEST EVEN .-V 
C    INTEGER. IF NO IS ODD SET JP * 1, IF NO IS EVEN SET 
C    JP * 2. 
C 

80 CONTINUE >V 
KO * NO/2 V-* 
ANOT * GAfl/XTU >\ 
AN * (OI ♦ 2.) »ANOT '-\'* 
TOP ■ 2.0/PI >V 
BN « 0.0 >' 
IF (01 .GT. 0.99995)GO TO 81 L*t 
BN  »  IOP*(DI  ♦   2.)*ANOT*ANOT/(1.   -   UI) :*T* 

81 CONTINUE 
TOI *  01*01 
IF(K0 -  2)84,841,841 

841  CONTINUE 
DO  83K*2,K0 
KB   «   K   -   1 "'*' 

*-".■*» 

♦   2* KB)) *V^ 

.** »* 

TWSKB   *   2*KB *^ 
RK   -   (01   ♦TNSK)*(0I  ♦JtKB)/(XK*(0I   ♦ TWSKfl)) N 
AN  *  RK*ANB 

Pv" C BN   *   -BK*(T0I   ♦   *B)*BNN/(K   -  ÜI) 
BN   *  -BK*(TUI   ♦   XKB)»BNN/(XK  -   01) 

83 CONTINOE v'-' 
84 CONTINOE 

CN   »   0.0 

ANN * AN 
BNB ■ BN 
.&   * (01 ♦ 2*K)*(0I ♦ KB)/(K« (01 
TNSK * 2»K 
1KB * KB 
XX  * K 

67-11J 
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FT  =  0.0 
FTP  =   0.0 
BJD  =0.0 
BND =0.0 
JP  =   1 
IF(2*K0  -  NO)851,85,851 

851  CONTINUE 
JP *   2 

85 CONTINUE 
NU  = NO -   1 
0=0-1. 
H = KO 
GO  TO   (86, 95),IP 

86 CONTINUE 
NN =   NO  -   NTH 
DO  871=1,NN 
BJ« =   0*TOX*BJ  -   BJP 

^ GO  TO   (88,89),JP 
88 CONTINOE 

ANP = AN 
BNP « BN 
NP  =  N 
CN  =  CN  ♦   AHP*BJP 
FT  *   FT   ♦  BNP*BJP 
FTP *   FTP  ♦  0.50*(BND-BNP) *BJD 
BJD =   BJ 
BSD  =   BNP 
N  «  N   -   1 

C RN =   NP* (UI   ♦   2*N)/({UI   ♦   2*NP)*(CI   ♦   N) ) 
XN  «  N 
XNP *   NP 
RN  *  XNP*(OI  ♦   2*XJ)/((0I  ♦   2*XNP)*(0I   ♦   XN) ) 
AN  *  BN*ANP 

C BN  «  -BNP* (NP  -   UI)*RN/(TUI   ♦   N) 
BN  »  -BNP* (XNP   -   OI)*RN/(TOI   ♦   XH) 
JP  *   2 
GO  TO   90 

89 CONTINOE 
JP •   1 

90 CONTINOE 
NO   *   NO  -   1 

v; 0 = 0-1. 
BJP  «   BJ 
BJ * BJH 

87 CONTINOE 
95 CONTINOE 

BBJ(NO   ♦   1)   *  BJ 
DO   1051=1,NTH 
BJP!  *  TOX*0*BJ   -   BJP 
BBJ(RO)   *   BJ« 
GO  TO    ft7#98),JP 

97 CORTINOE 
ANP *   AN 
BNP *   BN 

67-1U 
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C 
C 
c 

NP   *   R 
CN  =  CN   ♦   ANP»BJP 
FT  a  FT  ♦   BKP*3JP 
FTP =   FTP   ♦   0,50* (BSD-BNP) *BJD 
BSD =   BNP 
BJD =   BJ 
N  =   N   -   1 
RN  *  HPMÖI   *   2*N)/((UI   ♦   2*HP)*(UI   ♦   N) ) 
XN =   N 
XNP =   HP 
RN  »  XJIP^IUI  ♦   2*XN)/((UI   ♦   2*XSP)*(0I   ♦  XN) ) 
AH  =  RN»ANP 
BN =  -BN?*[NP -  0I)*RN/(T0I   ♦   N) 
BN   =  -BNP* (XNP   -   0I)*RN/(T0I   ♦   XN) 
JP  *   2 
GO   TO  99 

98 CONTINUE 
JP a   1 

99 CONTINUE 
NO *   NÜ -1 
0*0-1. 
BJP *   BJ 
BJ «  BJH 

105 CONTINUE 
IN  «  1NOT 
IF (01   -  0.00005)701,701.107 

701 CONTINUE 
Bl » TOP* (0.5772156649   ♦ ALOG (IOT)) 
GO TO   108 

107 CONTINUE 
BN  *   1./TAHF(OI*PI)   -   ANOT*AHOT/(PI*0I) 

108 CONTINUE 
CN  *  CN   ♦   AN*BBJ(1) 
FTP *  -H*AN*AN*BBJ(1)    ♦   (BN  -  0.50*BNP)*BBJ (2)    ♦ 3.*0I*FT/X 

*  -   FTP 
FT  *  FT  ♦   BN*BBJ(1) 
CH «   1.0/CI 
FT » CN*FT 
FTP *   CN*FTP 
FJ  «  CH*BBJ(1) 
FJP »  CN*BBJ(2) 
IF (DABS (FJ)   -  0.001)50,501,501 

501  CONTINOB 
FTP «    (FT*FJP -   t)/FJ 

N01HALIEE THE J(N0) AND CALCULATE THE T(N0). 

, 4 
V 

V 

K 

50 CONTINBE 
BBJ(1)   • FJ 
BBJ(2)   * FJP 
BBT(1)    « FT 
BBT(2)   * FTP 
0  ■ 01   ♦ 1. 
■T »  NTH -   1 

67-MS 
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DO  51K=1,NT 
BBX(K*2)   *   TOX*0*BBY(K*1)   -  BBY (K) 
BBJ(K*2)   a  CN*BBJ(K*?) 
0=0*   1. 

51  CONTINUE 
RETURN 
END 

FUNCTION  GAHHA (I) 
IHPLICIT  DOUBLE  PRECISION   (A-H,0-Z) 
IF (DABS (X)   -  1.0E-06)100,100,10 f- 

100 CONTINUE W* 
WRITE   fI.OHO,101) 

101 FORHAT(/20X,17HSTOP   101   IN  GAMMA     /) 
STOP 

10 COHTINOE 
SOB *   X ♦   X*X* (0.5772156649 ♦  X* (-0.6558780715   ♦ X*< ^ 

* -0.0420026350  ♦  X*(0.166538611» ♦   X*(-0.0421977346 ♦ ^ 
* X*(-0.0096219715   +X*{0.0072189432   ♦  X*(-0.0011651676  ♦ 10$ 
* X* (-0.0002152417   *X*(0.0001280503   *X* (-0.000020 1348 * ^ 
* X*C-0.0000012505   ♦ I*(0.0000011330  *X*(-0.0000002056  ♦ ^\ 
* X*(0. 0000000061   *■  X*(0.0000000050   ♦  I* (-0.0000000012   ♦ V 
* 1*0.0000000001))))))))))))))))) ^\ 

GAMMA - 1. 0/SUN v-%; 
RETURN                                                                                                                                                                                 v\- 

Mr» 
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SOBROOTIRB  RDAPRT (IPLT, IM , N2 ,KEY) 
COÖHOR  /LONI01/LORI,LORO,LON01 
DIHEMSIO»  IPLT (R2) 

903   FORP1AT(20A4) 
GO  TO    (1,2,3),KET 

1 CORTIROE 
HEAD   (1081,903) (IPIT (I) ,I=M1,»2) 
GO  TO   4 

2 »RITE   (L0RO,903) (IPLT (I) ,I=H1, M2) 
GO  TO   4 

3 WHITE   (LORO1,903) (IPLT (I),I=R1,R2) 
4 CORTIROE 

RETORN 
EMD 

fcv 

•\ 

SÜBRO0TIRE  HDPRRT(AtRHAX,flHAX,RDIH,KEY2) 
IMPLICIT  HEAL*8   (A-R,0-Z) 
COHHOR  /L0»IO1/LORI,LORO,LOMO1 
DIHEHSIOM  A(RDIH,1) 

898 FORK AT (SEI 6. 8} 
899 PORHAT(8E13,5) 
900 FORHAT(8E10,5) V* 

DO   1I=1,RHAX 
GO  TO   (2,3,5),KET2 

2 CORTIROE 
READ   (LO»I,900MA(I,J) ,J=1,f!HAX) J> 
GO  TO  4 £* 

3 CORTIROE >- 
»RITE   (L0EO,899) (A (I,J) , J«1,HIAX) 
GO TO   4 

5 CORTIMOE 
RRITE   (L0RO1,898) (A(I,JJ ,J«1,RflAX) 

4 CORTIROE 
1  CORTIROE ~\ 

RETORR ^ 
ERD 

if:-' 

67-117 

& 



PAGE  12 

SUBROUTINE  ALTCPD(X,N,AI.,IOPT) 
IBPLICIT  REAL*8   [A-H,0-Z) 
DIKENSION   X(N) 
DO   3I=1,N 
GO   TO   (1,2),ICPT 

1 CONTINUE 
X[I)=X[I)*AI 
GO  TO   3 

2 CONTINUE 
X{I)=X(I)/AL 

3 CONTINUE 
RETURN 
END 

SUBROUTINE   RDIPRT (J,IBIN,IBAX,IGTOPT) 
COBBON  /LUNI01/LUNI,LUNO,LUN01 
DIBENSION  JflBAX) 

901   PORHAT(16I5) 
GO  TO   t1,2,»),IGTGFT 

4  CONTINUE 
«RITE    (tU*O1,901) (J[I) ,I=IWH,IBAI) 
GO  TO   3 

1 CONTINUE 
READ   rLUBI,901) (J (I) , I=IflIN,IMAX) 
GO   TO   3 

2 CONTINUE 
WRITE   (10*0,901) (JfI),I=IBIN,IBAX) 

3 CONTINUE 
RETURN 
END 

b7-t18 
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SUBROUTINE  VCTINT (X,N,XO) 
IHPLICIT  REAl*8   (A-H,0-Z) 
DIHENSION   X(M) 
DO   11=1,H 
XlI)=0,0fXO 

1   CONTINUE 
RETORN 
BID 

SUBROUTINE   HTHINT (A, N, H,NDIH ,AO) 
IHPLICIT  REAL*8    {1-H,0-Z) 
DIHENSION   A(NDI«,1) 
DO   11=1,N 
DO   2J=1,H 
A(I,J)=0.0*AO 

2  CONTINUE 
1  CONTINUE 

RETURN 
END 

67-119 
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SUBROUTINE   XVECCL [X,NP1,NDIH,X1,X2, DE^X,IOPT) 
COMMON  /LÜNIOl/LINI^ONOfLUNOl 
IMPLICIT  REAL*8    (A-H,0-Z) 
DIMENSION   X(NDIN) 

897 FORMAT{/) 
898 FOHNAT(///) 
899 FORMATJ5E16.8) 
901   FORMAT f16!5) 

WHITE   (LOMOf899)Xl,X2,DELX 
GO   TO    [2, 3,2), IOPT 

2 COMTINtJE 
NOX1X2= fX2-X1)/DELX*1. 01 
WRITE   {LONO,901)NOX1X2,NP1 
NOX1X2=IABS(NOX1X2) 
NP1»N0X1X2 
WRITE    (LUNO,90l)NOX1X2,NP1 
GO  TO   (4, 3, 3) r IOPT 

4 CONTINUE 
XCONST*1.0 
IP(X1.GT.X2)XCONST^-XCOHST 
DO   1I*1,N0X1X2 
X12IH1-I-1 
X(I) »X1*X12IM1*PELX«XCONST 

1  CONTINUE 
GO  TO   5 

3 CONTINUE 
CALL  RDPRT1(X,NP1,1) 

5 CONTINUE 
WRITE   (LDNO,897) 
CALL   RDPRT1(X,MP1,2) 
PRINT   898 
RETURN 
END 

Efl 

tr.; 

U- 
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SDBROÖTINE  BDPRT1(X,N,KEY2) 
IHPLICIT  REAL*8   (A-H,0-Z) 
COBHON   /LOHI01/HINI,LONO,LUH01 
DIHBRSIOB   Z(M) 

897 FOBHAT(8E10.5) 
896  POBHAT(5E16.8) 
899 FOBHAT(8E13.5) 
900 FOHHAT(8E10.3) 

GO  TO   (1,2,4,5,6),FEY2 
6 COBTIBOE 

BBITE   (10101,898) (X(I) ,1=1,») 
GO  TO   3 

S COBTIBOB 
BEAD   (LUBI,898) (1(1) ,1*1,N) 
GO  TO   3 

4  COITIHOE 
BBITE    (L0RO1,898) (X(I) ,I=1,B) 
GO  TO   3 

1 COBTINOE 
READ   (LOHI, 900) (1(1) ,1^=1,N) 
GO  TO   3 

2 COBTINÜE 
BBITE    (LUNO,899) (X(X),I*1,B) 

3 COBTIBOE 
RETORB 
EBD 
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PAGE   16 

SUBROUTINE  CPLXQR (Y1H,YII,Y2R,Y2I,Y3R,Y3I,NOPT) 
IMPLICIT  REAL*8   (A-H,D-Z) 
REAL*8   X1H,X1I,X2R,X2I,X3R,X3I 
X1R  »   Y1R 
XII  =   HI 
X2R  *  Y2R 
X2I  *   T2I 
X3R  *  0.0 
X3I  »0-0 
GO TO   (1,2),  HLPT 

1 CONTINUE 
X3B * X1R*X2R - X1I*X2I 
X3I * X1R*X2I ♦ X1I*X2R 
GO TO   3 

2 com HUE 
IDE»  *   X2R*X2R   ♦   X2l*X2l 
X3B »   I1B*X2R  ♦   X1I«X2I 
X3I *  X1I*X2R  -   X1R*X2I 
X3R  »   X3R/XDEN 
X3I »   X3I/XDEI 

3 CONTINUE 
Y3R  ■   X3R 
131  *   X3I 
RETURN 
END 

Li! 

'.- 

m^ 
PONCTION T*NP(X) 
IBPLICIT  REALMS   (A-H,0-Z) 
SI NX *   DSIN(X) 
C05X  *   DCOS(X) 
IF (DABS (COSX) - EPSTOl)1,1,2 

1 CONTINUE 
COSX * EPSTOL 

2 CONTINUE 
TANF  ■   SINX/COSX 
RETURN 
END 
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USE OF COLLOIDAL GAS APHRÜNS (CGA'S) FOR 
 TREATING HAZARDOUS WA5TES  

by 
Donald L. Michelsen 

Wade L. Auten 

Abstract 

Colloidal Gas Aphrons, a microdispers ion of stable small air 

bubbles (15 to 50 mp) in air, have proven to be effective in 

separation processes.  The purpose of this laboratory study was to 

explore their effectiveness in treating hazardous wastes by 1) 

evaluating their flow choracteristi s through soil matrices (for 

removal or scouring of pollutants and for in-situ biodegradation); 2) 

quantifying their adhesion and retention in various saturated matrices 

(impoundments)  for  subsequent  in-situ  biodegradation; and 3) 

determining the feasibility of an extraction/flotation process fur 

removing ortho dichlorobenzene (dissolved hazardous orqanics) from 

contaminated water using CGA's for flotation. 

Extensive results on flow of CGA through a coarse golf course 

sand documented the importance of surfactant, type and concentration, 

and pretreatment on CGA flow characteristics. 

The adhesion and retention of CGA's in a flooded impoundment were 

very promising. Water was displaced with 0.56 to 1.25 air/water 

volume ratio injected in the saturated sand and 75% retention of these 

bubbles one month later. 

Finally, while testing "as limited, CGA's provided encouraging 

phase separation (clarification) in 6r\ extraction/f Ictduon process 

for removing soluble ortho dichlorobenzene fron water using a good 

decane solvent (high partition coefficient). 
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I. INTRODUCTION 

Colloidal Gas Aphrons can be made by mixing a small amount of a 

surfactant into water (nominally 0.25 to 1.0 g. per 1.) and agitating 

in a very high speed mixer. The resulting cream can contain as much ;% 

as 70% small air bubbles dispersed in water. In a CGA, the gas or 

bubble is encapsulated in a thin "soap" film that is so tenacious, the 

bubbles do not coalesce, even when pressed together. Hence, the 

bubbles remain very small (on the order of 25 pm) and present an 

enormous surface area. CGA's must be clearly distinguished from the 

so-called "bubbles" produced by dissolved air precipitation, sparging, 

or electrolysis which are perhaps 100 to 1.000 times larger, rise tc 

the surface rapidly and then coalesce quickly. CGA's were first 

investigated by Sebba (1971, 1975) and named microfoams because they 

were thought to be foams made with smau bubbles. Subsequently, 

closer investigation (Sebba, 1982) showed these were really true 

bubbles encapsulated in a thin film of water considerably thicker than 

a monolayer. 

Because CGA's ^re so stable and small, they remain suspended in 

solution and can flow through channels such as exist in a sand bed. 

Larger, unstable "bubbles" would be filtered out in such a situation. 

Another important characteristic is that CGA's can be pumped by 

conventional methods (e.g., centrifugal pumps) without deterioration. 

Finally, techniques for improved flotation separation t\d^e evolved 

with the development of these new types of bubble systems. A number 
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of these applications have been discussed in an article by Sebba and 

Barnett (1981). 

The key properties of CGA's are as follows: 

1.) CGA's are relatively stable to temperatures close 

to boiling point. 

2.) Viscosity and flow characteristics of CGA's in 

water are similar to water phase and, therefore CGA's can be 

pumped easily. 

3.) Small size, 10" m  in volume, when 25 p 

diameter, determines colloidal properties. 

4.) Have a durable elastic encapsulating shell akin to 

the soap film surrounding an ordinary soap bubble, 

5.) Coalescence does not occur when bubbles collide, 

though they may cluster then drift away. 

6.) Smaller bubbles are under higher pressure than 

larger bubbles. Thus, smaller ones disappear and larger 

ones grow thus enhancing creaming at the surface. 

7.) Water surface adjacent to the bubble will have a 

monolayer of surfactant oriented hydrophobic groups facing 

the bubble. 

8.) CGA's can be partially coated with selective 

solvents for extraction, adsoprtion. 

Because of the unique characteristics and potential as a 

processing technique, this work with the Environics Laboratory during 

the Summer, 1983 has been directed toward the feasibility of using 
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colloidal gas aphrons for resolving several hazardous waste problems. 

II. OBJECTIVES OF THE RESEARCH EFFORT 

Three different situations were targeted for the use of CGA's in 

treating hazardous waste and work was completed to determine the 

technical feasibility of each. The principle objective of the summer 

was to study the flow characteristics of CGA's through one dimensional 

consolidated soil matrices. The long range purpose of this effort was 

to determine the possibility of delivering CGA's (air and water) to 

and through various soil matrices in order to flush (scour) hazardous 

materials from these soil matrices and in addition to enhance in situ 

biodegradation of organic contaminants. The technique could have 

application for treating release of jet fuels, trichloroethylene, and 

gasoline which have migrated into the subsoils. Limited earlier 

studies had demonstrated the ability of CGA's to scour out gasoline in 

one-dimensional soil column tests, to penetrate a soil matrix (with 

microorganisms and nutrients) and to be retained in the soil matrix 

for a long period of time. 

The objective of the second portion of this research effort was 

to produce CGA's from various surfactant and surfactant 

concentrations, and quantify their adhesion (removal) and retention in 

various saturated soils and selected materials. Limited tests 

completed at Virginia Tech had shown earlier that CGA's are retained 

in an unconsolidated soil matrix covered with water such 3S an 

impoundment. The development of these techniques for injecting air 
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(or oxygen) into unconsolidated soils (impoundments) would provide a 

means to alter impoundment sediments and/or swamps from anaerobic to 

aerobic conditions. These aerobic conditions would encourage 

localized in situ biodegradation of hazardous organics with or without 

the simultaneous injection of aerobic microorganisms or nutrients. 

Another possibility would be to use CGA's to deliver air (oxygen), 

microorganisms and nutrients into a french drain/biodegradation ditch 

filled with a porous matrix in order to biodegrade (treat), in situ,, a 

slow flowing contaminated aquifer. 

Finally, CGA's have displayed very effective removal of suspended 

fi. is, and emulsified organics from waste water because of their high 

surface area and excellent (slow rising) flotation characteristics. 

Limited work had also been documented on the removal of dissolved 

organics (phenol) from waste waters using solvent coated CGA's. The 

objective of the third portion of this research project was to 

evaluate the removal of low concentrations of dissolved ortho 

dichlorobenzene (5 to 10 mg/1) using small quantities of selective low 

solubility organics. The first step was to screen several solvents 

for their ability to extract ortho dichlorobenzene from water. 

Subsequently, the technique was to disperse and/or emulsify the 

solvent with a brief, intensive agitation and extract the ortho 

dichlorobenzene from water. 

Then, several CGA's were tested for their ability to float 

(separate) the fine oil droplet (extract). Minimal solvent usago and 

losses are critical, particularly if treating large quantities of 
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contaminated ground water. The use of an extraction/flotation 

technique has application for removing dissolved hazardous 

contaminants from ground water perhaps after air stripping to remove 

the lower boiling fractions. The extraction/flotation treatment might 

prove to be an attractive alternate for activated caroon adsorption. 

III. THE FLOW OF COLLOIDAL GAS APHRONS (CGA'S) THROUGH A MEDIUM SAND 
CONSOLIDATED MATRIX 

The  primary  effort for the summer was to determine the 

->; possibility of delivering air (or oxygen) to and through a medium golf 

course sand (14 to 115 Tyler mesh) containing small amounts of fine 

clay (silt). The hydraulic conductivity was measured between 120 to 

160 cm/hr for each test. The first author of this report concentrated 

his first 4 weeks on setting up test facilities, debugging the system, 

conducting 6 preliminary tests, and developing a work plan for Wade 

Auten, the second author, to carry out beginning in late June 1983. 

Figure 1 shows a flow diagram of the final test apparatus used 

for conducting the one-dimension soil pack column tests.  The system 

had the capability of generating CGA's from a wide range of surfactant 

solution, and delivering them at constant pressure with recycle to a 

one dimensional soil pack for testing.  A back pressure controller 

assured constant upstream pressure with the recycle returning to the 

CGA generator. 

A laboratory CGA stability test of potential surfactants was 

completed first to screen surfactants for column testing. These 

results are shown on Figure 2. The steeper the slope, the more stable 
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Stability of CGA's in 100 Ml. 

Settling Test 

68-10 

W.v 
*«'■ 

A *- '-* V V V " V- V* \N / 



V 

the C6A and according more likely to remain coherent in flowing 

through a soil matrix, assuming no soil or contaminatn interference. 

On the other hand, if the goal is only to deliver CGA's to or just 

into a soil surface before breakdown, then an unstable C6A may be 

desired. Surfactants for testing in the one dimensional soil pack 

tests were chosen based on these laboratory studies. 

Having screened several surfactants, the major effort then was to 

conduct a series of tests using the sand bed testing apparatus. The 

experimental procedure used for the column tests was as follows: 

1. Size locally-obtained quartz sand to 14- x 115-mesh. 

2. Clean sand by repeated rinsing. 

3. Carefully pack column to insure: 

a) complete water saturation, and 

b) most stable packing density. 

4. Flush with water until: 

a) effluent water is completely clear, and 

b) effluent flow rate is constant for a given 

pressure drop. 

5. Determine hydraulic conductivity (a measure of 

permeability). 

6. Prepare surfactant solution(s) to desired concen- 

trations. 

7. Pretreat column if desired by flushing concentrated 

surfactant solution (at least two pore volumes) through 

column. 
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8. Begin C6A generation. 

9. Recycle CGA's through and ice bath to control 

temperature. 

10. Add CGA's to sand pack at a controlled pressure. 

11. Monitor one or more of the following variables: 

a) time, 

b) movement of CGA interface through column, 

c) pressure drop across tue column (usually 

independent), 

d) total effluent flow rate, 

e) liquid effluent flow rate, 

f) first appearance of true CGA's in effluent, 

g) CGA generation quality. 

12. At end of test, reflush column with water until pressure 

drop stabilizes. 

13. Repeat hydraulic conductivity measurement (optional). 

Based on the initial studies there is resistance to CGA flow 

through consolidated soil systems compared to either air or water. 

Several studies were completed on the movement of CbA's at varying 

pressure drops through a sand-packed glass column. Figure 1 snows the 

apparent relationship between CGA movement and pressure drop when 

CGA's made from 0.5 g/1 surfactant solutions are pumped through a 

packed 4-inch column. From Figure 3 it can be seen that the an ionic 

surfactant produced a CGA which displaced the greatest volume of water 

from the saturated sand pack. Conversely, CGA's made from a cationic 
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surfactant displaced the least volume of water at a given pressure 

while the nonionic surfactant gave intermediate results. This trend 

is not surprising if the net surface change on quartz sand is 

negative, as expected. In such a case, the number of 

negatively-charged surface sites is greater than the number of 

positively-charged sites and so cationic surfactants would be 

preferentially adsorbed. Cationic CGA's would then be destablized 

more quickly by the bed than either nonionic or anionic CGA's. 

Based on these results, the resistance to CGA flow through a sand 

pack was thought to be primarily a function of the degree of loading 

of the bed with CGA's. It is known that, under some circumstances, 

CGA's can be approximated as rigid spheres. Because the internal 

pressure in a bubble is inversely proportional to the bubble's radius, 

micron-size bubbles like CGA's can have significant internal pressures 

relative to their environment. If CGA's remain stable after entry 

into a soil system, their effect on the pack should be similar to that 

observed if solids, an order of magnitude smaller in size than the 

sand particles, were loaded into the interstitial regions of the bed. 

In such an event, the permeability would be observed to decrease 

linearly with increased loading. On a macroscopic scale, the 

increased loading would also increase the pressure drop across the 

pack required for additional loading. This simple physio: model was 

originally thought to account for the observed linearity in the data 

in Figure 3. But if so, then the relationship between CGA movement 

and pressure drop should be independent of surfactant type and a 
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function only of the C6A size. 

A more accurate model of CGA flow behavior through a soil matrix 

requires consideration of surface effects. Figure 3 clearly indicates 

some degree of selectivity in the propagation of CGA's with different 

surface properties through a sand pack. In reality, CGA's moving 

through the pore volume of a sand bed are not only preferentially 

adsorbed onto the matrix but are also destabilized as a result of 

surfactant stripping. This WöS shown in a test conducted in a 10-inch 

column, Figure 4. During this test, an attempt was made to flow CGA's 

through a medium to medium-coarse sand matrix. Preliminary results 

(Figure 3) had shown that significant pressure drops would be required 

to get CGA movement over even short distances. However, by 

pretreating with surfactants, we were able to show that even at 

pressure drops as low as 2.5 psi essentially all öf the water 

initially saturating a sand pack could be displaced with CGA's. The 

sand pack was pretreated with a moderately concentrated surfactant 

solution (10.0 g/1 of anionic sodium dodecyl benzene sulfonate, SOBS) 

which minimized subsequent surfactant stripping on addition of CGA's. 

Essentially, the stability of the CGA's (made from 1.0 g/1 S08S) was 

enhanced and they were capable of traversing the sand pack intact. 

Presumably, pretreatment of sand pack with a concentrated 

surfactant of the same ionic character as the CGA's to be added 

subsequently just served to accelerate the time required to reach 

steady-state flow through the bed. In this light, the points in 

Figure 3 may be viewed as representing pseudo-steady state conditions. 
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So for a given pressure drop, CGA movement through a bed is limited by 

the rate of adsorption of surfactant onto the matrix. Only after a 

region of the bed is stabilized by sufficient surfactant adsorption 

can the CGA front move further into the pack. 

Figure 5 shows effluent flow rate data for the same test which 

yielded Figure 4. Until about 40 minutes the CGA front was actively 

displacing water initially, saturating the sand pack and no effluent 

liquid flow rate was greater than 4 ml/min. At about 20 minutes into 

the test, the effluent flow rate seemed to statilize at about 4.6 

ml/min. Presumably, this rate would have been maintained for an even 

longer period given a longer column. But at about 40 minutes {ref. 

Figure 4) the CGA front had essentially displaced all of the initial 

water in the column. At this time, as noted in Figure 5, the first 

appearance of air, as foam, occurred at the cell outlet. The net 

liquid flow rate dropped substantially even though the combined water 

and air flow rate was observed to increase to about 8 r.l/min. 

Figure 6 shows the effect of pressure drop on fffluent flow rate 

for a system in which a surfactant-poor CGA made with a 0.05 g/1 SOBS 

solution (anionic) was pumped through a 4-inch packed column. In this 

particular test, the sand pack was not pretreated with any sjrfactant. 

Yet, CGA's comparable to freshly generated CGA's in quality were 

eluted at pressures about 15 psi. and the effluent flow rate climbed 

dramatically as the effluent drop approached 30 psi. the maximum 

operating pressure for the apparatus. Obviously, at pressures above 

15 psi internal resistances to flow had been negated.  If these 
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resistances are primarily due to C6A adsorption, as believed, then 

this pressure represents the minimum force needed to prevent 

adsorption of CGA's onto the sand matrix. At pressures below this 

critical value, effluent flow is essentially independent of pressure 

and contains no visible sign of CGA's. 

Flow in the high pressure regime of Figure 6 is observed to 

increase at a dramatic rate at these high pressures.  Flow behavior 

seems practically independent of the matrix. Because C6A diameters 

are at least an order of magnitude smaller than the sand comprising 

the matrix, their flow at these pressures should closely approximate 

those of a pure liquid, assuming negligible surface effects under 

these conditions.  So, to have similar flow behavior at lower 

pressures where surface effects may be significant, effort must be 

made to condition the system so that these effects are minimized. As 

mentioned previously, one approach to achieving  this  end  is 

pretreatment of the sand matrix so that surfactant adsorption from the 

CGA's is minimized.  In Table I, data are compiled showing the 

relative effects of surfactant pretreatment on CGA movement through a 

packed column using CGA's made from an anionic, nonionic, and cationic 

surfactant.  In each case, a packed 4-inch column was pretreated with 

300 ml of 10.0 g/1 of surfactant of the same type as the CGA's to be 

added.  In each case, surfactant pretreatment is observed to decrease 

the pressure drop needed to achieve complete displacement of the water 

initially saturating the sand pack. 
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TABLE I 

EFFECT OF SURFACTANT PRETREATMENT ON CGA 

PROPAGATION THROUGH A SAND PACK (UPFLOW) 

A. ANIONIC SAA, SDBS - 0.5 g/1 CGA 

CGA ADVANCE (HEIGHT OF INTERFACE/COLUMN LENGTH) 
AP (psig)      NO PRETREATMENT W/PRETREATMENT 

complete 

CGA 

B. NONIONIC SAA, TERGITOL 15-S-9 - 0.5 g/1 CGA 

CGA ADVANCE (HEIGHT OF INTERFACE/COLUMN HEIGHT) 
AP (psig)      NO PRETREATMENT W/PRETREATMENT 

0.63 

0.78 

complete 

CGA 

5 0.38 

10 0.69 

15 complete 

30 foam 

5 0.28 

10 C.50 

15 0.70 

n. - 

20 0.95 

25 complete (foam) 

C. CATIONIC SAA, ARQUAD 16-50 - 0.5 g/1 CGA w/no pretreatment 
0.1 g/1 CGA w/pretreatment 

CGA ADVANCE (HEIGHT OF INTERFACE/COLUMN HEIGHT) 
AP (psig)      NO PRETREATMENT W/PRETREATMENT 

0.69 

complete (foam) 

5 0.19 

10 0,38 

15 0.56 

20 0.69 

25 0.94 

30 complete (foam) still foam 
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as 

1 • * 

Figure 7 shows elution volume as a function of time for a flow 

system in which a 0.08 g/1 SDBS solution was used to make the C6A. 

Plotted are data taken at three relatively low pressures so that 

complete displacement of the liquid initially occupying the sand pack 

never occurred. The data show the predicted increase in elution rate, 

or volume» with increasing pressure which is constant once the CGA 

front has been established. Of more significance is the apparent 

linearity which exists between elution volume (rate) with time at a 

given pressure. The nonlinear regions reflected at the beginning of 

each pressure change just reflects the step-wise movement of the CGA 

interface through the column and the subsequent water displacement. 

Figure 8 shows that by reducing the concentration of anionic 

surfactant used for making CGA's, the total elution volume increases 

markedly. At lower concentration, the CGA's destablize faster because 

of the low surfactant concentration used in making the CGA's and more 

rapid adsorption of the surfactant upon entering the sand pack. As 

indicated on Figure 9, after displacing the interstitial water (water 

initially in sand pack) the bulk flow is mostly air. Surprisingly, in 

testing with the nonionic Tergitol 15-S-9 surfactant, Figure 10, the 

elutant flow rate was considerably lower (1/20) the flow of elutant 

when using a CGA produced from SDBS. This suggests retained stability 

of the CGA's made from this nonionic detergent. In addition, the air 

flow measured as a percentage of total effluent volume was also lower, 

see Figure 11. Notice, also that the leveling off of air ratio was 

not as prominent for the nonionic. There is order difference in terms 
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of the effect on concentration on flow in Figure 10 and 11. The 

differences are slight and could be a function of soil packing or 

error in blending the surfactant concentration. 

Based on experimental work performed to date, it is believed that 

surface effects are the primary contributors in controlling flow of 

CGA's through a consolidated soil (sand) matrix. By sufficient 

manipulation, such as pretreatment, these surface effects can be 

minimized and CGA's can be made to flow significant distances through 

a medium to medium-coarse matrix at reduced pressures. 

Following is a list of some of the proposed potential advantages 

of CGA stripping of actual soil contaminants over surfactant floods or 

other presently applicable stripping techniques. 

Based on these tests and earlier studies, potential advantages of 

CGA's for contaminant removal from soil systems are as follows: 

K CGA's have been shown to displace essentially all of the 

freely entrained water initially saturating a sand pack. 

2. CGA's displace more than twice as much of the water in 

a sand pack than can be achieved with a simple air purge. 

3. CGA's offer potential for added mechanical scouring action 

as a result of their tortuous trek through a soil's 

interstitial pore volume. 

4. Potential exists for adding flocculants or coagulants 

(pretreatment) to enhance CGA stripping efficiency. 

5. Compared to surfactant floods. CGA stripping offers the 

potential for reduced surfactant usage. 
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IV. ADHESION AND RETENTION OF CGA'S IN ÜNCONSOLIDATED SAND AND 
OTHER NATURAL AND BIOLOGICALLY ACTIVE MATERIALS 

Procedure: 

The adhesion and retention laboratory studies were conducted in a 

500 ml wide mouth Erlenmeyer Flasks. The procedure was to "dd 400 g. 

of "as is" golf course sand {or material being tested) to a series of 

these flasks.  Then water was added to completely saturate the 

unconsolidated matrix and raise the level in the flask to the 500 ml. 

mark. This weight albeit not that precise was recorded, and the water 

level was then lowered to 400 ml by decanting off a portion of the 

water covering the unconsolidated matrix. 

A commercial blender was used to generate CGA's using several 

typical surfactants at various concentrations. The CGA's generation 

procedure involved adding about 250 ml of surfactant solution to the 

blender, operating the blender at low speed 17,000 rpm for 1/2 minute, 

and then at high speed, 21,000 for 1 minute. After switching the 

blender back to low agitation, a FMI positive displacement pump was 

used to deliver the CGA's to the Erlenmeyer Flask until the level rose 

again to 500 ml mark. A three prong fork (rake) made using 1/16" 

stainless steel tubing was used to inject the aphrcns into the 

submerged matrix. Injection took 2 to 4 minutes. The rake was moved 

through the soil while injection was occurring. In several runs, a 

100 ml graduate flask was filled with CGA's and allowed to destabilize 

in order to determine the quality of CGA's delivered to the flask (X 

air in the CGA mixture). 

After careful adjustment of the water level to 500 ml. the flask 

m* 
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was reweighed and the difference in weight from original flask before 

sparging represents the cc of air (aphrons) adhering to or retained 

within the matrix. Knowing the cc of CGA's retained and the quality 

of CGA's produced and injected, the fraction (or percentage) of CGA 

bubbles retained can be determined from the following relationship. 

% CGA 
Retention 

cc of Hoid-Up Gas 
cc of Hold-Up Liquid CGA Quality 

1-CGA Quality 

100 

The Erlenmeyer flasks were weighed, allowed to stand uncovered, and 

reweighed intermittently after bringing water level back to the 500 ml 

mark. Some surface evaporation occurred. 

Results and Discussion of Results: 

A series of runs were made using the golf course sand (as is) and 

injecting CGA's generated from sodium dodecyl benzene sulfonate (SDBS) 

and also Tergitol 15-S-12. These results are shown on Figures 12 and 

13. The amount of air adhesion (pick-up) and also its retention 

compared favorably with the total water volume in the sand measured 

between 80 and 90 cc. Some expansion of the bed also occurs but if 50 

cc is picked up, the air to water volume ratio is somewhere between 56 

to 1.25 (50/(90-50) to 50/90). The volume of air to water is very 

high. 

Similar tests with direct room air injection into the bed using 

the same three prong probe yielded retentions of 5 to 6 cc of air at a 

maximum.  While some retention was certainly observed, the weight 
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accuracy is limited by the ability to refill the flask consistently to 

500 ml. In any case, the level of retention was small. 

Another series of tests were conducted to determine the retention 

of CGA's on a pea gravel and oyster shells. Again some retention was 

observed and agitation by a spatula demonstrated this. However, the 

cc of retention was within the precision of refilling the flask to the 

500 ml mark. In general, the oyster shells appeared to be more 

effective at C6A retention. With both materials, the CGA's made with 

a cationic surfactant, 1 g/1 resulted in considerable flotation of the 

soil fines. The positively charged CGA's apparently bonded or 

complexed with the negatively charged silt mixed in with these 

materials. 

Samples of both the pea gravel and ground oyster shells were 

fixed in a plastic mesh bag and placed in the trickling filter of the 

Tyndall AFB waste treatment plant. An active biological culture 

developed on the surface. After ten days, the samples were retrieved, 

hastily weighed and CGA retention studies completed. Considerable 

flotation of the microorganism occured and 5 to 25 ml of CGA's were 

retained. The foam froth in the neck above the 500 ml mark made 

nrprisH measurement of the weicht rmoossiblc aft.pr «Wing the CGA's. 

A final series of tests were completed on standard EPA soil, 

Clarkburg Borough Soil Pit, Typnc Hapludults (U.S.D.A. 1975). This 

soil is being used for in situ treatment studies being conducted by 

JRB Associates for U.S. EPA, Edison, N.J. Laboratory (Tony Tafuri, 

Contract Officer). The soil contains low organic carbon, and 8% by 
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weight clay sized particles although the fine are mostly quartz. When 

100 cc of a 69% CGA quality mixture made from 0.5 g/1 solution of SDBS 

was injected into 400 g (dry weight) of the saturated soil covered 

with water between 34.3 to 46.7 cc of CGA air bubbles were retained. 

Similiarly, when 100 cc of a 68% CGA quality mixture made from a 0.5 

g/1 solution of Tergitol 15-S-12 was injected between 18.6 to .23.2 cc 

of the air bubbles were retained. The pick-up with the SDBS was 

better, but only 18.6 to 38% of the CGA bubbles injected adhered to 

the soil. A week later, the CGA bubbles were still very dispersed 

with little coalescence apparent. 

The adhesion and retention was generally not as good as with the 

golf coarse sand. However, this "standardized" test soil seemed to 

pack poorly and have a low bulk density. The particle density also 

seemed low. During the test, the bubbles just expanded the soil 

matrix and escaped up through the very unconsolidated rather fluidized 

soil water mixture. The authors question the choice of this soil as 

"typical" of region 2 Superfund sites. 

V.  REMOVAL OF SOLUBLE HAZARDOUS 0RGANICS USING EXTRACTION/CGA 
SEPARATION TECHNIQUES 

The purpose of this t.lird study was to evaluate the pu^bibiuiy 

of using an extraction/CGA separation  technique  (using  small 

quantities of solvents) for the removal of a soluble hazardous organic 

from water. Ortho dichlorobenzene was selected as a typical hazardous 

organic chemical with moderate water solubility and toxicity for these 

tests.  It cannot be air stripped, is not easily biodegraded and has 
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been identified in contaminated water sources. 

The first step in this limited study was to study and screen a 

number of solvents to determine their feasibility as a good solvent 

for removing ortho dichloro benzene from water. Eight available 

solvents were selected to provide a range of chemical properties. 

The test procedure used was as follows: 

1) 400 ml of 5 to 7.5 ppm ortho dichlorobenzene was 

placed in ten 500 to 1,000 cc separatory funnels. Saturated 

ortho dichlorobenzene (solubility 100 to 1*5 mg/1 at 2Q and 

25°C respectively) was diluted twenty times and served as 

the common feed. 

2) Four (4) ml of the solvent being tested was added 

to its designated separatory funnel - a total of 8 samples 

and 2 blanks. 

3) A ground stopper top was placed on each funnel and 

each separatory funnel was shaken by hand vigorously for 5 

minutes. 

4) Observations were made two hours later and the 

following day. 

5) After draining about 50 ml, the contents of the 

separatory funnel (180 ml) was placed in a brown bottle with 

about 30 ml of head space and sealed in a new septum capped 

clean bottle. 

6) After shaking the contents, the vapor liquid 

mixture was allowed to come to equilibrium.  Head space 
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analyses were completed on the solvent treated samples and 

on the two blanks (no solvent). 

The results of this study are summarized on Table II, The most 

promising solvents for removing ortho dichlorobenzene (ODCB) appeared 

to be the decane and hexadecane - the straight chain paraffins. Based 

on ODCB in the head space, the decane removed an estimated 76% of the 

ODCB while not being dissolved into the water phase (low solubility). 

Clearly several of the branched organics extracted ortho dichloro- 

benzene from water; however, their solubility seems high as indicated 

by the high solvent content of head space. 

The use of head space analyses for both the extractant and 

raffinate level is subject to considerable error. Aside from 

assumptions of equilibrium within the bottle and no needle 

contamination from any liquid on the bottom surface of the septum the 

sample should be a soluble single phase. Any solvent phase including 

dissolved ODCE floating on the surface of the raffinate or the two 

phase skimmed surface layer will give distorted head space analyses. 

The m.-iyses of Doth the extract and raf^trclc ;ayers samples are 

best achieved bv pvtr^cticr. of the solvent tested and ortho 

dichlorobenzene into a second solvent followed by centrifugation with 

careful attention to weights. For screening purposes, the hope was 

that head space analyses would provide indications of extraction and 

separation performance. In fact, the visual observations in the 

separation funnel are probably more important. The selection of the 

best solvent requires additional study following classical analytical 
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techniques as described in Barbarl & King (1982). 

However, because of time constraints, it was decided to initiate 

the extraction/CGA separation process study using decane - a straight 

chain paraffin, easily biodegraded and relatively cheap. This choice 

was a good one. Barbarl and King (1982) recently determined 

equilibrium distribution (partition) coefficients for extraction of 17 

different priority pollutants including ortho dichlorobenzene from 

water into undecane - a reasonable model for kerosene. A partition 

coefficient of 3030 was measured for ortho dichlorobenzene. 

The goal of the next phase of the study was to evaluate several 

extraction/CGA flotation combinations for the removal of ortho 

dichlorobenzene from water using decane. The colloid gas aphrons were 

used to float the decane solvent after extraction of ortho 

dichlorobenzene was completed. 

The first step in the test procedure was to pour 250 cc of a 5 to 

7.5 ppm ODCB solution into blender (saturated solution of ODCB diluted 

twenty times). Small amounts of decane in some cases containing a 

drop of Tergitol 15-S-7 (oil soluble nonionic surfactant) were added. 

TU~ lir \:zi dic^rcee* {f^^ibly emulsified) using a high spppd blender 

(flat disk agitator operating at 21,000 rpm) to *Uow extraction of 

the ODCB to occur. The hazy mixture was then poured into a i,000 ml 

flotation separatory funnel. A CGA flotation mixture was then formed 

in a blender using 21,000 rpm agitation for 30 seconds and 200 ml of 

the gas/liquid CGA mixture was sparged at 1 cc/sec into the flotation 

separation funnel using a dip stick. Ihe separation was observed two 
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minutes after C6A injection was completed and the water (lower) layer 

drained into a second holding separatory funnel. A sample of the bulk 

lower water layer ("A" samples) and most of the survace skum ("B" and 

"C" samples) were taken and placed in a septum capped bottles for 

subsequent head space analyses. The holding separatory funnel was 

observed the following day, but time did not allow for sampling and GC 

analysis. Aside from the ODCB feed used, only the head space from 

bulk lower water layers, IIIA, VIA and VIIA and the surface foam 11 IB, 

VIB and VII IB and VIIIC were analyzed. A constant 0.5 ml vapor (head 

space) sample was injected into a 140°C isothermally operated GC 

equipped with a SE-30 column and a flame ionization detector. The 

recorder determined the integrated area. A description of the tests 

conducted, observations made, and GC analyses completed are shown on 

Table III. 

While only preliminary, a combination of 0.05 cc decane plus a 

small amount of an oil surfactant (Tergitol 15-2-7) can be effectively 

dispersed and removed (clarified) from a much larger amount of water 

containing low concentrations of ODCB, runs VI and VIII. The GC 

analysis for VI indicated a preferential concentration of the decane 

in the skim layer 387,366/49,970 = 7.8. Similarly, the foam VIIIC 

Oorr. run VIII (a duplicate of VI) showed high concentration of decane 

(436,196) and ODCB (;090) comparable to VIB fro decane concentration 

and favorable to feed 1 x A, i ;: B for ODCB concentration. However, 

the bulk liquid V111A apparently still contained considerable decane 

(212,956). 

m\ 
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The results are encouraging in terms jf demonstrating the use of 

small amounts of a solvent {0.05 cc) in a mixer/separator to extract 

quantities of a toxic, hazardous organic such as ortho dichlorobenzene 

from 250 cc of contaminated water and particularly the ability of the 

flotation process using CGA's to rapidly float the decane while 

leaving a clear water layer in the batch/separator batch tests. 

The potential for using straight chain hydrocarbons to extract 

soluble ortho dichlorobenzene has been documented by Barbarl and King, 

(1982). They experimentally determined the equilibrium distribution 

(partition) coefficient (weight fraction) of 3030 for the extraction 

of ortho dichlorobenzene from water using undecane. Undecane was 

chosen as a reasonable model for kerosene. Furthermore, if results 

for extraction of chlorobenzene with straight chain hydrocarbons is 

any indication the equilibrium distribution coefficients for ortho 

dichlorobenzene will increase as the paraffin chain length decreases, 

e.g., heptane or hexane, see again Barbarl and King (1982). A balance 

must be made between good ortho dichlorobenzene extraction and the 

increased solvent solubility (losses) of the shorter chained 

hydrocarbons. 

The key, however, to processing success using small quantities of 

solvent for extraction is effective removal of the dispersed solvent 

(extractant). While GC analysis of the head space is indicative of 

this separation, a better measure is the clarity of the raffinate and 

extract phases. The unique combination of small amounts of decane 

plus trace Tergitol 15-S-3 solvent could be effectively clarified from 
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a large volume of raffinate using a CGA made from Tergitol 15-5-9. 

These results have been duplicated recently back at the Blacksburg 

campus of Virginia Tech. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

Flow of CGA's through a medium sand consolidated matrix. 

1. The flow of CGA's and water/air breakdown products is very 

much a function of surfactant type and concentration level 

and degree of pretreatment provided. Vertical slice and/or 

aquarium three dimensional tests would be helpful to 

determine the effectiveness of CGA's to transport 

horizontally through a soil matrix for possible scouring or 

to provide a delivery formulation for in-situ flushing by the 

CGA liquid or in-situ biodegradation by the CGA entrapped air 

(or 02, 03, etc.) 

Adhesion and Retention of CGA's in Unconsolidated totrices 

m- 

:■;■>:■ 

2. The injection adhesion and retention of sparged CGA's in a 

simulated impoundment resulted in air to water volume ratios 

in the flooded sand of .56 to 1.25. After a month with CGA's 

made from various levels of Tergitol 15-S-9, over 75% of the 

air remained entrapped in the matrix. 

The feasibility of using these CGA's (perhaps made from 

Op) for biodegrading organics in situ should be explored. 

Limited studies on campus have already proved its 

effectiveness for biodegrading phenoi in situ using 

pseudomonis pudita mixed with CGA's during injection. There 

must be a number of situations where m situ treatment 

m{ 
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techniques using specific or a broad range of micro-organisms 

could be used to facilitate biodegradation of organics in 

impoundments sediments or buried underground below the water 

table. 

3. The use of straight chain paraffin such as decane in an 

extraction/flotation process for removal of small amounts of 

ortho dichlorobenzene from water looks promising. With a 

favorable partition coefficient, initial studies have 

demonstrated an effective separation (phase clarity) using 

C6A technology. The recommendation is to initiate a more 

complete laboratory process development study to evaluate 

various possible solvents for their extraction capability 

(Distribution Coefficient} and to evaluate separation 

characteristics using CGA's as well as oil aphrons for 

extraction/flotation processing. 
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TRANSPORT AND ELECTRON PARAMAGNETIC RESONANCE STUDIES 

OP INFRARED DETECTOR MATERIALS 

by 

George K.   Miner,   Ph.   D. 

ABSTRACT 

Through interaction with the Materials Laboratory, an 

experimental apparatus for Hall Effect and resistivity 

measurements has been established in the Physics Department 

at the University of Dayton, It operates over a temperature 

range of 4 to 400K. The system has been tested with silicon 

and gallium arsenide and compared to a comparable system at 

the Materials Laboratory. It has proved to be reliable for 

supplemental measurements for that laboratory. An electron 

paramagnetic resonance spectrometer has been used to examine 

similar gallium arsenide materials and comparisons made to 

earlier silicon work. Preliminary work indicates that with 

some dopants there are weak but as-yet unidentified signals 

at 77 and 300K. There remains the possibility of 

identification of the defects responsible. 
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I.  INTRODUCTION 

An important concern of the Materials Laboratory at 

Wright-Patterson Air Force Base is the characterization of 

semiconductors for infrared sensitive detectors. The 

behavior of these materials depends on very low concentra- 

tions of imDurities and defects in the semiconductor. By 

combining Hall Effect and resistivity measurements as a 

function of temperature, the electrical transport properties 

(carrier concentration, Hall mobility, and conductivity) can 

be determined. From the temperature dependence of the 

carrier concentration, the identities and concentrations of 

the impurities can be inferred. More complex defects may be 

analyzed using other techniques, for example, electron 

paramagnetic resonance. The identities of these defects 

often emerge as a result of annealling studies. 

In the past at the Materials Laboratory major attention 

has been focused on silicon. A more recent thrust includes 

increased interest in gallium arsenide. The SCEEE Fellow 

involved in this study has experience in transport studies, 

radiation damage, and electron paramagnetic resonance. Due 

to the availability of an experimental apparatus for the 

Hall Effect at his university and the general interest at 

the Materials Laboratory for such measurements, an upgrade 

of the university capability for supplemental measurements 

was very appropriate. The experience of the Fellow in 

electron paramagnetic resonance and the availability of a 

university spectrometer coupled with the fact that such a 

facility is not available at the Materials Laboratory, made 

pursuit of this method for the identification of defects 

very desirable. The Fellow's previous experience with 

electron paramagnetic resonance in silicon was also 

attractive. His radiation damage experience could be 

helpful in future annealling experiments. He was involved 

in this type jf work earlier with silicon. 
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II.  OBJECTIVES 

The following is the research goals and objectives statement 

submitted to SCEEE on April 26, 1983: 

"During the summer 1983 appointment I will work with 

Dr. Patrick Hemenger of the Materials Laboratory at 

Wright-Patterson Air Force Base. The work of the group with 

which he is associated is concerned with the 

characterization of semiconductor materials for infrared 

detectors. Past work has been largely involved with silicon 

doped with various acceptors and donors. A newer thrust 

involves a greater interest in gallium arsenide. Due to my 

experience in electron paramagnetic resonance and transport 

studies, the following possibilities will be explored. 

"Electron  paramagnetic  resonance  studies  will  be 

Cy attempted in the gallium arsenide materials. Comparisons 

will be made to measurements in silicon. In this work and a 

related search of the literature, an attempt will be made to 

determine if this technique would be useful to the Materials 

Laboratory in its characterization of gallium arsenide. 

■**%; "Transport studies are  regularly  conducted at the 

Materials Laboratory. An independent experimental facility 

for Hall Effect and resistivity measurements exists in the 

Physics Department at the University of Dayton. 

Measurements on common samples will be conducted in both 

laboratories and comparisons made. It is expected that both 

silicon and gallium arsenide will be involved. The degree 

of agreement will be examined. This work should lead to the 

possibility of supplemental measurements for the Materials 

Laboratory in the university laboratory. 

"The result of the ten-week summer appointment should 

lead to a relationship with the Materials Laboratory and an 

involvement in its semiconductor materials characterization 

program." 
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III.  EXPERIMENTAL FACILITIES 
^Wiiw^—i—im  ii ■!     i        i       —^—■—mmmmmmmmmmm——«—mmmmtmmwmmmm■» 

A) Transport Studies Apparatus 

The techniques used in the transport studies are 

standard techniques as described in Putley.1 Improvements 

have been described by the Materials Laboratory2 and 

elsewhere.3 For the transport studies apparatus the sample 

configuration is a six point probe. The carefully con- 

trolled current enters one end electrode and exits the 

other. A measurement of a voltage between two side-by-side 

electrode points yields the resistivity. By measuring the 

perpendicular voltage between two opposite electrode points 

with an appropriately applied magnetic field, the Hall coef- 

ficient is determined. These measurements lead to the car- 

rier concentration, the mobility and dopant energy levels. 

During the summer project the existing apparatus at the 

University of Dayton was upgraded to approach the quality of 

the comparable facility at the Materials Laboratory. The 

existing five-point sample configuration was replaced with a 

six-point one for use with a Hall bar. A new high 

resistance Deutsch connector was Installed as well as a 

second thermocouple. Improvements were made in magnetic 

field calibration and temperature control. The early 

measurements were taken over a temperature range of 77 to 

300K, that is, from liquid nitrogen temperature up to room 

temperature. By using liquid helium the range was extended 

down to *1K and with the use of a heating coil up to 400K. 

The temperaure range Is now the same as is used by the 

standard Hall Effect apprratus at the Materials Laboratory. 

B)  Electron Paramagnetic Resonance Spectrometer 

The electron paramagnetic resonance equipment that was 

used  in the study  is a modified form of  the Varian 
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Associates Model 4500 series EPR Spectrometer. This x-band 

> spectrometer operates at about 9.5 Gigahertz, or about 9.2 

™ Gigahertz with a quartz dewar Inserted. The external 

£, magnetic field for the Zeeman splitting is provided by a 

v,j Varian 12-inch regulated and water-cooled magnet with field 

f-Vj scanning provisions. The microwaves are produced by a 

klystron, are distributed by a microwave bridge, and are 

detected by a crystal detector. The original hybrid tee 

bridge has been replaced by a more efficient three- 

port-circulator arrangement. The klystron is stabilized 

with automatic frequency control. The spectrometer operates 

in the absorption mode. 

This spectrometer has a 100-kilohertz crystal- 

controlled oscillator which generates the field modulation, 

and a high gain amplifier and phase detector for the sensing 

of the EPR signal. The spectrometer can detect 1012 + 25? 

spins. Due to the weak intensity of the EPR lines observed 

in the materials of concern, a signal averaging technique 

was employed using a Tracor Northern TN-1710. Typically 25 

sweeps produced a useful spectrum. Also a test was 

conducted of the three available cavities and the most 

sensitive was selected for these measurements because of the 

very weak signals involved. 

For magnetic field calibration and intensity 

calibration, a manganese marker was permanently installed in 

the EPR cavity. The marker employed was forsterite, a 

material characterized21 earlier by the SCEEE Fellow. Its 

location in the cavity was such that its phase was opposite 

to that of the sample, making differentiation easy. The 

marker has a six-line hyperfine spectrum which spans some 

435 gauss centered near g ■ 2. These lines were used for 

relative g-value (spectroscopic splitting factor) 

measurements and intensity measurements. Both g-value and 

intensity calibrations were made using a standard reference 

of 0.00033* pitch in KC1. 
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C) Annealling Equipment 

The silicon heat treatment was done in a Blue M Stabil- 

Glow tube furnace with temperature control.  The samples 

were on a quartz boat in a quartz tube and were bathed In an 

argon atmosphere during heating and cooling.  The samples 
were sandwiched between ultra-high purity silicon wafers      >;."■•. 

during treatment.  The furnace was brought to temperature      />/ 
before the boat was Inserted.  At the end of the anneal      <*•;" 

time, the boat was quickly pulled to the end of the quartz       ;"•> 

tube and kept in the argon atmosphere until its return to      £fH! 
•*« -I. 

room temperature.  All samples were given an RCA wash cycle ?<■ 
before each anneal and were measured by EPR just afterwards. ->"V 

When  isochronal  anneals  were  done,  the  time  at *.-\!- 
temperature was one-half hour and the temperatures range in §Ü 

100 degrees steps from 250°C to 750°C or 1050°C.   The •;;>. 

isothermal anneals were performed at 550°C fGr total times 

ranging from one-half hour to 16 hours. 

IV.  MEASUREMENTS AND RESULTS 

A)  Transport Studies 

With the improved transport studies apparatus, several 

measurements were made.  The first series involved silicon 

with indium (Si:In) and gallium (Si:Ga) dopants.   Both 
materials had been well characterized at the Materials 

Laboratory.5 The results of initial measurements are shown 

for Si: In in Figure 1 and for Si:Ga in Figure 2.  In these 
figures the data points are displayed as plus signs and the 

solid line is a fit via the charge balance equation.  The      •- 

goodness-of-fit is described by a chi-square.  Both fits are      ;.-, 

good as displayed by the chi-square and the results agree      .'\ 

well with the previous Materials Laboratory measurements. 
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SAhPLE NO. 053-153-1145 

FR1. JUN 03 1983 

SAMPLE   TYPE-   ^-TYPE 

MASS   TYPE:   LANG 

R-FACTOR:   NOT   =   1 

NLEVEL   =   2 

CHISCUARE   =   0-63 
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1000/T    (1/K) 
Figure 1.     Silicon with  Indiun Dopant 
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SAMPLE NO. 289-1152-1144 

TUE- JUL 26 1983 

SAMPLE   TYPE'   P-TTPE 

MASS   TYPE:   LANG 

R-FACTOR:   NOT   -   1 

NLEVEL   =   1 

CHISQUARE   =   0.95 

0.00 4.00 8.00 12-00 16-00 
1000/T    (1/K) 

Figure  2.     Silicon  with Qalliun Dopant 
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These good fits and the agreement with the values of 

parameters measured at the Materials Laboratory provide a 

validation of the new experimental arrangement. 

Both of the above data sets are for a temperature range 

of 77 - 300K. When the range was extended to 35 - 393K, the 

chi-square increased noticeably. This less desirable fit 

was traced to the low temperature data, where temperature 

control is much more critical. In the low temperature range 

(4 - 77K) better temperature control is required. This fit 

is displayed in Figure 3 for the Si:Ga sample. 

Alter this equipment test, some new samples of gallium 

arsenide doped with indium (GaAs:In) and antimony (GaAs:Sb) 

were examined. The data is displayed for GaAs:In in Figure 

4 and for GaAs:Sb in Figure 5« Both fits are very good over 

the range reported. Both materials have a very high 

resistivity and therefore cannot be measured at the lower 

temperatures, a difficulty shared by the comparable 

apparatus at the Materials Laboratory. The higher 

temperature limit is imposed by the HOOK temperature design 

of the apparatus, also the limit ac the Materials 

Laboratory. New values for the activation energies have 

been determined however. 

In order to analyze the data, it is necessay to know 

the Hall scattering factor, the r-facter. It is the ratio 

of the Hall mobility to the conductivity mobility. The Hall 

mobility is determined by the experiment, but the 

conductivity mobility is required in the data analysis. The 

Hall scattering factor as a function of temperature has been 

calculated at the Materials Laboratory,° and that result has 

been used in this analysis. Also refined values for the 

effective mass computed at the Materials Laboratory^ were 

used in these calculations. In addition, it is assumed here 

that the g for each level is four consistent with the best 

current Information at the Materials Laboratory. 

»!•«- 
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The parameters derived from the best fit experimental runs 

are summarized in the following table. 

MATERIALS LAB TEMP(K) NO. OP  ND   ENERGY-1 ENERGY-2  X
2 

SAMPLE NUMBER  RANGE LEVELS (cm"3)   (NA)X    (NA)2 

Si:In 77-300  2 0.l80eV 0.141eV 0.63 

0053-0153-1145 9.50E12  5.65E16 8.40E15 

Si:Ga 77-300 

0289-1152-1144 

0.068eV 

1.69E14  2.72E16 

0.95 

Si:Ga 35-353 

0289-1152-1144 

0.069eV 0.021eV 1.71 

1.74E15 2.74E16 1.73E15 

GaAs:In       292-387 

G301-1198-1171 

0.778eV 

4.56E11  1.17E15 

0.28 

GaAsrSb      203-393 

G300-1182-1169 

1 0.484eV 

9.63E18  1.04E21 

1.21 

In the table ND is the number of donors and X2 1» the 

chi-square of the fit. ENERGY-1 and (NA)1 are the 

activation energy and number of acceptors of type 1. If a 

two-level fit was successful similar parameters are given 

for the second acceptor. 

For the silicon samples the energies are generally 

close to accepted values," with perhaps the Indium doped 

sample a little high. With a poorer chi-square they are in 

excellent agreement. The second level detected in galllun 

can also oe Improved with a poorer chi-square. For the 

gallium arsenide samples there are no accepted values. 

However, the results obtained are in good agreement with 

preliminary data from the Materials Laboratory. 

t#- 
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r3 B) Electron Paramagnetic Resonance Experiments 

" ^ 

-. 

Initial efforts in electron paramagnetic  resonance 

centered on improving the sensitivity and ii. calibrating the 

'< magnetic field and intensity.  Then a series of preliminary 

*y. experiments  were  conducted  on  gallium  arsenide,  with 

guidance from previous work on silicon. 

A literature search yielded the most information on 
gallium arsenide doped with chromium,9 GaAs:Cr. As a result 

this material was Investigated first, both at room 

temperature (300K) and at liquid nitrogen temperature (77K). 

The 77K measurements were done with nitrogen gas passed 
through a heat exchanger immersed in liquid nitrogen, and 

therefore the temperature was just above 77K. For the 
GaAs:Cr sample, no reliable signal was detected at 300K and 

only a very weak line at 77K. The work was then directed 

toward two other dopants of interest because of their 

semi-insulating possibilities.10 [Many references other 
than those listed herein were found; a reviewll includes 

many of them.] 

In samples of GaAs:In at 300K and at 77K a line was 

detected. An example is shown in Figure 6A. AS the 

perpendicular to the sample wafer was rotated relative to 

the magnetic field of the spectrometer, the magnetic field 

location of the line was observed to move and its width was 

found to change. When samples of GaAsiSb were measured, two 
lines were observed, both at 300K and 77K. When the sample 

is rotated, one of these lines appears to be fixed at a *0, 

value of g - 2.0723 while the other moves in field. This •;.".; 

pattern is shown in Figure 6B. This data suggests a 

complicated rotation pattern about this axis; the pattern V\ 

may become simplier about another axis. Also computer j^ 

modeling of the spectra could aid in isolating the """'•;*. 

parameters of individual lines. .''. 

.N 
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GaAs:Sb  at   77K 

;* 

i/li. 
» 

w 

V, 

GaAs:In at 300K 

Figure 6.  E?R Traces from GaAs 
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The data from these GaAs measurements is summarized in the 

following table. 

DOPANT TEMPERATURE 

(X) 

Cr 77 

In 300 

In 77 

Sb 300 

Sb 77 

g-VALUE/LINEWIDTH(Gauss) 

0° 45° 

2.0579/24g 

2.005ö/23g 2.2i435/l65g 

2.0662/197g 2.10W3l6g 2.0784/237g 

2.08W87g 

2.0004/21 lg 2.070V230g 2.1044/3^ 

In the table the temperatures are nominal figures. The 

g-values are accurate only to about 0.1% and the line-widths 

are measured between the two points of inflection. 

Ordinarily the defects are identified by g-values and 

:?ilaxatlons during annealling studies. No literature 

g-value information has been located for these two dopants. 

The limited time available for this project prevented any 

serious annealling experiments, however some annealling has 

been done and more studies are recommended for the future. 

It appears that such work could shed light on the defects 

involved. 

• * 

V.  CONCLUSIONS 

The ten-week effort of this summer project leads to the 

following conclusions: 

1) A reasonable Hall Effect/resistivity apparatus has been 

established in the Physics Department at the University of 

Dayton and results of measurements en silicon and gallium 

arsenide are in good agreement with comparable measurements 

." V* 

r*7TT 
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at the Materials Laboratory. 

2) Measurements conducted during this project have yielded 
values for impurity energy levels previously unreported for 

indium or antimony in gallium arsenide. 
3) In gallium arsenide doped with indium or antimony, the 

electron paramagnetic resonance spectrometer in the Physics 
Department at the Univer??.ty of Dayton can detect weak 

signals at room temperature and at liquid nitrogen 

temperature. Further measurements and annealling studies 

could yield useful information on the defects responsible. 

VI.  RECOMMENDATIONS 

The ten-week summer research project resulted in the 
following recommendations: 

1) Supplemental measurements for the Materials Laboratory 

should be made on the University of Dayton Hall apparatus. 

2) The Hall apparatus should be enhanced by improving the 

temperature control at the low temperature range, 4 - 77K. 
3) Additional electron paramagnetic resonance measurements 

should be made on the University of Dayton spectrometer in 
order to learn more about the nature of the defects 
involved. Computer simulation of spectra should be pursued 

to isolate adjacent spectral lines. 

4) For electron paramagnetic resonance measurements, the 
samples should be carefully x-ray oriented due to the 

complicated rotation patterns observed. 

5) Annealling studies should be conducted to aid in the -\v 

identification of the semiconductor defects. •"-> 
6) The possibility of electron paramagnetic resonance */•" 

measurements at liquid helium temperaure should be explored.           Jj! 

69-19 

fe*fX- 

LV, 
v.v. W%';.V >"S%A*V>.V " •-*"•*  *   V.'V 



VIII.  REFERENCES 

1 Putley, E. H., The Hall Effect and Semi-Conductor 

Physics, New York, NY, Dover Publications, I960. 

2 Hemenger, Patrick M., "Measurement of High Resistivity 

Semiconductors Using the van der Pauw Method," Rev« Sei, 

Instrum. 44, 698 (1973). 

tötf 

3 Look, D. C, and J. W. Farmer, "Automated, High 

Resistivity Hall Effect and Photoelectronic Apparatus," 

J. Phys. E: Sei. Instrum. 14, 472 (1981). 

4 Miner, G. K., T. P. Graham, and G. T. Johnston, "The 

Preparation and Calibration of a Convenient EPR Field 

Marker and Intensity Reference," Rev. Sei. Instrum. 43, 

1297 (1972). 

5 Hemenger, P. M., Private Communication. 

6 Lang, J. E., Private Communication. 

7 Lang, Joseph E., Frank L. Madarasz, and Patrick M. 

Hemenger, "Temperature Dependent Density of States 

Effective Mass in Nonparabolic p-Type Silicon," J. Appl. 

Phys. 54, 3612 (1983). 

8 Lang, J. E., Private Communication. 

9 Kaufmann, U., and J. Schneider, "Chromium as a Hole Trap 

in GaP and GaAs," Appl. Phys. Lett. 36, 747 (1980). 

10 Goltzene, A., B. Keyer,   and C. Schwab, "Electron 

Paramagnetic Resonance of Extended Defects in 

Semi-insulating GaAs," J. Appl. Phys. 53, 4541 (1982). 

11 Blakemore, J. S., "Semiconducting and Other Major 

Properties of GaAr," J. Appl. Phys. 53, R123 (1982). 

v\v 

69-20 

v vs>>>> - \v:>i:vS-S:-v--^jirS*N-:vvv/VvS-S^ -S-: Y±: 



Cv. 

1983 USAF-SCEEE SUMMER FACULTY RESEARCH PROGRAM 

Sponsored by the 

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH 

Conducted by the 

SOUTHEASTERN CENTER FOR ELECTRICAL ENGINEERING EDUCATION 

FINAL REPORT 

Prepared by: 

Academic Rank: 

Department and 
University: 

Research Location: 

USAF Research: 

Date: 

Contract No: 

Synergetic Maneuvers 

Dr. Don Mittlern^ 

Professor 

Mathematics 
Oberlin College 

Air Force Wright Aeronautical 
Laboratories, Flight Dynamics Laboratory, 
High Speed Aero Performance Branch. 

David T. Johnson 

September 1, 1983 

F49620-82-C-0035 

!>0f? 

>VVV- 

m 

»*. "•YVV 

•v'•'.<-': ■'.• >">■ ■.;•■ v >:>••;<>;os  :* -. ■•: >>:*:< ;:>v>v->:i\-J 



Synergetic Maneuvers 

by 

Don Mittleman 

'•y i Abstract 

A procedure that may allow the specification of a synergetic 

maneuver from one Keplerian orbit to another, lying in a different 

plane and with different pedigree, depends on knowing the equations 
r, ■» 
,«< r

m 
;^ of motion of the vehicle on the transfer orbit. When the transfer 

y\') orbit is also Keplerian, solutions to this problem for different 

impulse requirements have been given. When the transfer orbit is not 

Keplerian but subject to drag, a solution is known, for an optimal, 

two-impulse transfer trajectory subject to a very special form of the 

drag. To attempt to apply the technique to the case of interest, 

hypersonic flight through a resisting atmosphere, requires the 

reformulation of the differential equations. Initially, these 

equations are cast in a form suitable for numerical integration on a 

high-speed computer. The desired form needs to be more amenable for 

theoretical analysis. This reformulation is done in this report. 

Suggestions for continued research in this area are offered. 
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I. Introduction 

The problem addressed in this report Is the formulation of the 

equations of motion governing the orbit-to-orbit transfer of a 

vehicle. Only the aerodynamic forces and the equations incorporating 

these are considered; the inclusion of aerodynamic heating as a 

constraint is deferred to a later report. 

Orbit-to-orbit transfers have been considered by rr.any authors. 

References are not intended to be inclusive of the literature; 

rather, they are directed more as indicators of the thinking that 

underlies the material discussed herein. The problems that have been 

successfully solved include: a) transfer between circular orbits 

lying in the same plane and requiring minimum energy: b) transfer 

between Keplerlan orbits using two fixed impulses ; c) tran- 

sfer between Keplerlan orbits when the transfer orbit contains a 

velocity-dependent term and requiring minimum energy . D.J. 

4 
Jezewski, using an impulse optimization method and the results of 

an atmospheric guidance logic, studied the problem of going from a 

specified Initial Keplerlan orbit to a transfer orbit consisting of 

three parts to a fixed Keplerlan orbit. The three parts of the 

transfer orbit are an initial phase which Is Keplerlan, an 

Intermediate phase which Is motion through an atmosphere, and a third 

phase which is again Keplerlan. The intermediate phase, the 

atmospheric portion of the solution, Is discussed in Kill . 

With the exception of this intermediate phase, which is a 

numerical solution of a system of differential equations requiring 
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approximately 10 minutes on a high-speed computer (Univac 1110 

series), all of the problems mentioned above are solved in closed 

form and in terms of known functions. The purpose of this report is 

to attempt to approximate this numerical computation by a closed form 

solution in terms of known functions. 

The proposed method of solution is based on the following 

observations. Historically» the solution of the differential equat- 

ions of motion for an orbital trajectory is an initial value problem. 

Given the equations of motion and the Initial conditions, one studies 

the motion, the position and velocity, along the trajectory, 

generally as a function of time or in terms of some other variable 

closely related to time. That is not the case for orbit-to-orbit 

transfer. Here, one starts the vehicle at some point, to be 

/■■V        determined as a condition of solution of the problem, on an initial 
•iv 

Keplerian orbit, with an initial velocity, also to be determined as a 

condition of the solution. Having started the vehicle with these 

initial conditions, the equations of motion of the vehicle through 

the resisting medium are operative until the vehicle reaches some 

point, again possibly to be determined as a condition of the solution 

of the problem, on a prescribed final orbit, with a final velocity, 

again possibly to be determined as a condition of solution of the 

problem. Fcr a problem such as this, it is clear that only the 

Initial and final positions and velocities of the vehicle are of 

Interest (subject, of course, to the physical constraints on the 

vehicle during the transition along the transfer trajectory)» For 

'\ these reasons, when we try to find a solution both of whose end- 

points may be prescribed, we refer to the problem as a boundary value 

problem. 
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If one could write the solution to the initial value problem in 

closed form and in terns of known functions, (something we have not, 

in general, learned to do) then, at least conceptually, one should be 

able to specify the conditions for the boundary value problem and 

determine the values of the constants of integration in terms of the 

boundary conditions. The algebraic complications are formidable and 

recourse is made to an alternate approach. The alternative method 

depends on deriving the integrals of .action. Thus, Jezevski & 

Mlttleman depends in part on Jezewskl & Mittleman . 

II. Objectives 

The main objective of this project is to recast the equations of 

motion for hypersonic flight mechanics, generally given in the for*. 

of a system of differential equations suitable for solution by 

numerical methods on a high speed computer, into a form better suited 

for analytic study.  In particular, the formulation chosen for this 

analytic study had been used successfully in studying orbit-to-orbit 

transfer in the Keplerlan case and when the transfer orbit is modifi- 

ed by a specialized drag. This relationship is established and the 

several terms used in one formulation are identified and related to 

their correspondents in the other. 

III. The Equation of Motion in a Resisting Medium 

The development of the equations of motion in this section is 

taken from Vlnh, Busemann, Culp , specifically chapters 2  and 13. 

For completeness only, the relevent equations are repeate.'. here. The 

reader '» referred to their text for a full description. A dual 

number evite© Is used in this section for the equations given. When 
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written in parenthesis, such as (2-27), the number is the sane as in 

their text; when written in brackets, such as (3-4], the number will 

be the one used in this report. Thus, (3-4] will be the fourth 

equation in section III. 

Consider a spherical rotating planet and let OX.Y.Z. be an 

inertlal coordinate system with 0 at tho; sphere's center and with 

the OX.Y. plane coincident with the equitorial plane. Let 0XY2 

be a coordinate system fixed in the planet and rotating with it with 

constant angular velocity  . At time t * 0, OX and OX coincide. 

Newton*s equation 

m if S  ? (2-3> 13-1] 

valid in the inertlal syster, becomes in the rotating system 

in -j- * f - imZ x V - rtC x(yx?) (2-13) [ 3-2 ] 
of 

where now V   la the velocity in the rotating coordinate system. 

Using spherical coordinates fixed In the planet, the position vector 

Y*is given by its magnitude r, its longitude v (measured from the 

OX axis positively eastward), and its latitude S  (measured fro« 

the equatorial plane along a meridian, positive northward). 

A third coordinate system Oxyz is Introduced. The Ox axis Is 

along the vector T   , the y-axls, orthogonal to Ox, is In the 

equitorial plane and positive in the direction of motion, and Ox is 

chosen to form a right-handed system. 
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Fig. 2-3. Coordinate systems. 

If this coordinate system is translated so that its origin 

coincides with the end-point of the position vector V* , then Ox is in 

the direction of the outward drawn normal to the sphere with center 0 

and radius r, and the Oyz plane, called the local horizontal plane, 

is tangent to the sphere at that point. The Oy direction is tangent 

to the circle of latitude and we shall assume positively directed 

eastward and Oz is tangent to the meridian circle and positively 

directed northward. 

The velocity vector V lies in the local horizonal plane only 

for "level" flight. Otherwise, V makes an angle X , the flight path 

angle» with this plane; Y>  0 implies the vehicle is climbing. The 

angle yS , called the heading, is measured in the tangent plane from 

the Oy direction (i.e. from the direction of the circle of latitude) 

and is positive when the vehicle is heading north of east. 

-* -» -» 
Let i, j, k be unit vectors in the direction Ox, Oy, Oz respec- 

tively. Then we may write 

7   * rf (2-14) 

V*   «   (VsinYtT-»  (Vcotycoii^) f + (Vcoiyiindl k (2-!5) 

w   a   (wtintfOi   +(wcos$)k* (2-16) 

13-3] 

[3-4] 
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From these three equations, we calculate 

cxv   = - (u)Vcos\cos^cost|() i   + w V(sin"y cos<t> - cos y sin4> sin i|* > j* 

+ u> V cosy sin(j> cos 4> k (2-17) 13-61 

-     -*   - 2 2   -*        2 - 
ux(u)xr)   =   -u)   r cos <j> i   + u   r sin 4. cos<t> k (2-18) [3-7] 

values needed in eq. (2-13), [3-2], 

The gravitational component of the force F is 

mg = - mg(r)f (2-19)      [3-8] 

A drag force D, oppositively directed to the velocity vector V, and a 

lift force L, orthogonal to D, comprise the aerodynamic forces A. We 

assume a**thrust vector T lying in the (D,L) plane and making an angle £ 

with the velocity vector V. Then TcosC is the component of T along 

the velocity V and Tsine is the component of T along L. For conve- 

nience, the aerodynamic and propulsive forces are combined, and we 

define 

FT = Tco.c - D [3-9.1] 

FN = Tsinc 4L (2-20)      [3-9.2] 

Thus ?_ is the component of the combined aerodynamic and propulsive 

forces along V and F„ is their component along L. If F_ and F„ 
N T      N 

are written in the (i,j,k) system, we have: 

fr  »   (FT»inv) f + (rTco»Ycoi^)f + (FTco»Vain^) k      (2-21) [3-10.1] 

^N   *   tFN C°" CO,Y)
 ** " *FN C°** ,ln'VC0,4' + F    «inff »in4,) f 

- (FN co«<r sin v tin 4« - F    »in* co«4>) IT (2-24) 

where   *"" is the angle between the vector I and the  (*»V)  plane, 

which, in Fig.(2.4),  is referred to as the vertical plane. 

[3-10.2] 
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Fig. 2-4.    Aerodynamic forces and thrust components. 

Equation (2-13), [3-2] was written for the OXYZ coordinate 

system whereas the development given above was in the Oxyz, or 

equivalently, the (i,j,k) system. To obtain the equivalent of 

eq. (2-13), 13-2] in the (i,j,k) system, we need the angular veloci- 

ty SL  of the Oxyz system with respect to the OXYZ system. This is 

o . <.in*^)r-<|£)r*(co.*!i)]r (2_25) 

Then 

It   ' ffxi <«.♦£> ]*♦<£>* 

^ * Qxf * . (cos 4* ^) f ♦ (sin* 
dt1 (2.26) 

Frcm eq. (2-14), [3-3] and using eq.(2-16), [3-5] we get 

If " (dT>r +(rcos* ylT + CrÄjf    (2.27) 

[3-11] 

[3-12.1] 

[3-12.2] 

[3-12.3] 

[3-13] 

*«»•*; 

*•*£ 
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s 

1 

S: 

Comparing eqs.   (2-27),   [3-13]  and  (2-15),   [3-4] we get  the three 

kinematic equations. 

dr 

dF =   v 8lnv 

dfl _    V cos y cos ^ 
dt r cos 4> 

d<t> V cos -y sin tl 
dt f r 

(2-28) 

[3-14.1] 

[3-14.2] 

[3-14.3] 

AY If we compute zJ— from eq.   (2-15),   [3-4]  and  simplify using 

eqs.   (2-26),   [3-12]  and  (2-28),   [3-14]  we have 

** _   \mi„    dV x -ir dv      V*        2     1,* 
dT  =   [«inv—^Vco.^ ^-—cc-    vj  i 

+      cos\co«4;  —- - V «inv cos4) --^- Vcosv sin^  -^ 
*■ at at **t 

+  -j~ cosy cos4< (sinY -   cosYsiniJ/ tanA )       j 

+   [COSY tinili -— - V siny »inO. -J + V cos 

V2 2 1. 
+  —~   cos v(sinv •in4- + cosy cos    £ tan«J>) I    k 

d(L 
Vcos* — 

[3-15] 

(2-29) 

^?. Equation (2-29),[3-15] is used to replace -—- in the left-hand side 
cftr 

of eq. (2-13),[3-2]; the right hand side of eq. (2-13) is found from 

COxV»  eq. (2-17), [3-6] from U)x(Zx7)  eq. (2-18), [3-7] and F, 

from eqs. (2-19), [3-8], (2-21), [3-10.1] and (2-24), [3-10.2]. 

These substitutions result in three equations which are then solved 

for dv     jjr    and   Jj_ 

dV 1 2 
—— »   —F_ - g linv + w   rcoi^ (sinycos* -cosvsinA sin^j 
at m      I 

dv 1 V 
V-J- ■   — F« cos» -gcosv + — cos v + 2u V cos A cos iL dt        m     N •        f      r ' ▼ ▼ 

♦   w   r   cos* (cos Y cos & + sinv sin* sin*V) 

„d*        1     rN,inlr       V2 

V —* s   —   ——— -   — cos v cos 4* tan A 
dt        m        cos Y r 

2 
w    T 

4 2wV(tinv cosA iir.4* - fin$ } - ■- —■ sinA cosA cos ^ 
cos Y 

[3-16.1] 

[3-16.2] 

[3-16.3] 

(2-31) 

u« 

VJV 

!r»l 
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For a non-rotating planet and stationary atmosphere, U) * 0 and 

eqs. (2-31), [3-16] reduce to 

dV 
dt 

dt 

VÄ   . dt 

1_ 
m - FT - g sin v 

—  FNcos(r  -gcosv+ —cosy 

1     FN 8in<r        V2 

m        cosy      "   T  C°*V COS* tan* 

(2-32) 

—JL- 
•\>V»V 
■•*>V»V 
^ *• .'■ ."• 

">■*.'»*.*-*-" 

.'•'."-""- 

:,jm::< 
.'•.%. - 

[3-17.1] \\'\' 

'  *.'    '■*   Si" 

""»   ■".   *   , "" 

13-17.2] •   '••.*« 

:.■:•:".: 

[3-17.3] 

For a non-thrusting vehicle,  F    and F    simplify to -D and L 

respectively and eqs.   (2-32),  [3-17] become: 

uu*. 

dV 
dt . - - g .in Y 

[3-18.1] 

>dy        L coi 9 V 
'd7  C    "ZT   -Bco.v+T.   co.Y 

., dU> L iin er       V VA*   *    '   „  .     - —   cos Y cos ^ tan 6 dt        mco«v       r * T 

(2-34) [3-18.2] 

[3-13.3] 

The formula for the drag is given by 

— ^ 

and for the lift 

t m 

/ ̂
c* 

where yD is the density of the resisting medium,S the shape factor, 

and Cp and CL are the drag and lift coefficients respectively, of 

the vehicle. 
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In summary,  the equations of interest are: 

dr 
dt -TT     =      V sin Y 

d9 
dt 

dj> 
dt 

dV 
dt 

Ä   , 
dt 

dt 

V cos Y cos  ip 
r cos4> 

V cos Y sin ijj 
r 

PSCDV2 

'       2m        * * sin V 
2 pSCLV 

2m cos <r - (g -  ) cos Y 

PscLv 
2m cos Y 

-«-    sin <r -  -— cos Y cos $ tan 4> (13-1) 

[3-19.1J 

[3-19.2] 

[3-19.3] 

[3-19.4] 

[3-19.5] 

[3-19.6] 

Again, the reader is reminded that this presentation is taken 

from Vinh, Busemann, Culp , chapter 2 and 13. For further details, 

the reader is referred to that text. 

IV. An Alternate Formulation for the Equations of Motion 

8 
In Mittleman & Jezewski an analytic solution to the two-body 

problem with a specified drag model is obtained.  In this section, a 

9 
more general procedure that includes these results is presented . 

The general two-body problem may be described by the vector 

differential equation 

where 7 is the radius vector from the center of mass of the 

attracting body to the particle and the of- (^■ 1.2,3) are scalar 

coefficients dependent upon r, r, the characteristics of the 

resisting medium as well as  those of the vehicle. Dots ( ) denote 

differentiation with respect to the independent variable, time.  In 
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all that follows, we specifically exclude rectilinear motion, i.e. we 

assume that r, r and rxr are three non-coplanar vectors. Thus, r, r 

and rxr form a basis for the space. We introduce a (jjVj'S ) 

coordinate system as follows. 

Let -* 

*--£-■ •   "l? 

m c /JL=JL1 
1     k 

k-l?-?! 

[4-2] 

[4-3] 

From these definitions we conclude that 

a) f is a unit vector. This is obvious from the definition. 

b) 5  and 77 are orthogonal. We show that the inner (dot) 

product of (c    and *J    is zero. 

f.7.(Xy(jr2^^»_^^>'.?-rr.7) 

c) #\   is a unit vector. From 

Thus, I ■£ x^l Ä/  " However, 

d) f  , *n , and J m$*y   *re unit vectors, forming a 

right-handed orthonormal coordinate system. 

At this point, we introduce a pseudo-timef" T(t).  In terns of T* 

7(*7 ~(f'f+rf')'ir 

.> *■ 
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where the prime (') indicates differentiation with respect to f. 

We show that for the proper choice ofT'Ct), ^"J. 

From the definition of Ä , we find 

l>Qr/'+r'f)-rr'f3«      ,  fc.kl.^r'jjt 

T 1*11*1 
We choose 2Tto be I) an increasing function of t, to insure 

that t}Q and AVJ we choose T so that  lf'1 "l* (It is not 

important, at this point, to know the precise relation between Z and 

t. That relationship will become apparent during the solution of the 

problem. In the Keplerian case, T is the true anomoly; in the case 
g 

discussed on Mifleraan & Jezewski , it is a central angle; in Vinh, 

Busemann, Culp , it is the parameter s.(Eq. (13-6), pg. 229). The 

first two cases are obvious from the development described in the 

references; the third assertion will be proved in this paper. 

We now can determine r in terms of X . 

Using these values for r, f, and r, eq. [4-1] becomes 

where 
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e) We prove: ^sö and /j, 2 I 

The dot product of £ , and eq. [4-5] yields 

However, (f-f") - (/•/")-( f'/ ) - -1 

Therefore,  /^ « / 

The dot product off  and eq. [4-5] yields 

However, (f'/*) - *s (/'•/')' - 0 

Therefore, V, - 0 

Withl^« as defined above, eq. [4-5] may be written 

/"> f -h   *$ (fxf'J* O [4-6J 

f) The vector^ satisfies a linear, third order differential 

equation. 

The eq. [4-6] is obviously non-linear. If ^\"0» then 5 is a 

solution of § + $    *0 and clearly the assertion is true. If r,. j£ 

' 0, then, dividing by y~  and differentiating, we get 

However. ($*£')' - (f W) ♦ (f*^) - (£*/") 

The cross product of £* and eq. [4-6] is 

Fron the vector identity for the triple cross product 

Therefore, 

Substituting 'his into eq.   [4-7], we have 

[4-7] 

{&)'*«'■ [4-8] 
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which when expanded becomes 

g) An observation. That the vector 5 satisfies a linear vector 

third order differential equation need not be surprising. Since the 

constants of integration of any linear differential equation enter 

linearly in the solution, we should expect that 

where the vectors A., A^ A« are three constants and the scalar 

functions f ■(*?), yt - 1,2,3 are linearly independent. Since the 

vector constants A^ are linearly independent, they form a basis for 

the three-space and thus any vector, and in particular^ , is 

expressible as a linear combination of these constants. 

Conversely, if A.t  A., A. are any three linearly independ- 

ent vectors, then the vector function 

satisfies a linear third order differencial equation, provided, of 

course, that f., f \  f,H exist. 

V. The Heaning of V1 «0 and J^ - 1. 

Recall the definition of 

and differentiate with respect to 2T. 

Substituting fro» V  - 0, we find 

\\   + f* *t,  tr Ü rs-u 
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When ¥  - 0 is combined with V^-  1 that equation becomes 

If we let Ur c 4. and "jr - */^*x. 

The value ofJ/, in eq. [4-6] or eq. [4-8] is 

, eq.[5-2] becomes 

4 - -fÜL 
>^ 

[5-2J 

[5-3] 

[5-4] 

The quantity r\   is, of course, the angular momentum and 

eq. [5-1] Indicates how r\ changes with X    and the "forces" as given 

in wt   . If eq. [5-1] is integrable, and it is known to be so in the 

case of Keplerian motion when •< » 0 and in the case W( ■ **m/cx w°ere V. 

is a constant, then one integral of the motion would be known. When 

this integral for the angular momentum is substituted into eq. [5-3], 

that becomes a second order differential equation in U.   .  If o^«/***^ 

the classical case of an Inverse square gravitational field, eq.[5-3] 

becomes linear, provided, of course, that/) is * function of T alone. 

It is in this sense that we say that the system of equations [4-1] is 

decoupled. Note also that with this decoupling, the out-of-plane 

motion of the vehicle is now governed solely by eq. [4-6] or 

eq. [4-8] with U^  as given by [5-4], 

The equations [5-1], [5-2] and [4-7], with \) . as given in 

(5-4] constitute a system of differential equations that, for 

specific values of-/ , w , <^ , define the motion of a particle 

under the most general conditions. We turn our attention now to 

determining«(. »4^»» «<■» ln terms of the aerodynamic and 

gravitational forces MS  given in Section III. 

at- 

tm*> 
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VI. Aerodynamic Values for^. , ^2>y,. 

We start with the differential equation 

«** *» —*? 
Working in the i, j, k coordinate system, we recall 

eqs, (2-14),[3-3], (2-15),[3-4], and (2-29),[3-15]. 

7   * rf (2-14) 

7 * (Vtiny) f ♦ (VCO»YCO»4<) f + (Vco»Y»in*) k    (2*15) 

dV  f.  dV„     dv  V2   2 1- 

[dV dv d«L 
co» v co» 4» -7— ■  V liny co« 4» —*- V co« Y »in4» —* 

dt dt at 

v2 1   - + _ cot Y cos4*(»inY -  co«Y»in^ tan$ ) I    j 

U-ZIl 

[6-1] 

[6-2] 

[6-3] 

[6-4] 

If the values of 11 Vf V*    and   — m  f     as given by these 
PI 

[dV dv d«b 
CO»Y «in4»  -rr- - V »iny »in4» —* + V CO»Y CO»4*   -T* 

V1 2 1   - 
+   -7-   co» Y(*inY »in4» -f CO»Y co»    4< Un$ ) j    k 

St' * 
equations are substituted into eq.   [6-1], we obtain the three scalar 

equations 

(Vw)w, *   v*^ - Vt 

{Vcnrcay) w, -(fVc^iT^^j^s ?x  (6-5] 

(V c*or &«}) v, + (*Yc«rc-r»*) ^i *% 

»• -r. 

^» * 

where 
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u. 

IT- 

S' 

v/1    ( 

The second and third of eqs. (6-5) art equivalent to 

cos^( Vuo*M,) - sinv^ ( Vrt*»jr*<) - p2 

«lnf(Vc*»r^, ) * cosy/ (Vffi^^J),p3 

which in turn are easily solvable for (YuoO) and (Y^^orw). 

If P- and i* are replaced by their values as given above, we 

find 

[6-6] 

[6-7] 

[6-8] 

The value for*^. is found from the first of the eqs. (6-5). 

If, in equations [6-6J, (6-7) and (6-8), ^Y     J T 

and ojr   are replaced by their values as given In eqs. (2-32), [3-1/1, 

repeated for convenience, 

dV   l _ 

■ ix .  ± 
dt     m  N      •   '  r 

(2-32) 

dt    m 
——— - — c * v eo» v tan$ 
o§^     r 
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we arrive finally at 

**~Z&[Zc*rjh»r-fr] [6-9.1J 

3 *   ** Kr*6*of 

16-9.2] 

[6-9.3] 

Of course» these values for the «tf are predicated on a 

non-rotating planet vith a stationary atmosphere (actually, ve assume 

CO   - 0 in eqs.(2-31), [3-16]; for a rotating sphere, COjL0*nd  ve 

would use the values of ~~ , ft and *kX    as given in 

eqs. (2-31),[3-16J. 

VII. Recommendations 

a) The first and most obvious extension .f the method 

presented would be to include the case of a rotating planet and 

derive the equivalent of eqs. [6-9]. 

b) The third order linear differential equation [4-8] should 

be investigated for different V      Since the vectors 3   snd f 

that enter into that equation are unit orthogonal vectors and since 

the solution must also satisfy the non-linear eq. [4-6], necessary 

conditions will be Imposed on the relationship among the constants of 

integration. It may be possible to determine this relationship for 

the general case. All of this effort would be directed to 

understanding the out-of-plane motion of the vehicle. 

That derivation will be given in a subsequent report. 
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c) Physical constraints (e.g. aerodynamic heating) on the 

motion have been ignored. Eventually, these should be included. 

d) It is possible to choose #<.,^_, and *<  so that the 

eqs. [5-1], [5-3], and [5-4] are integrable in an analytic form 

involving known functions.  It would be too much to expect that the 

cases of interest for the aerodynamicist would be among these.  It 

may be possible however, to bound the cases of interest between 

integrable cases and thus get some feeling for the nature of the 

solution. 
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APPROACHES TO SYNTHESIS OF SOME 

mm, PQIYPENZIMIPTOS MONOMERS 

by 

Charles G. Moseley 

mm®. 

Rigid rod aromatic-heterocyclic polymers such as polybenzimidazoles 

have high strength and high thermooxidative stability and are useable as 

structural materials for aerospace vehicles.   Thus, a literature search was 

carried out and methods of synthesis proposed for two model compounds and 

three novel monomers which could possibly be polymerized to useful 

polybenzimidazoles.   The monomers studied are N^N^-diaryl-I^^S-benzene- 

tetramines, N1,JT-diphenyl-1,2f4t5-benzenetetramine, and 4-amino-3- 

anilinobenzoic acid.    Experimental work was then carried out in the 

laboratory in an attempt to synthesize one of the monomers (N ,N -diphenyl- 

1,2,4,5-benzenetetramine) by adding ammonia to N,N -diphenyl-p- 

benzoquinonediimine.   The desired reaction did not occur in six attempts 

made under various conditions.    Recommendations for further research in 

this area were then made. 

71-2 

•"* ■ • ■ • * •   • *■■••• .•   TV V V V v .- *-• v -.•VV V * ^aia^-v VP . •* w«A A A A A A A A A AV> ■•■ > £;>> .*•". "•" A\*» *A'A" A «N'N . 



VV, 

Acknowledgement 

The author wishes to thank the Air Force Systems Command, the Air 

Force Office of Scientific Research, and the Southeastern Center for 

Electrical Engineering Education for allowing him to spend ten very 

interesting and profitable weeks in the Materials Laboratory at the Air 

Force Wright Aeronautical Laboratory, Wright Patterson AFB, OH.   He wishes 

to particularly thank the Polymer Branch for its hospitaity and for the use 

of its facilities. 

In addition, the author wishes to thank Dr. Robert Evers for 

suggesting this area of research and for his valuable assistance in 

carrying out this project. 

71-3 

^ü&Üi 
••SA- 



I. INIRQPUCTXQN: 

The Air Force Wright Aeronautical Laboratories and the Air Force 

Office of Scientific Research are engaged in a research and development 

program directed toward the synthesis and processing of ultra-high 

strength, thermooxidatively stable polymers for use as structural materials 

in aerospace vehicles. The objective is the attainment of mechanical 

properties for a structural material comparable with those currently 

obtained with fiber reinforced composites, but with significantly higher 

environmental resistance and without the use of a fiber reinforcement. The 

materials chosen for this effort are the rigid rod aromatic-heterocyclic 

polymers. Although the physical and chemical properties of these polymers 

show promise for the achievement of the program objectives, these aromatic- 

heterocyclic polymers present special processing and fabrication problems 

because of the all-para, rigid rod character of the molecules. A 

continuing Materials Laboratory in-house research program as well as 

related contractual programs in academic and industrial laboratories are 

addressing various aspects of the processing science and fabrication of 

these polymers. This research includes synthesis efforts directed toward 

the preparation of novel rigid rod aromatic-heterocyclic polymers which 

possess either improved processing characteristics or enhanced 

mechanical/physical properties. 

The present project involves the synthesis of several previously 

unreported novel monomers which are expected to undergo polycyclo- 

condensation reactions wfth selected aromatic diacids to yield 

rigid rod polybenzimidazole polymers which exhibit improved processing 

characteristics over known rigid-rod polymers. 

ms? 

5P? 
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II.    <2&[££IIIES: 

The primary objective of this project was to find efficient methods to 

synthesize several previously unknown monomers which could possibly be 

polymerized to novel polybenzimidazoles with high thermooxidative 

stabilities and application as aerospace structural materials.    During the 

first part of the project a thorough search of the chemical literature was 

carried out to identify methods which have been used to prepare compounds 

similar to the desired compounds and which might serve as good routes to 

these compounds.   During the second part of the project laboratory work was 

carried out in an attempt to synthesize one or more of the desired 

compounds. 

:#: 

III. LITERATURE SEARCH: 

A. Synthesis of 1-H-benzimidazole-2-carboxylic acid (I) 

and 2,2 -bi-1H-benzimidazole (II). 

Qrt-c&H 

These two compounds were investigated because I is a model for the 

monomer and II is a model for the polymer produced in the reaction below: 

££L (i) 

7U5 
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Dr. Jim Cain at this laboratory will investigate and report on this system. 

The best synthesis found for I was 1>2»3. 

0^<^D'MU0^aa H MhQ* > 
AlUi 

(>i-15%\{1el<i 

CÖ-tW     (2) 
T. 71 % yield 

The best synthesis found for II was : 

oO"^^* O (3) 

ft, 90 % yield 

a   Synthesis of N1,N5-diaryl-1,2,J*,5-benzenetetramines (III). 

These compounds were investigated for use in the reaction to prepare 

the phenylated polybenzimidazoles shown below: 

The parent compound (Z = H) has been prepared5: 

»T^ yield ta* yieU 3*fc yield 
The corresponding N1 ,N5-dimethyl6- and N1,N5-dinaphthyl7- compounds 

have been prepared by very similar processes: 

c»n*"£ 
Hiti-W- (6) 
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The closest reference found to the desired compounds was:8 

*  ylffij.Nä&fa,  vV/rfy 
o/*A^ ik 

reported  (7) 

Based on these reactions it is likely that III could be prepared as 

shown below: 

od^W rjT ♦ AN&U2- 
1=-OC*tis~OQI>, 

(8) 

C. Synthesis of N1,N4-diphenyl-1,2,'»,5-benzenetetraraine (IV) 

This compound was investigated for use in the eeactlon to prepare the 

phenylated polybenzimidazole shown below: 

"fß^T ^-O^ißU 
(9) 

Tt, 

No references to IV having been prepared were found in the chemical 

literature.    Methods which have been used to make related compounds and 
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which may possibly be used for synthesis of IV are: 

1)    Reaction of 1,4-dihalo-2,5-dinitrobenzene (V) with aniline 

followed by reduction: 

(10) 

There are at least two potential problems with this approach: 

a) No really good synthesis for V has been reported;  it has 

been prepared by the laborious and inefficient separation (by 

crystallization) of the isomers formed by nitration of p-dihalo- 

benzene9'10'11: 

^U\ 1**50* /Ov-x    +  °^er   dornen (11) 

b) It may be difficult (or impossible) to replace both of the 

halogen atoms in V by reaction with aniline.    In the 

closest example found to this reaction,10 the second Br 

atom would not react: 

kfY°* MUM®    Vir*0' (12) 
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2)   Reaction of N,N -diphenyl-p-benzoquinonediimine (VI) with 

NH, followed by reduction: 

dCdfer 

MIL. 

TO- 

• &-*=*- jf 
HHCMs 

(13) 

VI has been prepared by oxidation of N.N'-diphenyl-p-phenylenediimine (VII) 

which is commercially available'2|13»1'j 

NHGJk HCtfig 

The closest example found to the desired reaction is12'111: 

\<4tk ^W 
3)   Reaction of p-benzoquinonediiraine (VIII) with aniline 

followed by reduction: 

J3L jjr 
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VIII has been prepared by oxidation of p-phenylenediamine (IX)15»16 

which is commercially available: 

(17) 

33^ ISfl^ «o yieid reported 

The closest example found to the desired reaction is1': 

Ä     ULÜJhMm    > 

213- HO yield reported 

0.   Synthesis of 4-amino-3-anilinobenzoic acid (X) 

This compound was investigated for use in the reaction to prepare the 

hin 

(18) 

phenylated polybenzimidazole shown below: 

CfKr 

x 

GJfs 

Poll 
<yfr 1 

TOtf- 
(19) 

-In 

No references to X having been prepared were found in the chemical 

literature. Methods which have been used to make related compounds and 

which may possibly be use'' for synthesis of X are: 

1)   Conversion of 3.halo-4-nitroaniline (XI) to 3-halo-4- 

nitrobenzonitrile (XII) to X 

XL 
71-10 
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(21) 

10 
The best synthesis found for XI is'°: 

XI is readily converted to XII by diazotization19: 

btfk   . 
J\   OAfiiAiOi./fC^ 

Wt WO». 

The route from XII to X with the greatest probability of success 

is: 

JaÄLCftÄS*    f 

s£ or JL 

AA>x **3> 

There is a potential problem with this route, however.   No reports 

were found in the chemical literature of XII reacting with aniline, and XII 

is reported to react with some amines but not with others in the desired 

manner19»20: 

(2*1) 

M6x 

thNCjMlhp)   ,  Mo   reaefror. 

tiMaumxm* 

TFfcJE) 

HG^fhUffcoCMxp)      (25) 

*e yiefJ reported 

(26) 

*4?o y/eU 
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»o 

► 

Reported reactions on similar compounds suggest that the other steps in 

equations 21 should go well19'20: 

Ua£t » 

£ ETPH 
o^ 

(27) 

(28) 

7o?c yield 
2)   Other aproaches to X which involve either the reaction of 3-halc- 

M-nitrobenzoic acid (XIII) with aniline (equation 29) or the 

oxidation of 3-anilino-4-nitrotoluene (XIV) to the corresponding 

benzoic acid (equation 30) are less likely to succeed: 

fog* 

btUQit 

NCk. 

co>M M COM  ( CM   (29) 

X 

K/Oa. 

QthM (30) 

^21 It has been reported*1 that XIII reacts with piperidine at less than 

one hundredth the rate of XII, and no reports of oxidation of an 

anilinotoluene (XV) to the corresponding anilinobenzoic acid could be 

found (equation 3D: 

g   a   , §■ 
•>NUC<.H* 

*■£: 

fv: 
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IV.   EXPERIMENTAL MQBK 

All of the experimental work performed in the laboratory on this 

project was directed toward synthesis of N1,N^-dipheny 1-1,2,4,5- 

benzenetetramine (IV) by addition of ammonia to N,Nf-diphenyl-p- 

benzoquinonediimine (VI) followed by reduction: 

Ättfti/fr 
H*    >     ff«- 

RUc    U%^      dB) 

It was first necessary to prepare VI by oxidation of the commercially 

available N,N'-diphenyl-p-phenylenediamine VII): 

3& S 
*»&*     C^ \cJk m 

Six different preparations were carried out using three different 

oxidizing agents (Ag20
22, HgO12, and CrO^) as reported in the literature. 

Of the three only CrO^ gave a good yield (69%) of pure product. 

Although aniline added to VI to produce the expected product'2 

(equation 32) in a test run, none of the six attempts made to add ammonia 

to VI under various conditions were successful. In each case either 

mLü£   >    jrj^Mr        (32) 
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unreacted starting material (VI) was recovered r ,   ? black very inpure 

material was produced.   The results are summarx^eu m Table I. 

Table I 

Results of Adding Ammonia   to N,N -Diphenyl-p-benzoquinoneciimine (VI) 

Acetic Acid None 0°C 15 min Impure VI 

Acetic Acid2 None 100°C 5 min Black oil 

THF None 65°C 4 hr VI 

THF p-TSA3 25°C 20 1/2 hr VI 

THF p-TSA3 150°C4 6 hr Black solid5 

1HF* Acetic Acid 25°C 21 hr VI 

NW 

1. The ammonia was added as 28.1% in NH^OH in 10-fold 

excess over the theoretically required amount. 

2. The ammonia was added to VI before it was dissolved in 

acetic acid. 

3. p-Toluenesulfonic acid monohydrate. 

4. The reaction was carried out in a bomb under 200 psi 

pressure. 

5. The unidentified product melted above 250°C and gave 

very broad peaks in the IR spectrum. 

6. The ammonia was added to VI dissolved in THF before the 

acetic acid was added. 

Finally, two attempts were made to add ammonia bonded to a protecting 

group (benzylamine,  XVI) to VI (equation 33) with the 

hope that the protecting group could be removed to give the 

\"0 

•v 
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HJ- 

desired product (IV).    One reaction was carried out in acetic acid solvent 

and the other in chloroform in the presence of p-toluenesulfonic acid. 

Although time did not allow an extensive work up or analysis, neither 

reaction appeared to have produced the desired product. 

V.   REWMMENPAIIQNS 

Based upon the results obtained thus far, it does not appear likely 

that it will be possible to synthesize N1,N^-dipheny1-1,2,4,5- 

benzenetetramine (IV) by simple addition of ammonia to N,N -diphenyl-p- 

benzoquinonediimine (VI) (Equation 13). 

It is recommended that the investigation of the reaction of VI with 

ammonia bonded to a protecting group be continued.   Various reaction 

conditions and other protecting groups should be evaluated. 

If this approach is not successful, it is recommended that the 

reaction of p-benzoquinonediimine (VIII) with aniline (equation 16) be 

investigated.    Finally, if this reaction does not work, the reaction of 

1,4-dihalo-2,5-dinitrobenzene (V) with aniline (equation 10) could be 

investigated. 
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BOUNDARY CORRECTIONS FOR LOW SPEED. SOLID WALL WIND TUNNELS 

by 

Dale F. Moses 

ABSTRACT 

A plan of experiments 1s discussed for developing a subsonic, three 

dimensional wall correction code, based on a method due to Sears, into a 

form which can be efficiently used with solid wall wind tunnels. The 

Inherent accuracy of the code 1s addressed and ways are Identified for 

reducing calculational errors. The state-of-the-art of transonic, 

three-dimensional, slotted wall boundary corrections is reviewed and 

recommendations are made for further research In this area. 
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I. INTRODUCTION 

The wind tunnel test section interferes with the flow about a model 

by introducing perturbations into this flow field. These perturbations 

can have the effect of 1) changing the streamline pattern (lift and 

induced drag); 2) altering the free-stream dynamic pressure (blockage); 

3) reflecting shock waves in high speed flows, etc. Wall effects on 

measured model forces and moments can be significant. At low speeds, the 

effect on angle-of-attack near the stall can be 15% (ref. 1) and for 

high angle-of-attack (a > 60°) effects from model blockage can be 

pronounced (ref. 8). In attempting to verify small improvements in the 

efficiency of transport aircraft at transonic speeds, it is found that 

the wall effects are of the same order of magnitude as the improvements 

being tested (ref. 9). Finally, the perturbations due to the presence 

of the walls forces the test engineer to use smaller models which has 

the disadvantages of limiting the wind tunnel in its Reynolds number 

range as well as requiring greater precision In the manufacturing of the 

model. 

Traditionally there have been two approaches to correcting for 

these boundary Interferences 1) direct calculation (for example 

references 2-4) and 2) adjustment of the model flow field (for example 

references 5-7). Wall Interference has been handled exclusively by 

method (1) above until the advent of the adaptive well concept in the 

early 1970's. This concept allows for the elimination of wall 

Interference, within experimental error, but has the disadvantages of 

requiring considerable additional auxiliary flow control equipment or 

wall flexing attachments. 
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A method has been demonstrated (ref. 1) for calculating the wall 

effect on lift and Induced drag for low speed, solid vail wind tunnels 

which eliminates the disadvantages of the adaptive wall approach but 

still provides an improved correction over classical methods. This 

improved method, which stems from the adaptive wall scheme of W.R. 

Sears (ref. 6), forms the basis for this present SFRP project. 

The Sears method (see ref. 1) is based on the fact that if the 

values of certain chosen flow parameters on a cylindrical surface 1n the 

vicinity of the wind tunnel model are consistent with unconflned flow to 

infinity then the flow field within this surface can be considered to be 

unconflned. The method employs a computer program written by the author 

which takes measurements of flow parameters acquired during a wind 

tunnel test and Iterates the values to those consistent with unconflned 

flow. The wall correction to lift and Induced drag Is then deduced from 

the difference in quantities related to the measured and unconflned 

values of the flow parameters. Additional research is needed, during 

the SFRP, to: 1) determine the best number and distribution of 

parameter measurements for practical, production testing and 2) Improve 

the accuracy of the method. 

II. OBJECTIVES 

The main objective for the effort this summer was co refine the 

Sears method program to the point where 1t could be used, with minimum 

user Interaction, as a production wall correction code for low-speed, 

solid wall wind tunnels. Another objective was also included to explain 

the difference in force measurements on a model at the same Reynolds 

number and transonic Mach number but in different test section inserts. 
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present state-of-the-art for low speed, solid wall wind 

tunnels. This will include determining how many, if any, 

sidewall pressures need to be taken. Because test sections 

tend to be comparatively short it is necessary to determine what 

minimum length is necessary in order to make an accurate wall 

correction calculation. 

2) Investigate the accuracy of the subject method of subsonic wall 

corrections. The sources of error in the computation of the 

boundary corrections (exclusive of instrument errors) will be 

identified and ways of reducing the overall error determined. 

3) At some time in the past, tests were performed on a certain 

model in the Transonic Gasdynamics Facility wind tunnel at the 

same conditions but using two different test section inserts. 

The results did not agree. It was agreed to assess the 

state-of-the-art in three dimensional, slotted wall boundary 

corrections to see if wall effects could explain the 

disagreement in the test data. 

III. Refinement of the Sears method 

This effort required the performance of a series of tests on a 

generalized research model conducted in the T6F wind tunnel. These 

tests were to be as follows: 

TEST 1 

PURPOSE: Assess the effect of tunnel boundary layer on the wall 

static pressures at locations HAM (see attached sketch). 
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CONFIGURATION: Subsonic test section. Empty tunnel. 

TEST CONDITIONS: Mach numbers .2, .4, .6, .7, .8 (for M > .6 match 

conditions with LRC-16T tests). 

MEASUREMENTS: Perturbation pressure, P. - P*i at 60 locations on 

test section floor, 60 locations on ceiling and 12 

locations on each sldewall. (p, » wall static 

pressure at i  locations). Record Reynolds number 

per foot. 

TEST 2a 

PURPOSE: Assess the effect of proximity of crescent apparatus on 

model perturbation pressures produced at wall locations. 

Determine the necessary upstream and downstream extent of 

pressure measurements In order to obtain an accurate wall 

correction. (Here accurate means an Improvement over 

standard methods). 

CONFIGURATION: Subsonic test section. Full span (11 in.) model at 

forward model position and at tunnel center-line. 

Roll angle - 0° (wings horizontal). 

Angle-of-attack o » 19° for Mach numbers M « .2, 

.4, .6, .7 and .8. 

TEST CONDITIONS: Mach number schedule given above (Reynolds 

numbers and Mach numbers > .6 on all tests should 

match IRC-16T data), 

MEASUREMENTS: Perturbation pressures at wall taps in Figure 1 and 

at 12 locations on each sldewall. 

w 

»• 
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TEST 2b 

PURPOSE: Obtain equivalent sldewall perturbation pressures for 

Test 2a. Assess the necessity for sldewall pressures and 

the minimum numbers and locations needed for accurate 

wall correction. 

CONFIGURATION: Same as Test 2a except model Is rolled 90° (wings 

vertical). 

This test 1s otherwise the same as Test 2a. 

TEST 3a 

PURPOSE: Make flow parameter measurements necessary for wall 

correction computation for normal model test position. 

Assess the effect of proximity of crescent apparatus. 

CONFIGURATION: Subsonic test section. Full span (11 In.) model at 

window center-line position and at tunnel 

center-line. Roll anp'ie « 0° (wings horizontal). 

Angle-of-attack and 4ach number as follows: 

M Q, degrees 

.2 -3, 0f +3, 5, 7, 9. 12, 14, 16, 19 

.4 0, 5, 19 

.6 0, 5, 19 

.8 -3, 0, +3, 5, 7, 9, 12, 14, 16, 19 

TEST CONDITIONS; Mach number schedule given above (Reynolds number 

and Mach numbers > .6, on all tests, should match 

LRC-16T data). 

MEASUREMENTS: (1) perturbation pressures, pm - p^ at wall taps 1n 

figure 1; (2) Schlieren photos of model flow field 

extending to test section boundaries for each Mach 

number and angle-of-attack; (3) Perturbation pressures 

at sldewall tap location. 
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TEST 3b 

PURPOSE: Obtain equivalent sldewall pressures for Test 4a. 

CONFIGURATION: Roll angle = 90° (wings vertical). 

This test is otherwise Identical in all respects with Test 3a. 

The first consideration to be addressed using the test results was 

the minimum number of wall static taps (both number across the test 

section and down the test section) that are needed In order to still 

compute a wall correction with any accuracy superior to the conventional 

method of Images (e.g., ref. 4). In order to do this, perturbation 

pressures would be measured at 60 locations on the floor and ceiling In 

accordance with Figure 1. The number 60 was arrived at as the largest 

number that could be handled practically by the tunnel pressure system. 

Since the test section 1s square, the model can be rolled 90°, as 

explained in Test 2b above, and the pressures measured again to get 

equivalent sldewall values. By selectively deleting pressure values from 

certain locations the effect of number and distribution on the resultant 

wall correction calculation can be determined. In this case we can study 

the optimum longitudinal spacing of the rows of tops and the number (if 

any) and locations of required sldewall perturbation pressures. 

Perturbation pressures were to be measured far upstream to determine 

their streamwlse variation to see if this variation could be adequately 

represented by a theoretical calculation Instead. In this way we could 

determine how far upstream we need to make the pressure measurements. 

Forward and normal model positions were to be tested in order to 

determine the effect of the angle-of-attack drive mechanism ("crescent") 

on the wall pressures. 
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Tests were to be conducted at higher Mach numbers in order to 

determine the wall correction accuracy limits due to compressibility 

effects. 

Unfortunately the planned tests were not conducted during the ten week 

summer period. This was due to delays occasioned by the preceding 

tunnel user, delays in obtaining and calibrating the necessary low range 

pressure tranducers, and finally the fact that, during calibration, these 

transducers were inadvertently over pressured and damaged beyond repair. 

This happened in the seventh week, leaving insufficient time fpr 

replacement. 

In place of the transducers, a U-tube mlcromanometer was connected to 

sample selected rows of perturbation pressures. Because of the time 

necessary to make the measurements, the manometer could not replace the 

transducers for the complete series of tests. The only row of pressures 

which seemed to be good was the floor center-line longitudinal row. These 

results are shown In Figure 2. Because of questions about the manometer 

data the plot is only presented to show that the floor center-line 

pressures are following the expected trend and that the values had the 

order of magnitude that was expected. 

t     i 

A     Modtl tne)\e$ 

FIGURE 2: LONGITUDINAL CENTER-LINE PERTURBATION PRESSURES 

ON THE LIFT SIDE OF THE MODEL 
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IV. Accuracy of the Sears wall correction program 

In order to Investigate the inherent accuracy of the wall correction 

method we consider the computational sequence. The perturbation pressures 

measured on the tunnel boundaries are smoothed by finding the best fit 

least squares surface to the data. The surface is composed of a linear 

combination of products functions of the streamwise coordinate alone and 

functions of the cross-flow coordinate alone. This surface is then 

integrated from -« to a given point i to obtain <j>.. 

The perturbation pressures (and therefore <j>.) are obtained in a 

cylindrical surface which is coincident with the wind tunnel test section 

surface. This surface can be thought to divide the space into the near 

field and far field. To compute the far field flow, the surface is 

subdivided into i dipole elements, each with a boundary value point at its 

centroid. The $. above can then be used to fix the outer flow using the 

relation 

VJ s *i (1) 

where A^ . 1s an Influence coefficient matrix. This linear system can 

then be solved for the dipole strength p.. The consistent cross-flow 

perturbation velocity can now be computed from 

BUUJ  * V1 (2) 

Vj 1s then compared with the measured value, vm (which in this test is 

zero) to get an error signal, 6v, where 

6vi ■ yi - \ (3) 

A relaxed value of this error signal 1s then used to fix the near-field 

flow using 

B'ljVJ = k*V1 (4) 

■/v 

*•«*" 
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When this linear system is solved for 6'y. one can calculate an 
J 

Increment to $. 

A'fJH,'j - «♦, (5) 

The first iteration is completed when 6<j>. are used as an update to <J>. 

in the far-field. A new error signal (equation (3)) is computed, using 

the previous v. in place of v. The iterations continue until the error 

signal becomes as small as desired. Reference 10 shows that if a linear 

system. 

a1jxj = ci (6) 

is solved for particular values of a.* abd c. which are not the true 

values then the e 

equation, namely 

values then the error 1n the solution, 6x., satisfies a similar 
J 

afj ixj 6ci • xj6au 
For our case 6a.. ■ 0 so we get 

which can be rewritten as 

a1j6xj B 6C1 

6x i rlU6ci 
(7) 

Exact errors 6c. are not known so It 1s convenient to say that to a 

confidence of 95* -e<6c.<e. If we apply equation (7) to equation (1) and 

use, for purposes of discussion, values from ref. 1 we find that 1f calOX 

then 6X..84X from equation (7). This assures that there is negligible 
J 

error 1n the determination of A" ... This 1s probably not quite true 

because the conditioning of the matrix A,, Is not determined by the IMSL 

subroutine used to Invert it. It 1s planned to employ instead a 

subroutine from the UNPACK library which does provide a conditioning 

figure of merit. 
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An error bound of es10%, above, is rather conservative and can be        X 

estimated closer from its contributing components. The integral for <f>. 

is divided into two integrals; one integrates the perturbation pressures 

due to a singularly representation cf the model from -« to the upstream - 

most row of measurements, and the second integrates the least squares 

surface fit from this location to the point i. Errors in <j>. are 

therefore due to the adequacy of the singularity representation of the 

model and to the goodness of fit of the data smoothing operation. The 

goodness of fit is primarily dependent upon the choices for the functions 

of x and functions of y that go to make up the smoothed surface (ref. 1). 

The next step in the iteration is to determine v. from equation 

(2). Using the well known expression from error analysis, we can say that 

w is the error bound on v. to, say, 95% confidence, so that 
vi 1 

'vlW1Yi ±Wv. (8) 

to 95% confidence (ref. 11). From equation (2) and ref. 11, we can write 

wV(BA)2 + (BA,2+",+ (BljV2    (9) 

since, in our case, WD * 0. The uncertainly in v. can thus be estimated 
B1j 1 

from the matrix B.. and the uncertainty, or error, 1n the y's above. 

The error in determining 6p. from equation (4) can now be estimated 

In a way similar to that of \i,  and likewise the uncertainty in 6<>. in 

equation (5) follows the procedure used for v.. 

It 1s therefore seen that 1n the process of Iterating to convergence      *v 

the Initial error in ^ Is compounded at each Iteration. Since V ;i 

convergence to unconflned flow may take * 45 Iterations the final error        c*/.; 

could be significant. To eliminate this source of error in the wall 

correction calculation a one-step convergence procedure due to ref. 12 • 

will be Incorporated. This will also have the effect of halving the Xy 

computational time. tÄ? 
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V, CONVENTIONAL WALL CORRECTIONS FOR THREE-DIMENSIONAL, TRANSONIC WIND 

TUNNELS 

The task of determining if wall corrections could explain the 

disagreement of data between the subsonic and transonic test sections at 

the same Mach number depended to some extent on tests that were to be 

conducted following those of section III above. In investigating the 

effect of the walls, compressibility should be taken into account. 

A search of the literature and other sources revealed that presently there 

is no suitable method for calculating boundary corrections for slotted, 

transonic wind tunnel. Methods exist, such as ref. 13, which calculates 

wall interference from flow field measurements but require the computation 

of the flowfield within the test section using either small disturbance or 

full potential equations. Such flowfield computation codes are available 

and could be adapted to this purpose. Specifically,, the Sears method 

discussed above could very easily be used at transonic (compressible) 

speeds If the subsonic flow field computation subroutine were replaced 

with one that computed compressible flow fields. This would be the only 

significant change. Possible compressible codes are treated 1n references 

14-16. 

VI. RECOMMENDATIONS 

The Sears method program for computing subsonic wall corrections has 

the potential of providing accurate corrections to lift and Induced drag, 

and the author believes it can be extended to include blockage and 

pitching moment without much difficulty. The numerical errors will be 

substantially diminished by the incorporation of the one-step convergence 

as mentioned previously. It 1s recommended that wind tunnel tests be 

performed to develop the proogram Into a production code which will 

Improve the accuracy of the data taken at the TGF. 
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Because wall Interference can be significant at transonic speeds and 

since the principles of the Sears method program applies to this regime as 

well, it is recommended that the program be adapted to transonic testing 

by the inclusion of a compressible flow field computation module. The 

resulting transonic program should then be demonstrated on actual wind 

tunnel tests using suitable flow parameter measuring instruments. 
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COMBINED TIME SPACE HLTE&IHC 

10K hF ANTENNA ARRAY SYSTEl-iS 

Randolph L. Mosüb 

ABSTRACT 

This report investiertes method* for coi»oiueu time-apace 

adaptive filtering of HF receiver antenua array auu.  luese 

two-dimensional filters attenuate inteiference auu noise components 

in the received data to facilitate effective channel equalization 

processing.  The filtering algorithms are deriv«u by first model- 

ing the received data array is a tuo-wlmausionel AKhA process. 

AlgorithBs for estimating the AR coefficients iu this wouel are tneu 

developed.  These AR coefficients are used as the weigtut. ol uc 

two-dimensionsl filter.  In addition, computationally efficient 

recursive algorithms that combine the AR coefficient estimation 

and data filtering operations are derived.  Suggestions lot 

performance evaluation of these filters auu recommeuoetions tor 

future research in this area arc also preset*tec 
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I.  INTRODUCTION 

In th*i past several ;ears there has been a markea increase 

In communication s/ste&s that operate in tue lit   iaa^e v3-3ohH«j. 

This increase has been spanned by advances iu the unuerstauding 

of the HF communication channel and L> the devclo^^ciit ui eitec- 

tive channel equalisation processors.  DAL« rate» 01 as uigli as 

9600 bits/sec have been achieved in systems incorporating tuest 

channel equalizers.11j  Adaptive receiver antenna arrays are 

alfo being used to provide improved parformauc.e iu spatially 

disturbed environments. 

By combining spread spectrum techniques with auaptive 

receiver antenna arrays» HF communication systems are poteutiaxly 

able to provide reliable communication links even in electro* 

magnetically unfriendly environments.  However, the periotuance 

of channel equalisers necessary in such systems is very seusitive 

to interference sigralt.  Effective operation iu this type or 

environment it contingent upon effective sigusl prefilters chat 

attenuate these interference signals before theuwel equalisation. 

Because knowledge of frequency content an** source location 01 

many Interference signals are not known aprlorl auu «ay vary wjtit 

time, these prefllters must be adaptive. 

The most common adaptive filtering itcl.uique appiieu to 

this problem consists of cascading epatiai nulling algorithms 

with temporal spectral whitening filters. |2j  tu«ev«r, it 

appears possible to realise s further lmproveuwu; iu iuterrereuce 

rejection by combining the spatial and temporal filt«nu* tasks 

into a *iOfle multldlmensial process.  Ftost i 3j developeu oue 

such technique that assumes the dcslret signal direction is 

known (sn often impractical assumption).  Mouesiiuo, et.al.i4j 

*,v, 
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have investigated maximum likelihood algorithms.  Also, related 

algorithms have been developed for the procesüiug ol geophysical 

data {5.6J . 

Thla report investigates combined time-space sigual process- 

ing algorithms for preflltering of array element data,  Titese 

algorithms do not assume known signal direction.  The pioceoure 

taken is to model the received data as a twordimeaaional auto- 

regressive moving-average (ARMA) process, then to propose parti- 

cular algorithms for estimating the coofficients in the ARhA 

model.  The  AR coefficients are then used as the weights in a 

two-dimensional data prefilter.  We also preseut two computation- 

ally efficient recursive algorithms that are more amenable to 

implementation.  Finally, we present recommendations for further 

research on this problem. 

1 w - «»«• 

II.     OBJECTIVES 

The  prlmsry objective  of  this  research effort was to investi- 

gate models and algorithms  for combined  time-space  preflltering of 

receiver antenna array data.    The  objective of  the  preflltering Is 

to Increase   the  slgnal-to-lnterfereoce  ratio (SIR)  and  slgeel-to- 

nolse  ratio (SHI)   at  the  filter output.    The  primary  application 

of   this  research effort  is in HF antcnns array  receivers;   uovever, 

such filters ere needed  in  other receiver systems es bell  as for 

clutter suppression of  radar  return data.     In this  report  we 

consider  the  very  practical  apeeial cess  that  the  aateuuee  ere 

equally  spaced and  colllneer. 

Our apeclfic  objectlvea were: 

1)     To investigate  combined  time-apace  data  ane  filter 

7W 
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iaoaels that facilitate effective auu efficient 

filtering techniques. 

2) To develop both block processing aiu Lecuuive 

filtering algorithms that are based on taese 

models . 

3) To outline ^rocedured for performance evaiumtlou 

of these algorithms and to identify important 

areas for future research. 

III.  DATA AND FILTER MODELS 

In order to propose models for the data and preiilter, it 

Is necessary to first understand the basic receiver configuration. 

The basic antenna array receiver is shown in Figure 1.  After 

amplification, the M received analog signals are shifted from tne 

carrier frequency to baseband and lowpass filtered, then samplea. 

The result after N samples is a couple »"-value a discrete time cata 

array {x(m,n)} for Hm*M and 1-niN.  This data is then 

passsed through the two-dimensional preiilter to attenuate ehe 

noise and interference.  The M filter outputs are combined as a 

weighted sum, and this sue is sent to the channel equalizer ana 

receiver decoding processors. 

The received signal at each antenna consists of a uesireo 

signal s(t) incident on the array at some augle Qf , along witn 

any of several interference signals L.tt), each inciuent at some 

angle  9^ (see Figure 1).  The incident angles are assumeu unknowu. 

In addition there is additive background noise uyt).  Because oi 

possible signal and interference source covemeut, auu because or at 

channel disturbances, the amplitudes anu incident angles oi titese 

signal components may vary with time at a rate t»al is ussuuieu to 
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be   slow   coKj-arec   to   the   data   sampling   rate.      Thetc   t>i^aal   components 

are   all   present   in   the   discrete   ~ata   arra>   ub a a u t e wt a 1a   *XAbt,njj; 

in   addition   there   is   a   noise   component   WvL.tu)   uut   lo   receiver   noise, 

round-off,      etc.      Thus,   we   may   write 

(i) 

Dve   to   the   dispersive   nature   of   the   hF   channel,   signals 

arriving   from   point   «sources   are   spread   sli^hLly   over   a   small 

spatial   frequency   range.      We   shall   asuume   tt.at   Li.xs   spieauin^ 

function  can   be   modeled   by   an  ARK.A   function.*      An AivnA   aiouei. 

is   robust   since   as   the   spread  with   approaches   Ui'u,   the 

spreading   function  becomes   a   limiting  AR1.A   (1,1)   t'u.iuuon. 

The   de8ireu   signal   s(m,n)   is   a   spread   spt-ctruu.  si^nai,   auu 

is  well   modeled   as  white   noise   in   the   temporal   ire^ueucy   uoiuaiu. 

[71     If  we   assume   an  ARMA   spatial   öpreäü^ut  iunction,   Lucii  a   two 

dimensional   (2-Ü)   ARMA   model   results.      Similarly,   each   iut«r- 

ference   signal   is   often  modeled  as   a   complex  exponential   or 

as   an ARMA  process   in   the   temporal   domain   i.7j •     Since   a   complex 

exponential   can  be   modeled  as   the   limit   oi   an ARMA   (i,i>   process, 

by   efcain  assuming  an  ARMA   spatial   spreading   function  a  2 — 1)  AkhA 

model   is   obtained   for  each   interference   sifcual   as   wts 3 1 -     Tne 

noise   processes   can  also  be   modeled  as  2-D ARMA   processes   ibj. 

Thus   we   have   modeled   x(m,n)   as   the   sum  of   indepencj«uL   ARMA 

processes,   which   is   itself   an ARMA(P,,9 %, pa,^) process,   wnere 

Pt   and   q(   art   the   AR  and  MA   orders   in   the   spatial   frequency 

direction,   and   pa  ana   q.   are   the   AR   anu  MA   orders   iu   tue   temporal 

frequency   direction.     The   corresponding   puwet   spectral   oensity 

function   is   *.iven   by 

(2) 
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where B(z, ,2^) is a polynomial oi decree \     in &  ana q^ in ü~, and 

A(Z| , zO is a polynomial of degree p. in i,  anu p^ in L~ . 

It is apparent that Interference signals and soiät noise appear 

as areas of hirh power density in the 2-D frequency plane.  An 

appropriate interference rejection filter, then, is one tnat spec* 

trally whitens the data, as this flatten« such peak»*  it tne signal 

power is below the background neise power level (wnich is often the 

case in practice), a whitening filter Uö little effect on tne 

desired signal, so SIR anc SNR gains are realiaee at tne filter 

output.  If the signal power is substantially above ehe noise power 

level, a whitening filter attempts to attenuate the stgnai along 

with the interference.  This effect it* unavoidable wnen the signal 

incident angle is unknown, as the whitening filter cannot distin- 

guish between signal ; nd interference.  However, even iu this case 

SIR and SNR gelns ioay be rcali-eu at the filter output. 

The optimum whitening filter for ix<iutit>i has transxer 

function from each input tc each output of the totin 

(3) 

where A and B are given in equation (2).  Since u contains a 

denominator term, it is an infinite iispula« ifcspune Ulk) filter. 

IXR filters are undesirable because th«ij pose a stability problem, 

(especially when the filters are tlce varying, as is the case herej» 

:nd because the E coefficients are often difficult to estimate 

accurately without a large amount of data itopecially wnen there 

are sharp nulls in the spectrum;.  because oi ttteue prooiems and 

because spectral nulls are net forincu u> interference signals, 

there seems to be no practical reason to incorporate tne coetticients 
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into   the;   filter.      A   praericsl   alttn.utivc   iiiuci   it> 

Hle^'/e^V ^Ui^jei*^ (4) 

v,bere A is obtained by either: 

] .  Modeling the data with the ARMA luuuel in equation v, io ana 

uiiitit, bnl) Lhe estimates AR -cue! licit! a La iu mj. 

2.  Kcciuling the cata with an AU luouel ana ubin^ cue 

estimated AR coefficients in ^4). 

The uain advantage of the first alternative ib that sharp speetial 

teaks ^resent ln tne data (say, from narrowband j&juiera) are uiore 

effectively nulled; the main advantage of the bocona alternative 

is that some of the MA filtering is performance because tne entire 

srectrum is approximated by the AU model.  Thus, the Luo inter 

models represent a tradeoff between effectiveuess in eiiuinating 

narrowband interference and effectiveness ul speccreiiy unitenifcg 

the data. 

K<i 

IV.  TWO-DIMENSIONAL ARMA ALGORITHMS 

In this section we propose one class wl AR cociiicient 

estimation el^orithn.g derived by considering Lhe ouservea aata 

as a sample from a two-dimensional stationary AnhA process. 

The derivation *n*kes use cf the fact that the autenna array 

elements ire colHrcar and equall) spaced, whicn results in 

in officienr use of the data in gcueratiit* autocorrelation 

estim*tes. 

Consider Hie 2-D serui-casual ARIiA returslou 

(5) 

If we follow the earlier suggestion of using oin/ AK coerlicient« 

in the filtering operation, the corresponding vreiiller outputs 
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are given by       « 

It can be seen from (6) that p  and p  must be chosen so that 

|< (W-l- WV  for -ptl *-ffx  •  In general this may require a 

different choice of p. and p. for each of the M filter outputs. 

Thus, a different set of AR coefficients is iu general necessary 

for each of the M outputs. 

An effective AR coefficient estimation procedure cau De 

derived by appealing to the well-known Yule Walker equations, 

which are found by multiplying both sides of equation (5) by 

x*(m-k,n-l)     and then taking the expected value to 

give 

(7) 

By replacing exact autocorrelations in (7) with ones estimated 

from the given data, we can form a matrix of approximate Yule 

Walker equations whose solution yields AR coefficient estimates. 

To this end, define the matrix equation 

r + £*» i <8) 

where each row is an estimate of equation (7) for a particular 

choice of the pair (k,l), R and £ are a matrix and a vector of 

autocorrelation estimates, and a is a vector of (uukuown) AR 

coefficient estimates.  Because autocorrelation estimates are 

used in equation (8), the right hand side is not in geueial equal 

to zero. 

The solution to equation (8) represents the preillter 

coefficient determination algorithum.  If the number of rows in 

(8) is equal to the number of AR coefficients then £ can be made 
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eijual   to   i: e I o   and 

(9) 

However,   choosing  a   greater   than   ittiuiu.al   u usurer   oi   Y>J\. a.   xti   i'o) 

generally   results   in   improved  AR   coti; i i cieut   ebtiwdLet   i^i»     i« 

this   case   the   AR   coefficient   estimate   it,   U.e   iuasL   squareo  cirui 

solution 

^-[fc^VTc (10) 

The   taster   symbol   (t)   denotes   couiplex-coi* ju^a te iran&pusi (.ion. 

It   can   be   seen   fron  equations   (9)   ana   (10)   that keueraily   improved 

AR   coefficient   estimates   are   obtained  at   a   cost oi   iuciease   compu- 

tational   burden. 

T lie re   are   several   standard  au t ocorrelatiun  uötiutaiots   tuat  may 

A. A 
be used in ^eneratin^ R and r.  Ona choice is Lin_ uubiateu 

estimator 

where 
.10 

.0 

■r(U,...,N-l  ,ls0 
J   1! 

It  is  important   to  note   that   ry(k,l)   is   foru.ew  uui   oitiy   by 

sunning  over   time   la*,s   but  also  by   summing  over   »paliai  i«fc*. 

This  is  a  consequence   of   assutuin0  collinear,   equally   space 

antennas.     We   shall   see   that   this   procedure   uses   the   unU  wore 

efficiently   then  do  procedures   developed  ia   the   next   beeilen. 

The   valuec   of   k   and   1   in  each   row   of   uSuatloa  vb;   bhuuiu 

generally   be   chosen  c&all   to  rtaxi^iie   the   uiLwer   wi   u«u   A*S* 

beinj,   surved   to  form  autocorrelation  e»tl««.U;»   (see   ^ 11//. 

Equally   important,   however,   is   that   by   juciciou»   .eiccuun   ui   in« 
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R 

(k, 1) pairs, and by properly ordering the rows of ^£), 

Toeplitz structures in the matrix R can be obtained. 

This can significantly reduce the computational burden oi 

inverting R or R* R [ 11 ,12j . 

Up to now we have assumed that the data array {x(u,n)j is 

stationary.  In fact, channel fading and movement of the trans- 

mitter and interference source locations produce temporal non- 

stationarities in the data.  One way of adapting to the non- 

statlonarities is to use only the last N data samples from each 

antenna when calculating the AR coefficient estimates.  This 

method actually treats the data as being stationary over the last 

N samples; thus, the selection of N is predicated on how rapialy 

the data statistics vary.  A second method is to incorporate an 

exponential forgetting factor A 

in the autocorrelation estimates, wherein data lags K 

samples in the past are weighted by A    , for some 0< * ^   i134 • 

In this way, autocorrelation estimates (and therefore AR coefficient 

estimates) are primarily generated from recent data.  The forgetting 

factor method is attractive because it is easily implemented in 

recursive algorithms. 

It can be seen that the AR coefficient estimators (9) ana {10) 

presented in this section not only provide flexibility in mouel 

order selection, but also make efficient use of the given data lu 

generating autocorrelation estimates.  However, in oruer to obtain 

the "optimal" AR coefficients at each  time n, one must perform 

a matrix inversion every time a new data point arrives U*e., at 

each sample interval).  Even though efficient matrix luversion 

procedures are available due to the special structure of R, the 
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computational   requirements   of   this   procedure   cau   be   very   iu&U. 

One   way   to  decrease   this   cotiputational   burden   is   to   update   the 

AH   coefficients   at   every   N   sample   intervals,   aua   u*e   tueae 

coefficients'in   the   ^refilter   until   the   next   upu&te.     however, 

a nore   attractive   alternative   is   to  develop   recurbive   veibions 

of   the   al&ori thus.      Such   recursive   versions   determine   optimal   AX 

coefficients  at  every   sample   interval   b>   uroatinfc   me  .pieviou* 

estimates   rather   than   by   solving  for   them  frou  geraten  every   time. 

Unfortunately,   no  such   recursive   algorithm  is  available   ioi   me 

general  algorithm.     In  the   next   section,   tnough,   we   present   a 

subclass   of   this  algorithm   for  which   computationally   efficient 

recursive   implementations   are   available. 

V.     MULTIDIMENSIONAL   RECURSIVE  ALGORITHMS 

In   this   section  we  consider  a  class   of  Ak  coeiiicient 

estimation  algorithms   that   facilitate   efficient   recursive   imple- 

mentations,     These  methods   treat   the   data  array  as  an hxl  vector 

ARMA  process*     Both  block  processing  auu  recursive   algorithm* 

are   presented  for   the   "prewlndow  method".     They   *»r*  *trai6nt- 

forward  extensions   to  the  multidimensional  case   or   al^orituus 

(.resented  in   (9j,   [lOj,   lUj.     The  multiuimcnsloual  case   ior 

real   cats   is  also  found  in   [ 13j •     The   reaoer  1*   relieved   to 

these  papers   for  details   of   the   derivations  preseuted  oelow. 

In order to develop these multidimensional instruweuiai 

variable algorithms, consider the data arrty {x(u, u)i *■ a »et 

of  N   mxl  vectors    \js.(n)V   where 

The   corresponding ARMA   recursion  is  given  by 
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4 XMi*«^ * Ibw *U\ -v 2_ h; SUv-O * Z  &'. StU-'v^ (13) 

where    \VC(A\        is   an  Mxl   vector   white   noise   process. 

Each   row   of   (13)   is   seen   to  be   a   special   cast   ot   i5),   w tit re 

Implicitly,   then,   (13)   assumes   an  AR(M-l)   uodel   iu   tut:   spatiaj. 

direction. 

The   block   processing  algorithms   are   dcvelopec  by   iir»l 

writing  the   prefiltering  operation  for  every   time  up   to N   as 

V(M^ 

0 
x' 

0 

•V 

"et^iV 

/(»-ft  x'(»-^--   X'(»-pJ [o'(^ 

Here. j.(n) li the prefllter output at tlac H, bad Ay r 

1» th« tee yet unknowr.) natrix of AR coefficient eetiaai«» 

Also,   define 

**   ' • • V(rt 

vlieretlf».     Pre«ultiplyin. (14)   by Yj, t ylclde 

(14) 

V ' 
o 
x'(A 

(IS) 

V*««* W* Vf "• We- (16) 

which 1» en approximation to the Yule Walker equatlwu«, «uo 

elallar to equation (8).   Since the rifcht hand aloe al   (16) 

tia» expected value of aero, an appro^riat* choice tax  tti« AS 

coefficient ••iri> la 

->-',.t 

(17) 
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when t*p and the least squared error solution 

when t>p.  Equations (17) auci (lb^ art oiucfe. piucessiu^ AK coeijicient 

estimation al&orithais, and arc particular versions oi v*; aau vAU). 

The desired data prefiltering operation is periorüieu alter solving 

for A^ p   by employing the Icat row ot equation (14) to liua e^ty. 

As mentioned earlier, it is uesircu to iiuu computationally 

efficient recursive algorithms that filter the uata "optimaxly" 

at every time interval.  These take the lorm oi "last recursive" 

algorithms.  They are actually adpativc filtering algorithms 

that calculate the prefliter output £(N) directly.  Xney are 

fast in the sense that they require only Ow f) computations to 

implicitly determine r\^ p   free n^^ A aau to calculate tne 

"optimal** filter output &(N).  Two algorithms are preaeutoo; 

the first generate« £(N) usinj; the exact solution to n^p 

from (17), and the second generates e(N) yslu* an Approximation 

to hßtf in (18). 

When t-p, the exact recursive filter ^n p is loond by 

extending the algorithm in (10j to the multiuimensional case. 

The resultant lattice algorithm Is presented below.  Here "n" 

is the (discrete) time. V,rv , **#A , b^ **J>   \Q * ^  are Hxi 

vectors, ^is a scalar, <TMj* .t*^ , p^  SL»JL *>*,*   a« *** 

matrices, Via the exponential forgetting factor, and y,(n)«x(n-q). 

1) Initial conditions: «r^ •* «ji -a* -0 for ■•0,l,...,p-l 

2) Set n»q*l 
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A>,n"VS,»»-i + *fn>£,Cn) 

%'Wo,«.iti(°)-(n) 

4) For m«0 to min(p-l,n-q-l): 

C„ • b£,n-l * <*../ ^.»)**X In 
/■»l.n '/*«.n - «».«> (V»-Irl Cr«.nJ 

•»■»I.« ""..n-l - *iyp 'S.»*"   ^».n3 

T..«-»Vn-l * O* CbM.l)' (1"V»>' 
»»!.. 'U,n * <»-!>' «W* ^.n-/ 

5) Set n«n*l and go to 3. 

r1 

For this algorithm 7 p,*. LL   the   iiltiit   output  (tu)* 

For    ifc«-p   ,   T «K(A. is  the    optiuai   out^ui  vi   Ll.*.  }»i«4ilt«r 

«s  If   an ARHA   t«,q)  model  was  uiaa  in   (13).     IUrviuu,   iitis 

algorithm  automatically   provide a   the   optimal  fillet   output   LUZ 

•11   filters  of   lower AR  order  «&  well.     Ihie  *, roy.fi>   ceu  u« 

useful  if  a  toed  model  order   is  nut   knowu •».liwi.i. 

The   aecond  fast   recursive   algorithm aooreaa«»   u>s   *>r 

solution  for  A .     there   is  no  currently   evalltult   last 

recuraive   al^orith»   to  M-*<   tU   «A«ct   optimal   tiller   output g\u) 

ucin* A||#f   in  (18).     However,   K>   fctneratic. cu  arrtexiaatlou  wi 

(18)  a   fast   recursive   slfcoritiiti can  be   recllsc*.     U«  c«u aviate 
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(19) 

(18)   as 

where     Z.^ c -     'u t.   'N-t *t* P . I?  we   a^i'OAJiuaLc   Xjg p 

t>   a   matrix   Z^ p     where 

0 

then   Che   above   fast   recursive   al^orlthi  *ith  > Ife}"^ v**) 

can  be   »>ped.     One  effective   procecure  tor   obLcinlit* &KH)  wa» 

proposed  in   [lAj   for   the   one-dimensiouai   cake.     The   lAulliuiaeu- 

atonal extenalon  is 

'l\f 

0 

(20) 

1W * Uo...oll \t\t ** (2i) 

The   recursive   procedure   for  cosiputin* *£(»)  foiiow*   u>   waun^ 

%'M * K^^,t * MI 
+ *»*C *'W (22) 

vhtr« b   -[x'(n-q-l)   x'(n-q-2)  .  .  . x'(n-q-t)J Tb«  uyual«  lor *vo> 

folio»!  by  utilitint  Che  updato* 

<t.l* *  Y*-..t U-,  *   WVl'W j. (23) 

Wu  have   thus   presented  two block  processing au<*   two  NCUI.IV« 

filtering uX^orithes.     They   for» a  sutcluas  ot   u**  2-L ARKA aigor- 

ithsia  present«*  in  the   preceeoinfe section.       It  la  ik^ucuui   to 

note   that   it   has  never  been  aatuuoo   in   tttuLi.  ai*oriUi*»*   tuat   in« 

antennas   in  the  array   are equally   spaccc JHU  coiliu««i',   »u 

these  alfcorithaji   can  be   used with  no Bt*dific^tio*«  uu  v»i« 

obtained  trot, aore  general  array  ^eotw tries,     in» tU*  vit.«u   IUUO, 

careful  etudy   of  equations   (17)   or  (18)   reveal   thai   tit« 

lupllclt   autocorrelation  csticates   oo  not   aui» la**   in   iu« 

spatial  direction,   so  for  collinear,   equally   o^acec 

arra>s   the   data  are  not  used  in  the   &obt  ciiicUi.i  Mauu«r. 
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VI.  RECOMMENDATIONS 

We   have   presented   several   algorithms   tut   coi»viueu   vime-spac« 

pref Uterine  of   antenna   array   data.     Before   tuu»c   ai^oiiurn.«   can 

be   incorporated   in   a   communication  system,   however,   i»<»uy   Huttstluus 

remain  unanswered.     First,   the   performance   of   tilts»«  pietilteriug 

algorithms must   be  evaluated.     Since   the   purpo»«   ol   in«   prariiter 

is  to  improve   the  HF  receiver  performance,   probably   we   Lest  treasure 

ot   prefilter  performance   is  the   receiver  bit  error  uu.     A  mare 

autonomous   performance  measure   is   the   SIR  ucu  SNK  »aiu*  at   tu* 

prefliter  output.     Another  possible  measure   is  wulteues»  01   the 

prefliter  output  array.     Comparisons   should   be  mac«   aot   ouly 

among  the  algorithms   presented  but  also witn otiwr  pit!lit«ring 

strategies  currently   in  use.     Performance  evaluation  by   computer 

simulation  is  currently  under  Investigation. 

Selection of   the  date  and  prefilter model  orders  la a 

second  Important   research  topic.     The   jtetiltei   coaiiicleute  can 

b«   obtained  by  assuming either  an ARMA   dcta  modal  %*V  an A*  oeta 

model;   it  is  not   known,   however,   In which uuodel  prwiu«s   the 

better SIR  or SNR improvements.     Also,   proper Ail  couel  oraer 

•election  Is  critical.     If p»,P\,p*      *rt   coo small,   Ineffective 

filtering results.     If  they  are   too large,   the At  coefficient 

estimation algorithms  can  become   ill-cenaltioLvo.     Clearly, 

these  questions merit   investigation. 

Implementation  of   the   algorithms   Is another  area  lot   future 

research.     Effects  of   finite  word   IvngtU  computation«   oo perfor- 

mance   is  one  concern.     Also,   certain  reramet«rs  valu«e   in   toes« 

algorithms  as  presented  here   Increase   without   bv^t*« «a   Li.«   uumoer 

of   oata  samples   (K)   incresses.     Tie   oc vifloptetiat   o*   ao4*»iiseu 
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of data samples (N) increases.  The development 01 noriuaiiz.eu 

algorithms is needed to alleviate this effect.  iu particular, 

equare-root normalized versions of the fast recursive algorithms 

similar to those in [13] could be arrived. 

This research effort developed prefiltering methods assuming 

that the signal direction v$  was unknown.  Iu some applications, 

§£  is either known or may be estimated.  Therefore, modifications 

of these methods that incorporate knowledge of Q$ may provide 

improved system performance.  Also, we have not yet discussed 

exactly how to choose the weights to combine the M pretiiter 

outputs into one signal which faces the chanuel equaliser {see 

Figure 1),  One approach is to feed only one of the h signals to 

the equalizer*  When Qj is unknown, this is probably tue best 

choice.  However, when Qs is known other choieeb of these weights 

should also improve receiver performance.  Therefore, investiga- 

tion of ways to Incorporate this knowledge into the weight 

•election is also recommended. 

Finally, recursive algorithms were presented ouly tor a 

special class of model orders (i.e., AR(K-l) in the spatial alrac- 

tlon).  Since recursive algorithms arc more amenable to implemen- 

tation, It Is important to develop recursive versions of the more 

general algorithms of Section IV. 
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RAMAN SPECTROSCOPY 
91  INHIBITED AND STIMULATED, NORMAL AND 

NEOPLASTIC CULTURED HUMAN AND MAMMALIAN CELLS 

by 

James J. Mrotek 

ABSTRACT 

'$ 

I 
O* 

Y-l mouse adrenal tumor cells and two human respiratory 

tract fibroblast cell lines (HEP-2, transformed, and 

MRC-5, non-transformed) were used for laser-Raman spec- 

troscopy. One spectral line group observed with non- 

stimulated Y-l, MRC-5, and HEP-2 cells was similar to 

bacterial cell lines; the lines may represent laser 

photon scattering by high energy-containing compounds 

such as ATP. Comparing spectra from HEP-2, MRC-5 and Y-l 

cells, total spectral lines increased in the order: HEP- 

2, Y-l and MRC-5. ATP increased adrenal cell steroid 

production and caused increased numbers of lines in both 

Stokes and anti-Stokes wavelengths; anti-Stokes activity 

is seldom observed in Raman spectra. The spectra common 

to all living cells was masked by the extreme ATP spec- 

tral activity. HEP-2 molecules produced significant 

numbers of tightly grouped, adjacent Raman spectral 

doublet and triplet patterns not observed with non- 

transformed fibroblasts. Cultured human and mammalian 

cell line preliminary results suggested that spectro- 

scopy may produce significant new information about 

spectral signatures of intracellular molecules an<3 

intracellular energy transduction. 

74-2 

!§::#^ 



Acknowledgement 

The scientifically productive and creative summer spent 

at the School of Aerospace Medicine, Brooks Air Force 

Base, Texas, would not. have been possible without the 

cooperation of the Air Force Systems Command, the Air 

Force Office of Scientific Research and the Southeastern 

Center for Electrical Engineering Education. The pro- 

ject described herein was supervised by Dr. Richard 

Albanese of the Biomathematical Modeling Branch of Data 

Sciences and conducted in collaboration with a very 

able and stimulating member of this group, Dr. John 

Taboada. Our laser-Raman spectroscopy was performed in 

the Ophthalmology Branch research laboratories. Special 

mention must be made of the consideration and courtesy 

of the personnel of the Epidemiology Division, partic- 

ularly Sgt Dwight Saunier and the members of Dr. Vee 

Davison's virology laboratory: Jim Dispanet, Cliff 

Miller, Sgt. Donna Norris and Airman Richard Green, 

Without their help our work would not have been 

performed. 

I sincerely thank Dr. Bryce Hartman for the well con- 

sidered matching of my interests and capabilities with 

those of Dr. Taboada. The interaction which resulted 

from this matching of our diverse talents offers a 

better understanding of the often used term, 

collaboration. 

74-3 

£#ftS>^ 



y$ I- INTRODUCTION 

Through the use of USAF School of Aerospace Medicine lab 

director's funds and support, Dr. John Taboada, working 

in the Clinical Sciences Division of the School of 

Aerospace Medicine, is developing a research program and 

experimental facility to investigate the laser-Raman 

spectroscopy of molecules in living systems. This new 

and incisive approach to clinical testing is directed 

toward improving non-invasive, stressed and non-stressed 

clinical diagnosis of Air Force personnel. 

Dr. Taboada initiated the spectroscopy program with a 

reexamination of the laser-Raman spectroscopy of living 

bacterial cell systems, recently published by Webb and 

coworkers (1). His preliminary findings teem to support 

the existence of useful laser-Raman spectral signatures 

which are related to life processes« 

In the following section the theoretical background for 

Dr. Tabaoda's research program will be briefly reviewed. 

This background will discuss the use of laser-Raman 

spectroscopy to study molecules within living cells and 

will examine the hypothesis that Raman spectroscopy may 

be of value in studying energy transduction within 

cells. The unique features of the Y-l mouse adrenal 

tumor cell and other cultured steroidogenic cells will 

be presented in order to provide a backgroud for the 

studies conducted during this past summer. This 

background is necessary for understanding the relation- 
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ship of intracellular molecules and molecular function 

in the production of steroids by these cells. In add- 

ition, we will investigate the possible ways in which 

these cells and their molecules could serve as models in 

the examination of problems of concern to the Air Force. 

This discussion will be followed by a summary of our 

preliminary research findings. The influence of these 

preliminary results contributed significantly to the 

direction of our future research. We propose continuing 

the development of methods for spectroscopically exam- 

ining cultured mammalian cells and initiating studies of 

model in vitro biochemical species. 

.V >. 

THEORETICAL BACKGROUND FOR RAMAN SPBCTROSCOFICAL 
STUDIES; 

Because a molecule interacts with the incident photons 

with which it is irradiated, a small number of photons 

of shorter (anti-Stokes) or longer (Stokes) wavelengths 

than thobe of the original incident light will be scat- 

tered by the molecule during the irradiation. Laser- 

Raman spectroscopy is performed by scanning a range of 

wavelengths immediately preceeding, and succeeding, the 

wavelength of the incident photons to detect photons 

scattered by the irradiated molecules. In theory, a 

given molecule will produce only a limited number of 

specific spectra. 

Davydov proposed that proteins may transport or store 

energy within a cell by generating soliton vibrations 

along the alpha helix of the protein molecule (2).  The 
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soliton is defined as a distinctively non-linear phe- 

nomenon in which a conserved quantity propagates without 

change of temporal shape along a one-dimensional channel 

as a localized "lump" (3). From the molecular point of 

view the soliton could be a local, but mobile, region of 

conformational change; thus, proteins and DNA are nat- 

ural molecules for soliton formation (4,5). The 

importance of the Davydov proposal for soliton-gener- 

ation in biomolecules rests in the fact that solitons 

represent a mechanism for the transport of enerqy 

between its site of generation within a subcellular 

region and the relatively great cellular distance to the 

sites where it ultimately is used, or stored (2). Since 

high molecular weight biomolecules are often located 

between the site of energy formation and its ultimate 

utilization, these molecules would be logical candidates 

in which to generate solitons and transport them. In 

this regard it is interesting that Raman spectroscopy 

was used by S. J. Webb and his associates to study 

molecular vibratory states in living cells (6). 

Although laser-Raman spectroscopy was used for a number 

of years to study inorganic chemical reactions, in 1968 

Webb and his associates proposed that this technique 

could be used to study living cells (7). Using cold 

shock to synchronize division of the bacterial species, 

Bacillus megateriurn, Webb and coworkers were able to 

detect characteristic Raman «pectra that seemed to be 
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associated with bacterial cell division (1). In a 3 982 

study, these same investigators suggested that cells 

from human breast tumors and the non-tumerous breast of 

the same individual gave a characteristic laser-Raman 

line that could not be observed in cells from breasts of 

non-tumerous patients (8). However, other investigators 

were unable to confirm these findings. 

II. OBJECTIVES 

Recently J. Taboada was able to duplicate the observ- 

ation that cold synchronized Bacillus megaterlum did 

indeed generate characteristic Raman spectra. The 

objective of the collaboration between Dr. Taboada and 

me was an attempt to determine whether cultured normal 

and neoplastic mammalian and human cell types produced 

Raman spectra and whether these spectra were modified by 

exogenous stimulants or by transformation of the cells 

to neoplasias. 

Since I was familiar with properties of the Y-l mouse 

adrenal tumor cell line and its special culture cond- 

itions, we began our studies with these cills. Cultured 

steroid producing cells can be used for studying the 

internal and external conditions affecting steroid pro- 

curation, Raman spectra and soliton wave generation 

because the intracellular molecules and steps involved 

in steroidogenesis are relatively well defined. Prob- 

lems slowing our progress developed during adaptation of 
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the adrenal line to the special conditions required for 

laser-Raman spectroscopy. We, therefore, expanded our 

studies to include normal and neoplastic cultured human 

fibroblast lines in order to utilize my time and exper- 

tise most efficiently. 

The Adrenal Cell —The background and rationala for the 

use of the Y-l adrenal cells in our studies is as 

follows: 

In general for steroid producing cells (9): 1) The 

stimulating pituitary hormone binds to receptors on the 

extracellular surface of the cell; 2) Bound hormone 

activates an enzyme, adenyl cyclase, located on the 

cytoplasmic side of the surface membrane, causing ATP to 

be converted into cyclic 3',5' adenosine monophosphate 

(cAMP); 3) Actin-containing microfilaments are either 

directly activated by cAMP or by other systems and serve 

as transducers of information from the cell membrane to 

the steroid synthesizing c janelles, the mitochondria 

(10-12) (For purposes of discussing soliton wave prop- 

agation along alpha helical molecules, it is important 

to understand that actin microfilaments are composed of 

single (monomeric) proteins polymerized into two fila- 

mentous strands which are alpha-helically wound around 

each other. The polymers are formed when individual 

globular actin monomers, themselves containing regions 

of alpha helix within the monomeric globular protein 

molecule, are polymerized by ATP (13).);  4) Activated 
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actin-containing microfilaments cause cholesterol 

stored in the cytoplasm of the steroid producing cell 

to be brought together with mitochondria (11, 12); 5) 

Within the mitochondria are located the cholesterol 

side-chain cleavage enzyme complexes (14, 15): 

a) The bringing of the cholesterol substrate t% 

the cleavage enzyme is the rate-limiting step for 

the synthesis of steroids by tissues such as the 

placenta, ovary, testis and adrenal cortex; b) This 

step is ultimately controlled by the pituitary 

hormone binding to the cell surface; c) The choles- 

terol side-chain cleavage enzyme complex has a very 

high molecular weight; o) The active enzyme complex 

is constructed from three different proteins: non- 

heme iron, adrenodoxin and cytochrome P-450; e) 

Each cr these molecules is globular in nature and 

contains sizable alpha helical regions; f) In add- 

ition, cytochrome P-450 is a polymeric protein 

composed of 16 identical monomers; g) The enzyme 

complex functions when adrenodoxin binds NADPH, 

cytochrome P-450 binds molecular oxygen and the 

energy in the NADPH causes the molecular oxygen to 

be transferred to the side-chain of the cholesterol 

molecule; h) Because of the l^rge size of this 

complex it seems possible that solitons may be 

required to transfer the energy in NADPH the rela- 

tively great distance from the adrenodoxin molecule 

to the region where molecular oxygen is transferred 
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to cholesterol; i) In order to obtain data exam- 

ining the hypothesis which predicts that solitons 

travel along proteins containing alpha helical 

regions (3), the larger the molecules or molecular 

complex the easier it will be to investigate these 

events using Raman spectroscopy. Thus the choles- 

terol side-chain cleavage enzyme is an ideal model 

for testing this hypothesis. Since it is pro- 

jected that future computer systems could use 

proteins as microswitches, establishing that sol- 

itons can be carried along proteins becomes some- 

what important; 

As a result of cholesterol side-chain cleavage the 

steroid known as pregnenolone is produced (16); 7) This 

steroid is further modified by enzymes located in the 

smooth membranes of the cytoplasm and in the mitochon- 

dria (9); 8) Once the specific substrates for these 

later enzymes are present, these enzymes require no 

further activation to produce and secrete steroid hor- 

mones. 

JII. RESULTS 

Adrenal Cells —Using non-stimulated cultures of the 

cloned Y-l mouse adrenal tumor cell line, we determined 

that two populations of spectral lines could be 

observed. The first population contained spectral lines 

similar to those appearing in a certain wavelength 
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region of the bacterial spectra; we speculate that, these 

may represent spectral lines associated with the utili- 

zation of high energy compounds such as ATP. Thus, these 

spectra may represent molecular vibrations generated 

during activities which are common to living cells such 

as these mammalian and bacterial cells. The second 

population of spectral lines observed with the Y-l 

adrenal cell seemed to be different from those observed 

with bacterial cells and may, therefore, represent 

molecular vibrations that specifically occur in adrenal 

cell molecules. 

Cultured adrenal cells produce small amounts of steroid 

hormones when they are incubated using standard control 

conditions (17). If the cultures are exposed to stimu- 

lating agents such as the pituitary hormone, adreno- 

cortjcotropin (ACTH), the second messenger, cyclic 

3',5' adenosine monophosphate (cAMP), ATP, or cholera 

toxin (17, 18), the cells respond by increasing steroid 

production at least ten-fold. Because one group of spec- 

tral lines observed in non-stimulated adrenal and bact- 

erial cells could result from scattering of laser 

photons by high energy-containing compounds such as the 

ATP found in all living cells, we tested whether the 

addition of excess ATP to increase steroid production 

by adrenal cells caused alteration of the Raman spectra 

we observed with the control cells. The numl>er of 

intense, narrow band peaks recorded for the wavelengths 

of both the Stokes and anti«Stokes photons increased 
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dramatically. The effect of ATP on anti-Stokes wave- 

lengths was surprising; cells seldom produce anti-Stokes 

light scattering events. The total scatterir>n activity 

was so great that it was difficult to determine the 

effect of the ATP on those portions of the spectra which 

seem to be common to all living cells. Using popu- 

lations of cells obtained from various species, future 

experiments will be needed to determine the effects on 

this portion of the spectra by adding increasing concen- 

trations of ATP to these cells. 

Fibroblast Cell Lines —In a second group of experiments 

Dr. Taboada and I studied two different human respirat- 

ory tr* c fibroblast cell line». Clonal cultures of a 

transformed human nasal fibroblast carcinoma, HEP-2, 

were compared to the non-transformed human lung fibro- 

blast cell line, MPC-5. Again, we were able to detect 

"life-related" spectral bands similar to those observed 

with the bacterial and the adrenal cells* The spectra 

scattered by molecules in the HEP-2 cells <Md not con- 

tain as many lines as those produced by molecules con- 

tained within irradiated adrenal tumor cells. MFC-5 

cell molecules were highly active in producing Raman 

spectral lines. Preliminary information from the HEP-2 

line also suggested that the molecules in these cells 

produce a significant number of tightly grouped adjacent 

Raman spectral lines, resulting in recordings of doublet 

and triplet patterns.   Non-transformed fihrohla*ts did 
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not emit these multiple signals; instead, numerous, 

intense narrow band wavelengths were produced. Our 

observations were complicated by the fact that the fib- 

roblast lines studied were derived from different indi- 

viduals and from two different regions of the res- 

piratory tract. However, these results are consistent 

with the results of Webb and coworkers who observed 

similar spectral differences in Raman scans of normal 

and cancerous breast tissue (8). Whether our experi- 

ments offer a possible method for evaluation of normal 

and cancerous tissues requires many more observations. 

IV. RECOMMENDATIONS FOR FUTURE RESEARCH 

In this section procedures are described for solving 

problems which developed during my ten week summer 

research fellowship at the School of Aerospace Medicine, 

Brooks Air Force Base, Texas. Having solved the logisti- 

cal problems impeding further rapid progress, it is 

assumed that the techniques will be applied to obtain 

insights into more fundamental problems of concern to 

the Air Force. Thus, an additional series of experi- 

ments to be conducted over a longer time period are 

briefly described. 

SPORT-TERM EXPERIMENTS DESIGNED TO DEVELOP TECHNIQUES 
FOR OPTIMIZING RAMAN SPECTROSCOPY OF CULTURED CELLS 

In our preliminary work during the summer research fel- 

lowship period, several problems were encountered which 
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are now being solved at Meharry Medical College. These 

include: 

Problems Apsociated With Using Cell Suspensions Produced 

By Removing Calcium From The Extracellular Fluid —In 

order to conduct our experiments it was necessary to 

adapt the handling of the cells to the existing system 

for Raman spectroscopy of bacterial cells. Thus, the 

human and mammalian cells had to be suspended in a non- 

fluorescent nutrient medium containing the calcium che- 

lator, EDTA, in order to introduce them into a cuvette 

for scanning. This treatment is traumatic to the physi- 

ology of the cell because excess EDTA may cause intra- 

cellular calcium to diffuse to the extracellular fluid 

and alter intracellular activity. 

Proposed Approach —An alternative cell handling system 

for conducting the laser scan modifying techniques I 

developed to grow cells on negatively charged, carbon- 

coated microscope slide coverslips for scanning electron 

microscopy (12). Coverslips will be inverted over a 

welled microscope slide that contains culture medium in 

the well (see diagram 1). 

Ccus Cti.Lt 

1 
C*vir«Sc.,       Wt^"*       hum*, 

M»c*e»<or* 5LI»C     DIAGRAM 1 

If suitable modifications were made to the drive system 

of the Raman spectrometer, the microscope slide con- 

taining the inverted, cell-covered coverslip could be 
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moved through the laser beam to scan the cells. 

LONG-TERM INVESTIGATIONS USING HUMAN AND MAMMALIAN CELL 
LINES FOR RESEARCH IN RAMAN SPECTROSCOPY 

Potential Studies Using Steroid Producing Cells —The 

two steroid producing cell lines which I can culture are 

mouse adrenal and rat testis tumor cells. The steroid 

pathways of these cells are well defined and offer an 

additional advantage that they contain the cholesterol 

side-chain cleavage enzyme which we wish to eventually 

study using laser-Raman spectroscopy. Physiological 

concentrations of various exogenous biochemicals can be 

used to by-pass any of the above mentioned steps in the 

steroidogenic pathway and the steroids produced in 

response to these biochemicals can be conveniently 

measured using a radioimmunoassay (11, 18-20). As a 

result» each of these cell lines is useful in defining 

the step of the pathway affected by environmental toxi- 

cants, such as cigarette smoke (19). Because of the 

success of the cigarette studies, I expect that these 

cells could also be useful in defining the effects of 

organophosphates and anaesthetics in these cells. Since 

others have predicted that certain anaesthetics act by 

inhibiting soliton generation within membrane proteins, 

the adrenal may offer a convenient model system for 

testing this hypothesis. Indeed, studies conducted by 

Dr. P. P. Hall and myself with the anaesthic Halothane 

suggest  that the ability to stimulate steroidogenesis 
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is inhibited by this anaesthetic (12). Since the 

adrenal cell produces the steroid hormones which fun- 

ction to protect an organism against the effects of 

stress (21), it is important to know how the above 

mentioned agents affect the production of steroids and 

the Raman spectra of the cells. Equally important are 

the insights into effects of toxicants on production of 

reproductive steroids and the Raman spectra of testic- 

ular interstitial cells. Since reproductive steroids are 

known to affect behavior and efficiency, two activities 

of concern in Air Force daily activities, cultured tes- 

ticular interstitial cells will provide convenient 

models for these studies. 

Potential Studies With Fibroblasts —In previously des- 

cribed studies we observed that MRC-5 fibroblasts offer 

the possibility for evaluating age-related changes 

occurring within continuously cultured cells. Fibro- 

blasts are the most universal cell found in our body 

(22); they serve as the framework around which all 

organs and tissues in our body are constructed. 

Hayflick, the "father" of cellular gerontology, suggests 

that understanding the process of senescence in fibro- 

blasts may serve to facilitate understanding of 

declining function of tissues and organs in the older 

individual, since continued function of these cells is 

mandatory for continued function of the organ and tissue 

(23). The MRC-S cell line is an extensively charact- 

erised, pedigreed human fibroblast cell line used in 
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studies of aging (24). These cells grow and multiply for 

30 generations after which the cells cease dividing. 

Cells of various ages can be purchased for study of age- 

related cellular changes. Since the Air Force has as 

one of its goals development of non-invasive diagnostic 

techniques to assess age-related reduction in personnel 

efficiency, MRC-5 cells may serve as a model system to 

non-invasively determine the characteristic laser-Raman 

spectral changes that occur as fibroblast cells age. 

The pattern of these changes may then be sought in 

tissues and organs of Air Force personnel. 

74-17 

v.\gx>." 



2. 

REFERENCES 

1. Webb, S.J., and Stoneham, M.E., "Resonaroes Between 
Ten To The Eleventh Power And Ten To The Twelfth 
Power Hz In Active Bacterial Cells A» Seen By Laser 
Raman Spectroscopy," Physics Letters, Vol. 60A, 
pp. 267-268 (1977). 

Davydov, A.S.,  "The Migration Of Energy And Elec- 
trons In Biological Systems,  "Biology And Quantum 
Mechanics, (Pergamon Press, Cxford, U.K., 1982), 
pp. 185-207. 

3. Scott, A.C., Chu, E.Y.F., and McLaughlin, D.W., "The 
Soliton: A New Concept In Applied Science," Proc. 
IEEE, Vol. 61, pp. 1443-1483 (1973). 

4. Bilz, H., Buttner, H., and Froelich, F., "Electret 
Model For The Collective Behavior Of Biological Sys- 
tems," Z^ Naturforsch., Vol. 36B, pp. 208-212 
(1981). 

5. Englander, S.W., Kallenbach, N.P., Heeger, A.J., 
Krumband, J.A., and Litwir, S., "Nature Of The Open 
State In Long Polynucleotide Double Helices: Possi- 
bility Of Soliton Excitations," Proc. Nat]. Acad. 
Sei. USA, Vol. 77, pp. 7222-7226"TT950). 

6. Lomdahl, P.S., MacNeil, I.., Scott, A.C., Stoneham, 
M.E., and Webb, S.J., "An Assignment To Internal 
Soliton Vibrations Of Laser-Raman Lines From Living 
Cells," Physics Letters, Vol. 92A, pp. 207-210 
(1982). 

7. Webb, S.J., and Dodds, D.D., "Inhibition Of Bac- 
terial Cell Growth By 136 gc Microwaves," Nature, 
Vol. 218, pp. 374-375 (1968), 

8. Webb, S.J., Lee, R., ?<nd Stoneham, M.E., "Possible 
Viral Involvement In Human Mammary Carcinoma: A 
Microwave and Laser-Raman Study," International Jour- 
nal of Quantum Chemistry, Quantum Biology Symposium 
4, TJonn Wiley and Sons, Inc., New York, 1977), pp. 
577-284. 

9. Schulster, D«, and Schwyster, R., "ACTH Reccptots," 
Cellular Receptors For Hormones And Neuiotrensmit- 
ters, fjohn Wiley aneTSons, Inc., New York, 1980), 
pp. 197-217. 

10. Mrotek, J.J., and Hall, P.F., "The Influence Of 
Cytochalesin B On The Response Of Adrenal Tumor Cells 
To ACTH And Cyclic AMP," Bioch. Piophys. Res Commun., 
Vol. 64, pp. 891-896 (1975^ 

74-18 

v 



Tumor Cells To Adrenocorticotropin: Site Of Inhib- 
ition By Cytochalasin B," Biochemistry» Vol. 16» pp. 
3177-3181 (1977). 

12. Mrotek, J.J., Rainey» W.» Lynch» R.» Mattson, M.» 
and Lacko, I.» "A Scanning And Transmission Electron 
Microscope Examination Of ACTH-induced 'Rounding Up* 
In Triton x-100 Cytoskeletal Residues Of Cultured 
Adrenal Cells»" Current Topics In Muscle And Non- 
muscle Motility (Plenum Press, New York» 19f2)» Vol. 
2» pp. 45-52. 

13. Pollard» T.» and Weihing» R. R.» "Actin And Myosin 
And Cell Movement»" CRC Crit. Rev. Biochem., Vol. 2» 
pp. 1-80 (1974). 

14. Hall» P. F.» "Part IV. Mixed-function Oxidases Of 
The Adrenal Cortex. Properties Of Soluble Cyto- 
chromes P-450 Prom Bovine Adrenocortical Mitochon- 
dria*" Annals Of The New York Academy Of Sciences» 
Vol. 212» pp. 195-207 (W?3T. 

15. Shikita» M.» and Hall» P. F., "Cytochrome P-450 From 
Bovine Adrenocortical Mitochondria: An Enzyme For The 
Side Chain Cleavage Of Cholesterol. II. Subunit 
Structure»" J. Biol. Chem.» Vol. 248» pp.5605-5609 
(1973). 

16* Karaboyas, G. C.» and Koritz» S. B.» "Identity Of 
The Site Of Action Of 3', S'-adenosine monophosphate 
and adrenocorticotropic hormone in beef adrenal cor- 
tex slices»" Biochemistry, Vol. 4» pp. 462-468 
(1965). 

17. Xowal, J.» "ACTH And The Metabolism Of Adrenal Cell 
Cultures," Recent Progress In Hormone Research, Vol. 
26, pp. 623-SM llTfOT. 

18. Lee, H.S., "The Effect Of Intermediate Filament 
Inhibitors On Steroidogenesis And Cytoskeleton In Y- 
1 Mouse Adrenal Tumor Cells»" accepted for public- 
ation in Cell Biology International Reports. 

19. Morris, P. D., "Cigarette Residues Affect Steroido- 
genesis In Cultured Y-l Mouse Adrenal Tumor Cells," 
M.S. Thesis, Department of Biological Sciences, North 
Texas State University, Denton, Texas» pp.1-32 
(1979). 

20. Mattson» M.P.» "Effects Of Exogenous Steroid On The 
Adrenal Plasma Membranes: Alteration Of 
Steroidogenesis" to be submitted to Steroids. 

21. Sr.lye, H., "The Diseases Of Adaptation," Recent 
Pi ogress In Hormone Research, Vol. 8, pp. 117-142 

74-19 

K?$£:?^ 



Progress In Hormone Research, 
(1953). 

Vol.  8,  pp. 117-142 

22. Bam, A. W., HThe Cells Of Loose Connective Tissue 
And Their Functions," Histology, (J. B. Lippinoott 
Company, Philadelphia, 7th edition, 3 974), pp. 220- 
249. 

23. HayflJck, I.., "Future Directions Jn Aging Research," 
Proceedings Of The Society For Experimental Biology 
And Medicine, Vol. 165, pp."175-184 (1980). 

24. Hay, R., Macy, M., and Shannon, J., Fditors, "ATCC 
CCL 79, Y-l, Adrenal Tumor, Mouse: Steroid Se- 
creting," American Type Culture Collection Catalog Of 
Strains TJ; Cell Lines,~"viruses~And Antisera, Chlam- 
ydiae, and RickettsiaeT (American Type Culture 
Collection, Rockville, Maryland, Third Edition, 
1981), p.76. 

74-20 

£\,\.^/^>V%^ •*. •", •*. *W*» '</%*" 



1983 USAF-SCEEE SUMMER FACULTY RESEARCH PROGRAM 

Sponsored by the 

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH 

Conducted by the 

SOUTHEASTERN CENTER FOR ELECTRICAL ENGINEERING EDUCATION 

FINAL REPORT 

COMBINED MAGNETIC AND GRAVITY ANOMALIES: 

A GUIDE TO CRUSTAL TYPE AND TECTONICS 

IN THE SOUTHEASTERN INDIAN OCEAN AND 

CARIBBEAN REGIONS 

Prepared by: 

Academic Rank: 

Departaant and 
University: 

Research Location: 

USAF Research: 

Date: 

Contract No: 

Dr. Frederick Nagle 

Professor 

Departaant of Geology 
University of Miami 

Air Force Geophysics Laboratory 
Terrestrial Sciences Division 
Geodesy and Gravity Branch 

Dr. A.R. Lesarevlcs 

August IS, 1983 

F49620-82-0-0035 

.* V 



COMBINED MAGNETIC AND GRAVITY ANOMALIES: 

A GUIDE TO CRUSXAL TYPE AND TECTONICS 

IN THE SOUTHEASTERN INDIAN OCEAN AND 

CARIBBEAN REGIONS 

bv 

Frederick Nagle 

ABSTRACT 

As « consequence of a literature search to provide a geologic 

foundation for magnetic and gravity anomalies described by Sailor and 

Laserewics1»2, it Is evident that several large geographic features in 

the southeastern Indian Ocean nay be, at least in part, continental. If 

any or all of them are continental, then reconstruction models for 

&j Antartica- India- Australia will have to be modified. 

£< For one of these areas, the Kerguelen Plateau, there are deep tea core 

samples in storage, not yet studied in detail, which could help resolve 

this question* Preparatory steps have been taken for submission of a 

proposal to the Antartlc Branch of the National Science Foundation. 

Three model sites are designated for combined analysis of gravity and 

magnetic data to determine rock types and cruetal structure. Ultimately 

such determinations could be done for other areas from satellite data alone. 

work has begun on s J/p (anomalous magnetisation/anomalous density) 

map for the Caribbean. Since so much detail is known about the rocks and 

structure of this region, this map could serve as sn interpretive guide 

for anomalies already known In the Indian Ocean or elsewhere. 
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I. INTRODUCTION: 

Accurate magnetic and gravimetric data are essential to the Air Force 

for «any guidance and navigational systems. That ease Information combin- 

ed with "ground truth" rock and topographic data from a specific region 

can help earth scientists gain a three dimensional picture of the struc- 

ture of that region, as well as to interpret other regions where similar 

magnetic and gravity signatures occur. 

Sailor and Lasarewlcz (AFGL)* *ad Latarewict and Sailor2 produced an 

equivalent aource crustal magnetic anomaly map from NASA's Magsat data 

of a region within the southeastern Indian Ocean (Figures 1, 2, 3, 4). 

This region contains several major tectonic features» amongst them, 

the following aseismlc ridges and plateaus: Broken Ridge, a portion of 

the Nlaetyeast Ridge, the Naturalists Flateau and the South Eaat Indian 

Ridge* All of tUese features were involved In or caused by the breakup 

of east Gondwenaland. Figure 3 shows the entire Indian Ocean, earthquake 

epicenters of the region, and the Deep Sea Drilling sites of the D/Y 

Clower Challenger. 

Sailor and letarewics1 also produced a gravity anomaly map (Figure 5) 

and a vertical derivative of the gravity anomaly map (Figure 6). Using 

Folseoa's relation and the maps of Figures 4 and 6, they computed a 

map of anomalous magnetisation/anomalous density (J/p) Figure 7. From 

their maps one can see a large positive magnetic anomaly over the 

eastern part of the Broken Ridge and a positive gravity anomaly about 

400 km to the west on the same ridge, neither of these anomalies 

continues smoothly to the Klnetyeast Ridge. On the J/p map, there 

la a broad hifh on the mmmtmrn **r*  «f rh* ftrnk»* Rldee end <* l«w*g 
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rUure A. Final äquivalent source 
anomaly map at 350km, Contour 
interval InT (from Sailor and 
Lazarevicz *). 

figure _S. 
■ea surf« -»«,. wuniour inte! 
10 mgal. (from Sailor and 
Lazarevicz1). 

riaure 6, Vertical derivative of 
Sravity anomaly at an altitude of 
50 km. (fron Sailor and 

Laarevicz1). 

Flaure 7. Map of J/p using Poltson'sj 
relation *nd map« of figures 4 & 
6 (from Sailor and Lazarevicz). 
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linear trend in the southwestern portion of the map which may or may 

not be associated with a real feature. The authors point out that 

this linear trend is offset in the area where there are changes in 

the magnetic and gravity maps (Figures 4 and 5) and that variations 

in J/p could be due to differences in crustal thickness, rock type, 

density, susceptibility, or depth to the Curie isotherm. 

Combining magnetic and gravity data using Poisson's equation in geo- 

physical studies are not unique to Sailor and Lazarewicz (see references 

3, 4, 5, 6). Garland's paper*, which attempts a determination of the rock 

type causing the anomalies, is particularly pertinent to this study. 

This author knew of considerable geologic information not taken into 

account in the original Sailor and Lazarewicz papers« Also, he has had 

both land and sea field experience in the Caribbean region7»8»9»10. This 

region (Figure 8) has several different types of crust within its bound- 

aries: oceanic crust In the Atlantic Ocean, intermediate thickness crust 

In the Colombian and Venezuelan Basins, Island arc crust under the Greater 

and Lesser Antilles, carbonate platforms under the Bahamas and the 

Yucatan and continental crust in Venesuela and Colombia« Since many of 

these areas have been studied in some detail, the Caribbean region is 

an ideal region to compare to the Indian Ocean area examined by Sailor 

and Lazarewicz1»2. 

II> OBJECTIVES: 

During the course of this study, four objectives are being pursued: 

(1) To interpret the geophysical anomalies already discovered in 

the Indian Ocean by researching the published literature. 

(2) To determine the availability of magnetic and gravity data within 

the Caribbean for the construction of a J/p (anomalous magnetization/ 
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anomalous density) to compare with the one produced by Sailor and 

Lazarewicz1»2 for the southeastern Indian Ocean. 

(3) To pick sites in both the Caribbean and southeastern Indian 

Ocean with well-defined magnetic and gravity anomalies which might 

be analyzed to define rock type (hence crustal type). 

(A) To compare the results of using surface data versus satellite 

data for objectives (2) and (3). Due to time limitations, this objec- 

tive was not pursued this summer. 

III. GEOLOGY OF THZ SOUTHEASTERN INDIAN OCEAN; 

Sailor and Lazarewicz1»2 focused their studies on Broken Ridge, 

an aseismic ridge which abuts abruptly against the Nlnetyeast Ridge. 

The review below is restricted to features which are joined to this 

ridge or those which uay have been connected to it in the past. Most 

of the comments are from "chlich's^ review of the area In the Nairn 

and Stehli12 volume. Other publications which give the reader a good 

geologic review of the region are the Deep Sea Drilling volumes 22, 

26 and 2813»1*»15 and the summary volume edited by Heirtzler, et al.*6. 

The fact that Broken Ridge is joined at right angles to the Ninety* 

east Ridge (Figure 2) is unusual and might make one suspect that the 

two ridges have had different origins and histories. Broken Ridge is 

about 1200 km long by 400 km wide at its widest point, and is bounded 

on the south by a scarp which has a relief of about 4,000 m. Francis 

and Raitt17 reported the mantle-crust boundary at 20 km under one por- 

tion of the ridge and concluded that the ridge had a "quasi-continental" 

structure. Drilling at site 255 did not penetrate to basement rocks so 

the question of whether the ridge has continental or oceanic crust 

can not be decided, but drilling at that site did reach Cretaceous 
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limestones overlain with angular unconformity by Eocene sediments 

(Figure 9). The Cretaceous limestones are considered by Davies, 

Luyendyk, et al.,1" to have been ocpo*ited in shallow water of a few 

hundred meters or less. Subside ice began at this site only in the lat* 

Eocene* This drilling site, the only Deep Sea Drilling site on Broken 

Ridge, is located on Figures 2, 3, 4, 5 and 7 for reference. There 

is one heat flow measurement reported from the ridge (Udinstev2*) 

of 2.9 HFU, somewhat higher than the average of 1*6 HFU from aselsmlc 

ridges in the Indian Ocean. 

As Schlich11- points out, the Kerguelen-Ueard Plateau (Figure 3), 

separated from the Broken Ridge by the South East Indian Ridge, can be 

divided at roughly 55* into two distinct domains on the basis of topog- 

raphy. This plateau extends 2,000 km in a northwest-southeast direction 

and is shallower (mainly above 1,000 m) in the north, deeper (mainly 

below 1,000 m) with more subdued topography in the south. There are 

two island groups on the plateau, both with volcanoes which have been 

aetive since the early Tertiary. The Kergueien group on the northern 

half of the plateau is composed of one large island (160 km across) and 

several smaller islands totaling approximately 5,000 sq km. Basaltic 

rocks are dominant and are amongst the oldest at 30my although there 

are granite differentiates on the island. Heard island, to the south of 

the Kerguelens, but also on the northern half of the plateau, is about 

25 km by 20 km in site and also has mostly basic volcanic rocks as well 

as some add differentiates. The oldest rocks here are limestones 

interbedded with pyroclastlcs of probable Paleogene age. 

\ None of the rocks exposed on these islands give any indication of 

•0 continental crust19»20»21»22, either «s xenollths or as a requirement 
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for their Igneous chemistry, but one should keep in mind that this 

plateau is Immense in comparison to the small islands. The only pub- 

lished information on older rocks south of 55° is by Quilty23 who 

reports Cenomanian-Turonian sediments from a single core at about 56°S. 

The Naturellste Plateau is one of the marginal plateaus of western 

Australia separated from Australia by a deep trough (3,000 m) and extend- 

ing westward about 300 km (Figure 3). This plateau has morphology very 

similar to Broken Ridge11. Sites 2S8 and 264 were drilled by D/V Glomar 

Challenger on this plateau. Neither hole penetrated to basement, but 

both reached Cretaceous sediments, and the second hole bottomed in vol- 

caniclastic conglomerates containing add and basic volcanic fragment*• 

Earlier seismic profile and piston core data prompted a number of authors 

to propose that the plateau has continental crust. Apparently, the same 

Cretaceous-Tertiary unconformity present on Broken Ridge is also found 

on the Naturallste Plateau11. 

Two remarkable features about the Nlnetyeast Ridge are certainly its 

length (about 5,000 km) and its very linear form (Figure 3). Schlich11 

reviews the proposed origins. Following the Deep Sea Drilling Program, 

it is now generally agreed that the ridge is underlain by basalt and 

that much of the ridge at one time was at shallow depths as evidenced 

by the discovery of subaerlal conglomerates, glauconlte, and lignite 

on the ridge during the drilling. Also, there Is general agreement 

that the ridge is older toward the north. The besalts on the ridge 

have chemical affinities with basalts of nearby oceanic islands, in 

particular. Saint Paul-Amsterdam and Kerguelen. This fact coupled 

with paleomagnetlc data2*, which suggests a northward movement of 

the ridge some 5,000 km since late Cretaceous, has led several authors 
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to propose that the ridge is the result of a hot spot from either the 

Saint Paul-Amsterdam location or one in the Kerguelen area, or both. The 

latest chemical studies21»22 favor Kerguelen. The oldest identified 

magnetic anomaly parallel to the northeastern flank of the Kerguelen 

Plateau is late Eocene age2^» . These same anomalies are the oldest 

identified south of Broken Ridge. As Schlich11 points out, it Is this 

symmetry, in addition to the overall geometry, which has led some investi- 

gators to propose that the tvo (and the Naturallste Plateau) were once 

joined then separated in the Paleocene or early Eocene when spreading 

between Australia and Antartica began (Figure 10). 

On the basis of new stratigraphlc and paleontologlcal data from 

northern Victoria Land, Laird, et al.,28 have suggested a modification 

of the paleaagnetic fit between Australia and Antartica. In turn, 

Norton and Molnar29 have modified that fit slightly to better fit the 

magnetic data and fracture «one trends. Their fit shows a large overlap 

of Kerguelen and Broken Ridges which they believe Is due to the fact 

that the southern part of the Kerguelen Plateau, the Broken Ridge and 

the Naturallste Plateau are remnants of an older ridge, since split apart. 

In spite of all the work done in the Indian Ocean, the question of 

whether or not there is continental crust under all or portions of the 

Kerguelen Plateau, Broken Ridge or the Naturallste Plateau has not been 

•£S-.«r«d. The odd magnetic anomaly on Broken Ridge (900 km across and 

offset from a gravity anomaly by several hundreds of kilometers) indicates 

unusual, possibly continental crust. Drilling on both Naturalist« Plateau 

and Broken Ridge and a single core from the Kerguelen Plateau south of 

35* indicates that there are rocks at least as old as Cretaceoua on all 

of these features. CourtiHot and Vink*° have pointed out that continents 
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should break up by stretching and fragmenting; not along a sharp line. 

If their model is correct, there ought to be fragmental material left 

behind during the breakup of Antartica and Australia* Perhaps Lazarewicz 

and Sailor*»* have found one fragment on the eastern end of Broken Ridge. 

The other two structures (Kerguelen and Naturellste) may, in part, be conti- 

nental. The alternative is that they are all part of an old oceanic ridge 

formed in the initial stages of breakup of India- Australia- Antartica. 

There does not seem to be any geologic feature to explain the linear 

anomaly seen on the J/p map (Figure 7). Several have noticed that this 

anomaly follows the zero contour of the vertical derivative of gravity 

(Figure 6) but what significance this has is unknown. The J/p anomaly on 

Broken Ridge is probably real. If susceptibility values were available 

for rocks on the ridge, it might be possible to make a good educated 

guess at the rock types underlying the ridge from the known magnetic 

and gravity anomalies using the method of Garland*. 

IV. THE CARIBBEAN; 

The geology and geophysics of the Caribbean region have been su 

rlsed In several publications10»31»3*. There Is an abundance of seismic, 

drill hole, dredge and core data on the rock types end structure of the 

region which make it an ideal modeling area for geophyslcel studies 

either from the surface or from satellite measurements. 

The gravity of the area from surface measurements has been compiled 

by Rowin3*»33»3*. These data are available In digital form on a IS* grid. 

Additional gravity data are available through NASA and DNA. 

The magnetic data from surface measurements are compiled In a total 

intensity map3*, but magnetic anomaly maps have been compiled for only 

parts of the Caribbean32•36,37,38. j^e surfsee data have not been 
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digitized* Currently, we are analyzing Magsat data for the region. 

y. SELECTED SITES WITH WELL DEFINED GRAVITY AND MAGNETIC ANOMALIES: 

Three sites have been found during this study which might be used to 

calculate probable rock types causing the anomalies4. Broken Ridge is th« 

first site. The eastern end of this feature has a positive 100 mg free 

air anomaly offset from a 140 gamma magnetic anomaly. The second is Deep 

Sea Drilling site 214 on the Ninetyeast Ridge where there are basement 

basaltic rocks of Cretaceous age, a positive 70 mg gravity anomaly and 

a negative magnetic anomaly of 400 gammas (Figures 11, 12, 13, 14). The 

third it the Los Roques trough in the Caribbean at 12.5% 67*W (Figures 

IS, 16) underlain by at least 5 km of sediments on probable basaltic 

crust. Here, there is a negative 2S0 mg free air gravity ancaaly 

accompanied by a negative 250 gamma magnetic anomaly. 

VI. RECOMMENDATIONS: 

This study will result in a proposal for work on deep sea cores 

from the Kerguelen Plateau, if further discussion turns out to be as 

encouraging as the preliminary inquiries. The author plans a visit to 

Florida State University in the fall where the cores are In storage. 

Catalogue descriptions of these -ores, which have not been worked on in 

>>\ detail, are promising in that it is noted that they contain rock frag- 

ments and volcanic ash, as well as fossils which could give age, 

depth, and paleogeographlc information. This proposed study, when 

combined with a magnetic end gravity analysis of the Kerguelen Plateau 

proposed by Laserewlcs (pers comm), could be definitive works on the 

Broken Rldge-Kerguelen relationship. 

Thiee sites have been aelected for combined analysis of gravity 

and magnetic anomalies. There is a need to develop the mathematics 
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for the procedure suggested by Garland* to determine the rock types 

causing these anomalies. It might be possible to determine at least 

which rocks are not causing the anomaly under Broken Ridge. 

When the difficulties with our processing of Magsat data are 

unravelled, we will have both magnetic and gravity data in digitized 

format for Lhe Caribbean* At that time, the original suggestion for 

the compilation of a J/p map of the Caribbean will be carried out, so 

that, if there are significant signatures over the known crustal types 

there, the knowledge of their cause could then be applied to data 

already collected from the southeastern Indian Ocean and to that which 

will be analyzed from the Kerguelen Plateau« 

Our ability to detect crustal type from analysis of combined satel- 

lite gravity and magnetic anomalies, or the ability to predict the 

anomalies which would be produced from a particular crustal type, could 

have economic value if, for example, these anomalies are produced from 

ore deposits or petroleum basins. 
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USING ARTIFICIAL INTELLIGENCE IN AVIONIC 

FAULT ISOLATION 

BY 

PHILIP D. OLIVIER 

ABSTRACT 

The properties of any procedure for isolating faults In avlonlc 

equipment are Investigated« So that the procedure is suitable for use 

with artificial Intelligence techniques. The application of one such 

procedure to one device is described. Suggestions for further research 

are offered. 
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I. INTRODUCTION 

The efficient and accurate diagnosis of faults in avionlc equipment is 

of immense importance to the Air Force. Improvements in this area yield 

direct and tangible increases in the readiness rate of the fleet. Current 

techniques are not satisfactory as evidenced by the very large number of 

unnecessary and/or ineffective maintenance actions that are done. As 

avionlc systems have increased in complexity, these problems have been 

magnified. Since the electronics industry appears to be introducing more 

powerful and more sophisticated single chip devices at an accelerating 

rate the problems will only become bigger. It is necessary to take a 

critical look at the approach historically taken to diagnose faults in 

digital avionics and based on this critique describe the attributes of a 

more appropriate solution that will be applicable to a wide range of 

devices. 

The classical approach 1s based or circuit tracing techniques whereby 

an Input sequence 1$ engineered so that all faults 1n a certain subset of 

"allowed" faults can be distinguished through the use of a prestored fault 

dictionary. When a Unit Under Test (UUT) 1s brought Into the depot for 

testing It Is exercised by this engineered Input» the output Is measured 

and compared with those In the fault dictionary. If the measured output 

matches one of the fault signatures the job 1s done. If no match is found the 
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procedure yields no information about the location of the fault. Further, 

as systems get larger the number of allowable faults increase, the length 

of the test input increases, the more time it takes to engineer an appro- 

priate input, the length of the fault signatures that must be stored in- 

crease and the time to search this extensive data base as well as the space 

required to store it become prohibitive. The reason for these problems 

(other than the size of the circuits) is the basic inflexibility of the 

test procedure. The entire technique is designed a priori and hence uses 

the measured test data in a yery superficial manner. 

The purpose of this research effort 1s to develop a fault Isolation 

procedure that will be more flexible and thereby, it 1s hoped, yield some 

information all of the time. Once flexibility 1s raised to the level of a 

design objective It is natural to phrase the problem In terms of the most 

flexible of man's Intellectual constructs, Artificial Intelligence (AI). 

The discussion 1n the previous paragraph, however, Indicate that a whole 

new approach to data gathering 1s necessary before AI techniques can be 

applied. On the other hand, existing applications of AI to fault isolation 

(e.g. medical, nuclear reactor systems), rely on a small num- 

ber (<S,000) of "IF-THEN- rules that are obtained from experienced field 

engineers. As the first paragraph mentioned, electronics as a whole Is 

progressing far to rapidly to allow ourselves the luxury of developing 

human experts. We must rely on the mathematical description of our cir- 

cuits for fault Information. Hence, the application of AI to avlonlc fault 

Isolation Is nontrivial and cannot be achieved by simply borrowing the 

techniques of other fields. 

Because of the extreme complexity of todays digital circuitry the 

fault isolation problem is taking on many of the attributes of the analog 
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fault isolation problems, i.e., fault dictionaries are practically, if npt 

truly, infinite. Also as the circuit size increases the "single fault" 

assumption becomes more and more academic. Once multiple faults and even 

intermittent faults are targets for isolation the size of the fault dic- 

tionary becomes truly infinite. 

Techniques that can be applied to both analog and digital circuits 

should be highly prized because most circuits have some sort of power 

supply that acts as the interface between the two worlds. Also the truly 

hybrid circuits currently in use are on the most expensive printed circuit 

boards ($5,000 each). 

It is the author's opinion that AI techniques can only be applied to 

avlonic fault Isolation within the context of a given fault Isolation 

technique. Given the Inflexibility of the current technique the first 

order of business 1s to develop a new way to Isolate faults in digital 

circuits. Section three discusses one such new procedure that: a) uses 

a ^ery compact fault dictionary (compact In the sense of the number of 

entries as well as the size of each entry), b) can yield fault isolation 

Information even when a match Is not found, c) can use Inputs other than 

the one that produced the fault dictionary to aid In th: fault Isolation 

process, d) can be used within an 'expert* system, and, e) Is related to an 

analog fault Isolation procedure which should allow for the treatment of 

hybrid boards. 
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II. OBJECTIVES: 

The objectives of this project are twofold. First, a fault diagnosis 

procedure that is Inherently flexible was sought. Second, ways to inte- 

grate Artificial Intelligence into this fault diagnosis procedure were to 

be investigated. Only the first has been accomplished. Comments regarding 

the second can be found 1n the section on recommendations. 

To obtain a flexible procedure, the a priori simulation-before-test 

approach was abandoned. A simulatlon-after-test procedure that was devel- 

oped for analog circuits** was chosen as a likely starting point. The first 

goal was to develop a computer program that would 1) simulate a digital 

circuit, 2) allow for the Insertion of faults, and 3) compare the expected 

output (from the unfaulted circuit) to the test output (from the faulted 

circuit). 

In orcer to guarantee maximum flexibility many Inputs must be allowed. 

This led to choosing a technique for generating these Inputs based on 

maximal sequences from linear shift registers3, 4 (these are described 

later). 

Such a program was developed for two sample circuits. The procedure's 

ability to discriminate between faults was investigated« Based on this 

experience It was decided that a small fault dictionary could be vtry 

useful in the early steps. So the next goal was to decide on a fault 

dictionary that would have minimal storage requirements and (Instead of 

being exhaustive) that would direct the program toward the fault. Tech- 

niques for building such a dictionary need to be investigated. 
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Now that a fault Isolation procedure has been "tailored" to AI 1t Is 

necessary to tailor AI to this procedure. This can be done 1n several 

ways. First, 1f the fault 1s not 1n the dictionary then making Inferences 

based on a comparison of the measured fault syndrome to the fault signa- 

tures should narrow the ambiguity set. Once the ambiguity set 1s narrowed 

use of the history of the device along with reliability Information about 

the still suspect components can be used to prioritize a search. AI 

techniques can then be used to "engineer11 an Input that will test a certain 

suspect component. 
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III.  A FAULT DETECTION PROCEDURE 

The fault detection nrocedure used is a variation of one due to Wu et 

al (2). It has much more fault isolation capability than some other 

techniques because it uses the test data in a more sophisticated manner. 

It Is based on a description of the UUT in terms of the component connec- 
5 

tlon model.   The component connection model for a UUT consists of two 

parts. 

The first part consists of the component equations 

b1 ■f1(§!)   1 ■ 1. ...n (la) 

or 

b ■ f(a) (lb) 

where a^, bj and fj are the input vector sequence, output vector sequence 

and functional description of machine 1 and b «col (bAa ■ col (aj and f 

are defined by 

b * 

'1 
a * 

an 

«•) 

fn(en!J 
The second part consists of the connection equations which are 

a - lnb ♦ L12u (2a) 

Oc) 

y ■ L21b ♦ L22u (2b) 

where u and y are the syste» Input and output vector sequences and the L^ 

are «trices of zeros and ones that describe the Interconnection structure 

of the syste«. 
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A test is defined to be the application of an input u and the measure- 

ment of the resulting output y. Now, if u and y are both known (I.e. measured] 

they can be used as inputs to the fault Isolation procedure, and It stands to 

reason that they should be processed in some way that is determined by the UUT 

to produce information concerning the location of the faults. 

To process the test results the components are partitioned Into two 

groups (renumbering the components where necessary) so that the CCM can be 

rewritten in expanded from as 

b1 • fV). b2* fV) (3a) 

i1 * LnJ>l * L|2 b2 + L{2 U        (3b) 

a1 ■ L2] b1 ♦ l]2 b2 ♦ L2
2 u   (3c) 

where the _ emphasizes that these variables are generated during a test. 
2 2 

Equation (3b) can now be solved for b   (provided l^ has a left inverse Und 

this Is i precondition on the choice   of the partition) and this b   sub- 

stituted In (3b) and (3c) to yield.   (See figure 1) 

i1 ' 'lit1 * «It 

b 

s K,V ♦ r. •22 

>  m 

u 

u 

which together with b1 - f^a1) form the CCM fpr a -pseudo circuit11 with 
2     2 2 Input col(u, vj and output eol(a » b ).   This measured b   can now be con- 

2      3    2 
pared with the expected outputs   obtained fro« b   • **(a ). 

>j 
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Advantages of this procedure include: 

(1) The ability to handle several input 

(2) The ability to tailor an input to a suspected fault; 

(3) The ability to further verify your conclusion as to which component 

is faulty; 

(4) A relatively small data base 

(5) The ability to find fualts that do not have prestored signatures; 

(6) There is no need to pre-engineer the input. 

Before continuing it is appropriate to make a comment about the differences 

between this procedure applied to digital circuits and it applied to analog 

circuits.    For analog circuits there are usually many partitions that yield 
2 loft invertible L«, 's.   This is because the outputs of several devices are 

added together before they are fed into another device.   Such linear "fan in" 

situations are not as common in digital circuits. 
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IV. Generating Inputs 

The procedure described above is capable of using arbitrary inputs. 

In fact the procedure is capable of using field inputs therefore we felt 

it unwise to "design" an input for the test. To obtain an input thtt is 

independent of the fault we were searching for, we used a sequence that 

was generated by a linear sequential shift register with feedback. These 

sequential machines are shown in Figure 2. 

Each of the n registers initially contains a 1. At each clock change 

the contents of register 1 >2 is replaced by the contents of register 1-1. 

The contents of register 1 is replaced by the binary sum of registers n 

and j. By judicious choice of j and n you can obtain a sequence of length 2n-l 

that contains no repeating subsequences. Such sequences are called 

maximal. The generation of maximal sequences for a given n sometimes 

requires feedback from multiple registers. 

It is reasonable to separate the inputs into two types-data and 

Instruction, The Instruction inputs should mimic, at least statistically, 

the actual operating conditions. To be resonable we cycled through the 

different Instructions, switching Instructions e^ery  ten clock cycles. 

We also ran the program when the Instructions were selected "randomly" 

by the maximal shift register sequence. 

2    2 
It Is Important to note that If the sequence b -fcf = d ■ 0 then no fcult 

has been detected. If the Input can be "engineered" then It 1s possible 

to choose an Input that will detect any fault (except 1n pathological casts). 
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V, Fault Signatures 

A significant problem is finding short signatures that can give direc- 

tion 1n further fault isolation. The goal is not to uniquely isolate the 

fault based on its signature, but rather, to limit the number of faults 

that must be further investigated. 

This fault isolation procedure can be implemented in two extremely 

different ways or in any compromise between the extremes. It can be used 

to c struct a very efficient fault dictionary and thereby yield a know- 

ledgeable, but dumb, procedure. On the other hand it can be implemented in 

such a way as to use no fault dictionary and thereby yield an ignorant, but 

intelligent, procedure. The second procedure is the one sought but the 

first is more completely developed. 

For the sample circuit that 1s a modified Am 2914 chip it was possible to 

construct a fault dictionary that consisted of 85 vectors each with 

eight components that Isolated the fault to ambiguity sets of at most 3 

machines. This was with an Input that cycled through the instruction set 

(e.ich instruction "on" for 10 clock cycles), but otherwise left the Input 

unenglneered. The ambiguities that remained could be removed by a few 

further simulations with different Inputs (at most 11 additional simulations). 

The Intelligent procedure would keep track of the discrepancies for a 

certain number of clock cycles after the first discrepancy Is noted. The 

5*.      fault syndrome would look like (again for the modified Am 2914) 
J-V 

vi)$j (Cir C12* C2V C2Z* hv  C32* C41, C42> 
N|      where Cj, notes the clock cycle of the first discrepancy for machine 1 and 

Of» notes the clock cycle of the second discrepancy for machine 1* To 

determine where a fault occurred it Is necessary to note that a discrepancy 
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in machine i could occur because machine i contains the fault or because a 

machine "upstream" of machine i contains the fault. This observation along 

with the fact that the procedure uses measured outputs as inputs leads to 

two rules for the construction of an ambiguity set. 

Rule 1: All machines "upstream" from any machine that shows a discre- 

pancy is in the ambiguity set. This "upstream chain" is broken at any 

measured output* 

Rule 2: All machines that show no discrepancies are, in fact, good. 

To priortize further simulations those machines that are upstream from 

2 or more output machines that have shown discrepancies are more suspect 

than others. Reliability information and maintenance history can be used 

to further prioritize the order of further simulations. These farther 

simulations can be carried out under any number of single or multiple fault 

assumptions. 

Since this Intelligent, but Ignorant, procedure uses no fault diction- 

ary It can be Implemented in Built-in-Test Equipment (BITE) to work on In- 

flight data. The processing may take longer than 1s customary, but 1t does 

ft not require taking the UUT "off line" for periodic checks. 

For depot implementaiton a judicious mixture or compromise between the 

two approaches is obviously the preferred approach. 

As an example of this procedure without any fault dictionary, consider 

the fault syndrome (0, 0, 30, 70, 70, 270, 0, 0). This Indicates that the 

outputs fro» machines 10 and 9 were always the expected outputs, whereas 

the outputs from Machines 8 and 6 differed from expectations (between the 

31st and 30th and again between 61st and 70th clock cycle for machine 8 and 

between the 61st and 70th and again between the 261st and 270th for machine 

6). If we make the working assumption that only one machine 1s faulted, 

tv 
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then the fult must He upstream from both machine 6 and 8. Further, under 

the single faulted machine hypothesis, machines 6, 8, 9 and 10 are assured 

to be good. Finally, since the first discrepancy occurred relatively early 

(between clock cycle 21 and 30) it should be physically close to machine 8. 

Without additional information this syndrome indicates that simulations 

should be done in the following order - first machine 3 then either 4 or 5 

followed by 7 then 11 or 2 and finally 1. This syndrome was produced by the 

first input of machine 3 stuck at 0. 

Problems occur wUh this procedure when a gate is stuck at the value 

that it almost always assumes. In these situations the discrepancies can 

show up in very late clock cycles but be caused by a physically close 

fault. In a depot situation these anamolies could be taken care of by 

a very small dictionary in which signatures of only these exceptions are 

stored. 
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VI. Conclusions, 

A fault isolation procedure for digital circuit has been developed that 

is not totally dependent on a fault dictionary.   The procedure can be 

integrated within an "expert", "knowledge based" or "intelligent" fault 

diagnosis procedure because of its inherent flexibility.    It can also be 

incorporated into a built-in-test environment because it can analyze in- 

flight data as easily as depot generated   data« Because of the 

flexibility of the procedure it can tailored to different capacity computers, 

hence the same basic procedure can be used by many installations resulting 

in overhead economies. 

Another important fact is that once a component is declared faculty 

it Is possible, because of the built In capacity to simulate the UUT, to 

verify that It was indeed the culprit. 

Finally, any truly useful diagnostic tool should be easily transported 

not only from base to base but from plane to plane on the flight line. 

This requires a relatively small and powerful computer.   When comparing 

different tools preference should be given to the one which 1s physically 

smaller. 
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3 

VII. Recommendations« 

Several areas still need to investigated.   These include: 

1. Precisely how this procedure can be integrated with artificial 

intelligence techniques; 

2. What are the best fault signatures to minimize storage require- 

ments and maximize information? 

3. Can "statistical" signatures be developed for use on in-flight 

data?   By this I mean, is it possible to construct a signature based on a 

Monte-Carlo simulation of outputs due to different Inputs for a given fault 

that will help 1n analyzing data obtained from BITE? 

4. Can this procedure be Implemented on a microprocessor for 

realistic systems? 
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ABSTRACT 

ORGANIC REACTIONS IN ROOM TEMPERATURE CHLOROALUMINATE MOLTEN SALTS 

Albert L. Payton 
Hampton Institute 

Mixture« of tome organic chloride salts and aluminum chloride form new 
salts that are liquid belov room temperature* The mixture of 1-methyl- 
3-ethylimidasolium chloride (MeEtlmCl) and aluminum chloride (AICI3) i* one 
such ionic liquid. It is liquid substantially belov room temperature, has 
good thermal stability at high temperature, has a low vapor pressure, and 
dissolves both organic and inorganic compounds« Earlier work at the Frank J. 
Seiler Research Laboratory shoved that some of the MeEtlm chloroaluminate 
melts promoted Friede1-Crafts reactions. The Lewis acidity of the melts pre- 
sumably catalysed the formation of reactive alkylating and acylating intermed- 
iates, which resulted in high yields of alkyland acyl-substituted aromatic 
compounds« In this project the scope and optimimum conditions for Friedel- 
Crafts reactions in the MeEtlm chloroaluminate melts were examined« Also, the 
utility of the reactions was tested by preparing polyalkylated aromatic com- 
pounds with large alkyl substituents, which may have some use as synthetic 
lubricants or hydraulic fluids« 

The optimisation of reaction conditions involved a study of the effect of 
temperature, reactant composition, reaction time and melt compostion on the 
rate of reaction, distribution of products and yields of desired products. 
Briefly, the best results were obtained by running the reactions at low tem- 
perature for longer times to reduce side products« The rate of reaction could 
also be controlled by adjusting the proportion of AICI3 1*1 the melt, as long 
as the AICI3 was in excess over the MeEtlm« An example of a large alkyl 
polysubstuted bensene was synthesised by acylating benzene with octanoyl 
chloride followed by Wolf-Kishner reduction of the ca.bonyl. This monosubsti- 
tuted product was used as the starting material for tv.«o subsequent acy let ions 
and reduction», resulting in a 1,2,4-substituted product« The physicel prop- 
erties of the product were not examined due to time limitations. 
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ABSTRACT 

Small changes in the angular separation of crossed laser and particle 

beams can be sensed by monitoring the strength of the interaction between 

the two beams.   This monitor signal will be proportional to the population 

of the upper level of the absorbing transition.   The sensitivity of the 

method depends on the s1gnal-to-no1se ratio and width of the monitor signal, 

Optical and non-optical monitor signals have been considered. 
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I. INTRODUCTION: 

Intersecting laser and particle beams will resonantly interact when the 

radiation frequency, as "seen" by the moving particles, matches a transi- 

tion frequency, V., characteristic of the particle. When this resonant 

condition occurs, the particles will absorb radiation from the laser 

field. The Doppler equation relates the frequency of the laser radiation, 

as seen in the particle frame, v\ to the actual frequency of the laser 

radiation, as seen in the laboratory frame,V ; 

where 9  Is the angle between the intersecting laser and particle beams, 

as measured 1n the laboratory frame, /3 (* *5<y1s related to the speed, v-, 

of the beam particles and V * 0— (**~)~*-   is the usual relativistic 

factor. In the laboratory frame, the resonance condition can therefore 

be stated as: 

y     s      y'/rCl-ßo»& ft) 

If the particle beam was monoenergetic and the particle and laser beams 

were perfectly unidirectional the resonance would occur at a single 

laser frequency since there Is only one velocity class of particles. 

In reality, of course, the particle beam suffers some energy dispersion and 

both beams diverge. This Implies that there are spreads in the quantities 

S and Q and so a resonance can be tuned over a finite range of frequencies 

since the laser can resonate with different particles at different frequencies. 

Doppler tuning usually refers to changing the frequency of the laser, 

as seen by the particles, by varying either the particle beam speed, (3 , 

or the angular seperatlon of the two beams, 9 . In this report we are 

Interested In the change in th» strength of a signal used to monitor the 

amount of absorption as a function of angle-detuning of a resonance from its 
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maximum. 

Rohringer1 pointed out that a crossed laser-particle beam arrangement 

such as that just described could be used to detect small changes in the 

angular separation of the two beams or, alternatively, to sense small 

changes 1n the direction of a particle beam relative to a reference 

direction established by a laser beam axis.   When the angular separation 

of the two beams is changed slightly from the angle which satisfies the 

maximum resonance condition for a given beam energy and fixed laboratory 

frame laser frequency, the corresponding detuning of the absorption resonance 

In the particle frame is signatured by a decrease in a laboratory frame 

signal used to monitor the amount of radiation absorbed by the particles. 

This change in monitor signal could, of course, be used as an error signal 

in a feedback loop designed to correct the small angular excursion.   The 

sensitivity of this particle beam direction-sensing method depends rather 

critically on the width of the resonance signal as well as the signal-to- 

noise ratio of the monitor signal.   Rohringer showed that the resonance 

could be narrowed considerably if the angle between the two Intersecting 

beams at resonance could be maintained at the laboratory frame angle, ö*^»"^ 

This "magic" angle corresponds» in the particle frame, to the perpendicular 

irradiation of the particles leading to the elimination of a significant 

part of the first-order Doppler broadening contribution to the resonance 

width.   Under this condition the resonance linewidth 1s determined primarily 

by the combined divergences of both the particle and laser beams. 

The particle beam direction-sensing technique proposed by Rohringer has 

been further developed by TASC2.   This group has proposed to use a neutral 

particle beam consisting of metastable hydrogen atoms in the 2S state 

which will resonantly   absorb photons on the 2S-3P transition when they 
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pass through a laser field tuned to the appropriate frequency.   The 

resonant absorption process 1s to be monitored In the laboratory frame 

by studying the strength of the lyß     fluorescence signal i.e. radiation 

spontaneously emitted on the 3P-1S transition.   Since the laser radiation 

is first absorbed and later remitted in this technique it is often referred 

to as the resonant scattering of laser radiation by metastable H-atoms. 

Figure 1 is a particle energy level diagram for the H-atom shoving the 

relevant absorption and emission lines. 

II.   OBJECTIVES 

The project involved a theoretical study of a method used to sense 

small changes   1n the direction of a beam of fast-moving particles.   The 

method, which   has been outlined 1n Section I, 1s based on monitoring, in 

the laboratory frame, a resonant absorption Interaction between intersecting 

laser and particle beams.   Changes 1n the monitor signal reflect changes In 

the angular separation of the two beams if the particle velocity and the 

laser frequency in the laboratory frame remain constant. 

The principal objectives of this project were: 

(1) To analyze the possible homogeneous and inhomogeneous broadening 

mechanisms that could contribute to the linewidth of the signal 

used to monitor the absorption resonance between the Intersecting 

laser and particle beams. 

(2) To make a critical analysis of the version of the particle beam 

direction-sensing method proposed by TASC.   The proposal Involves the 

use of a hydrogen atom beam prepared 1n the metastable 2S state. 

Resonant absorption occurs on the 2S-3P transition and fluorescence 

monitoring of this resonance 1s done on the 3P-1S transition.   This 

analysis involved pointing out potential problems, making suggestions 
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for possible improvements where appropriate, and further developing 

some areas of the proposal. 

(3) To propose alternative schemes for monitoring the resonant absorption 

interaction between intersecting laser and particle beams. 

All of these objectives are consistent with the overall objective of 

designing a future experiment to test the principles behind the particle 

beam direction-sensing method and to experimentally investigate the para- 

meters which most critically determine the sensitivity of the method. 

Throughout the report mention 1s made of design parameters for this 

experiment. 

III. CONTRIBUTIONS TO THE RESONANCE WIDTH 

!n this section a study 1s made of the mechanisms that contribute to the 

width of the resonance signal used to monitor the amount of absorption of 

laser radiation by the moving beam particles. This quantity 1s of con- 

siderable Interest since the sensitivity of the method of sensing such 

changes in the direction of a particle beam with respect to an Intersecting 

laser beam depends rather critically on how wide the resonance Is. Clearly, 

the narrower the resonance, the larger the change in the detected signal 

corresponding to a small change in the angular separation of the beams. 

Let us begin by considering how a single beam particle Interacts with 

laser radiation. Resonant absorption will occur when the frequency of the 

laser radiation, as seen in the particle frame, matches some transition 

frequency, V9  , characteristic of the particle. As a result of the finite 

lifetimes of the upper and lower levels of the transition there will be 

exist of small spread, $Y0 , about V» over which the particle can absorb 

laser radiation. This particle transition frequency Unewldth 1s the 

result of the fact that the particle only Interacts with the laser field 
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for a finite amount of time leading to a uncertainty in the energies 

of the levels of the transition.    In addition, other processes which 

limit the interaction time between the particle and the laser radiation 

will contribute to this type of line broadening which is called homo- 

geneous line broadening since 1t is essentially the same for all particles 

independent of their velocity class.    Homogeneously-broadened line profiles 

are Lorentzian in shape.    From the particle frame it would appear that the 

laser output Is spread over a range of frequencies determined by the duration 

of the interaction.   Such broadening could, for example, arise when one uses 

a pulsed laser instead of a CW laser.    It 1s more likely, however, that in 

the crossed-beam arrangement used in the beam direction-sensing method the 

dominant homogeneous broadening mechanism will be due to the transit time 

of the fast-moving beam particles through the finite length laser field. 

This process is called transit-time broadening.    In the proposed experiment 

care should be taken that the transit time Is large enough so as not to 

cause the homogeneous broadening to dominate the overall linewidth of 

the monitor signal.    It is assumed that power broadening of the resonance 

due to strong laser fields can be rendered neglible in the proposed experiment. 

Up until now we have considered a single particle Interacting with a 

radiation field.   This lead to several possible homogeneous broadening 

mechanisms.   We now wish to extend the analysis to Include the whole 

ensemble of particles making up the particle beam.    In the Ideal case of 

the particle beam being monoenergetic and unidirectional and the laser 

beam also being unidirectional, all the particles would resonate at the 

same laser frequency in the laboratory frame.   This Is because both the 

longitudinal component of the particle velocity, ß , and the angle between 

the direction of motion of a particle and the propagation direction of 
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the photons of the laser field, £ , would be the same for all particles i.e. 

only one class of velocities exist.   The width of the resonance associated 

with the whole ensemble of particles would then be the same as for a single 

particle i.e., the resonance will be homogeneously broadened.   Unfortunately, 

in a real situation, the beam particles will exhibit some energy dispersion 

which leads to a 6auss1an-distributed spread Sp in ß about some mean 

value ß determined by the nominal beam energy.    In addition, both the laser 

and particle beams will have some finite divergence leading to a Gaussian- 

distributed spread, $©   , In the angle between interacting particles and 

photons about a mean value, S , determined by the angle between the particle 

and laser beam axes.   The angular spread, &Ö, 1s the quadrature sum of 

Individual dispersions 1n both the particle and laser beam directions. 

We can think of the whole ensemble of beam particles as being divided Into 

a large number of different velocity subgroups each of which 1s homogeneously 

broadened.   When the laser Is tuned it will resonate with the particles 

In the different velocity subgroups at different resonance frequencies. 

The width of the resonance signal 1s now determined by the range of these 

dlfferenct resonance frequencies or equivalents the spreads In/3 and Q . 

This type of line broadening Is called Ooppler broadening and it Is an 

example of the more general broadening termed 1nhomogeneous broadening. 

If the homogeneous widths are kept small, the resonance signal Hnewidth 

will essentially be determined by the Doppler broadening.   Inhomogeneously 

broadened line profiles are Gaussian In shape.    In the proposed experi- 

ment care must be taken to minimize beam divergences and the particle 

beam energy dispersion 1n order to reduce Doppler broadening of the 

resonance signal. 
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We will now investigate how the spreads  S/S and 19 effect the width of 

the resonance signal used to monitor the absorption process in the laboratory 

frame.    To understand better the relative magnitudes of the first-order 

contributions to Ooppler broadening of the monitor signal brought about 

by spreads in ß    and 0  , we expand» in a Taylor series, the expression 

for the laser frequency in the laboratory frame,   V(frQ)   about the mean 

value  V(fa§).    Thus to first-order we have: 

'   £ 8 

The first-order dispersion coefficients can be expressed 1n terms of the 

resonant transition frequency, V« , as: 

n\, -    <,.»:«> ■ w 

Equation (4) shows that when    C £ - >5 the first-order contribution 

in /3 —/a ^ £/&     vanishes, i.e. at this laboratory-frame angle, which we 

shall call the "magic" angle, we become Immune to the energy dispersion of 

the beam particles to first-order and the Ooppler broadening of the resonance 

signal 1s significantly reduced.   Physically, this laboratory frame angle 

corresponds to the perpendicular Irradiation of particles in the most 

populated   5^6    velocity subgroup in the particle frame.   Thus, In the 

particle frame, a considerable amount of the first-order Ooppler broadening 

Is eliminated.    Figure 2 Illustrates how the "magic" angle varies with 

particle beam energy.   The question arises as to what happens to the 

resonance width if we are detuned slightly from the "magic" angle. 

Figure 3 shows that the first-order contribution in &fl   to the Ooppler 

broadening of the resonance increases rather dramatically 1f one is detuned 
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by only about 0.1° from the "magic" angle.   This plot 1s for a particle 

beam energy of 200 MeV for which the "magic" angle 1s 55.53°.   Thus if 

the mean angular separation of the laser and particU beam axes 1s not 

maintained to within a few hundred mlcroradlans of the "magic" angle, 

the resonance signal will broaden rapidly and soon disappear under the 

noise level (assuming the area under the resonance peak stays constant). 

Figure 4 shows that for very small angular excursions from the "magic" 

angle,   the broadening due to the energy dispersion In the particle beam 

Is comparable to or less than other sources of broadening such as the 

first-order contribution In {£ , the beam divergences.   This situation 

can be tolerated.   In the proposed experiment we must therefore be able 

to set to high precision, and maintain, the "magic" angle for the particular 

particle beam energy to within about 0.01°.   At the "magic" angle first-order 

contributions in ifi   disappear and second-order contributions In $p   can 

be shown to be negligibly small compared with other sources of broadening. 

It remains to consider the magnitude of the first-order term in SQ In the 

Taylor expansion I.e.: 

I -»JTlUff     1«t (Q 

to-fair] 
At the "magic" angle 6 « Gm"fi this reduces to; 

where   f* *  t*Qr *■ *VJ* Is the quadrature sum of the spread In di- 

rections of particles In the particle beam and photons In the laser beam. 

At the "magic* angle, for wtrich the first-order term Inty Is eliminated, 

the contribution due to the beam divergences (Equation 7) Is the major cause 

of Ooppltr broadening of the resonance signal.   Equation 7 shows that 

typical particle beam divergencies of about a «1111 radian would produce 

78-12 



a resonance width of about 400 GHZ at a beam energy of 200 MeV.    A 

resonance this wide would render the method of sensing small changes in 

the angular separation of the particle and laser beams very insensitive. 

Care must be taken in the proposed experiment to reduce both the particle 

beam and laser beam divergencies to well below the mi 111 radian range. 

This, of course, can be achieved by expanding the beams or, at the expense 

of intensity, col11mating them. 

IV.    MONITORING THE ABSORPTION RESONANCE WITH LV/»   FLUORESCENCE 

Figure 5 is a schematic of the essential features of the experimental 

arrangement proposed by the TASC group to sense changes in the di- 

rection of a H-atorn beam.   The apparatus can be broken down Into 

three spatially separated zones; the production zone, the excitation 

zone and the deexcitation zone.   The fluorescence signal per laser 

p»*1se, S, can be written as; 

where N(2S) is the number of H-atoms 1n the metastable 2S state Having 

the charge-exchange cell, P(2S-3P) 1s the probability an atom 1n the 

2$ state will be excited to the 3P state in the laser field.   P(3P-l$) 

Is the probability that the excited 3P state will deexdte via Ijp 

fluorescence to the IS ground state in deexcitation zone and P»»*  is 

the probability that a Doppler-shifted Ly^   photon, emitted In the 

deexcitation zone will be collected and detected.   This factor Involves 

the probability of emission at a particular angle in the laboratory frame, 

the solid angle of the collection optics, the reflectivity of the collection 

optics and the efficiency of the detector. 

In the production zone the H-atom beam is formed by charge-exchange and 

prepared in the metastable 2S state.   This will probably be done via the 
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collisional detachment process; 

where X signifies a gaseous specie. At particle beam energies in the 

hundreds of MeV one cannot expect much more than 50% of the H-beam tc 

be converted to H-atoms. Most of these atoms will be in the ground state. 

We can expect somewhere close to 10% of them to be in the 2S metastable 

state. Once produced we must be careful that stray electric or magnetic 

fields are not present. Such fields could quench the 2S state by mixing it 

with the 2P states. This same process could however be used intentionally 

further downstream in order to monitor the N (2S) as a function of time 

thus allowing us to normalize to any fluctuations in the particle beam 

intensity. Since the production process is energy unselective we can also 

expect the higher-lying states of the H-atom to be populated also. The 

probability of production of these states by collisional detachment should 

follow a n"3 scaling rule3 leading to a ^5% contribution. No measurements 

seem to have been made at high beam energies. Some of the higher-lying levels 

are long-Hved and 1f they are populated reasonably strongly they could cascade 

Into the 3P state and produce a noise contribution to the fluorescence monitor 

signal which 1s uncorrelated with the laser absorption. The nS and nD states 

with n * 4 will cascade directly into the 3P state and the nS states, in 

particular, are long-lived. For example, the 6S state has a lifetime of 570 ns. » 

which is more than a hundred times longer than the 3P state lifetime. 

This state would be able to repopulate the 3P state by cascades for quite some 

time after its production in the charge-exchange cell. Making the 

separation of the production and excitation zones large would help to 

some extent. Indirect cascading from even longer-lived Rydberg states 

is also possible. Fortunately, cascading into the 3P state from the 
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highly excited and exceptionally long-live "yrast" states with 1 = n - 1 

is not possible. The role of cascading in populating the 3P state in 

the beam is an area that could be further investigated. It would be useful 

to have data on the probability of the production of high-lying Rydberg 

states in the H-atom following collisional detachment of high energy 

H beams. Branching ratios for cascading into the 3P state are readily 

available in the case of the H-atom. 

Selective population of the 2S state by photodetachment would clearly 

be preferable to collisional detachment and would eliminate entirely 

the possibility of cascading. The cross section for photodetachment of 

H~producing H in all states reaches a maximum value of approximately 

4 x 10"n cm* at a wavelength of 8300Ä in the particle frame. In the 

laboratory frame this wavelength could be Doppler shifted using angle- 

tuning to a more convenient laser wavelength, for example, within the 

bandwidth of a powerful laser such as a Ndf: YAG laser. No measurements 

have been made to determine the cross section for production of the H- 

atom in the 2S state but it is suspected that this cross section is so 

small that when combined with the available fluxes of the particle and 

laser beams it would fail to produce a significant number of atoms in 

the 2S state. The cross section for photodetachment of H'via intermediate 

resonances is somewhat higher*1 and it is conceivable that some mechanism which 

preferentially populates the 2S state of H could be found. Both the 

collisional and photodetachment process with beams are highly anisotropic 

production mechanisms and so, in general, one could expect the 2S state 

to be oriented or aligned. Alignment is not possible, however, for a state with 

J * i and the state cannot be oriented 1n the collisional detachment process 

due to the cylindrical symmetry of the particle beam. 
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In the excitation region the TASC group propose to photoexcite atoms 

in the beam from the 2S-state to the 3P state using a pulsed tunable 

laser. The mean angle between the laser and particle beam directions 

must be maintained at the "magic" angle for the particular beam energy 

chosen. Figure 6 shows the laboratory frame laser wavelength that must 

be used so that it is Doppler-shifted into resonance with the 2S-3P 

(H^ ) transition in the particle frame. For example, for a beam energy of 

200 MeV the output wavelength of the laser should be 5411A which is just on 

the edge of the useful range of Rhodamine dyes. One possible pump 

laser for this dye might be a copper vapor laser which has two discrete 

output lines at 5100Ä and 5780Ä. Plasma Kinetics make a model which has 

an average power of 50W at 5100Ä with a repetition rate of about 5KHZ. 

The duty cycle of 2 x 10^ is poor but typical of pulsed lasers. Unless 

the number of atoms in the 2S state is kept high the poor duty cycle of 

a pulsed laser source will mean long integration times. It would be 

preferable to use a CW laser for excitation of the beam particle but it 

would be very difficult to match the peak powers available with pulsed 

sources. The time structure of a pulsed laser may, however, be used to 

advantage in discriminating against noise which is uncorrelated with the 

laser. It will probably be useful to expand the cylindrical-shaped output 

beam of the laser to reduce divergence and then use a sheet-shaped portion 

(with a rectangular cross-section) so that all the beam particles traverse 

the same length of laser field. This will produce uniform transit-time 

broadening. It would also be preferable to use the single TEM«o mode so 

that wavefronts are uniform. 

Consideration should be given to how the shape of the resonance is effected 

by the unresolved hyperfine structure associated with each fine-structure 

component of the H* line. The two fine-structure components, which are 
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3.256HZ apart, are the result of the 2*5^ - 2X\   and the 2*5^ - 2*P,^ transi- 

tions (see Figure 1). The operation of the pulsed dye laser in a single mode 

configuration should ensure complete resolution of the two fine-structure 

components. Exact theoretical lineshape studies should be made on each component 

using the expected relative spacings and intensities of the hyperfine multiplets 

to see if any serious lineshape asymetries exist. 

The output of lasers are usually linearly polarized but this can be changed 

to circular polarization if desired. Linearly polarized radiation will, 

in general, align the excited state while circularly polarized radiation 

with orient 1t. Normal isotropic excitation would populate all the magnetic 

substates of the excited state equally. Alignment means that magnetic 

substates of opposite sign are equally populated but that the population 

1s a non-uniform function ofJMjl. The fluorescence from an aligned 

state will be linearly polarized and have a anisotropic radiation pattern 

even in the particle frame. Similarily, orientation implies that a 

single magnetic substate is overpopulated with respected to the rest. 

Fluorescence from an oriented state would be circularly polarized and have 

an anisotropic radiation pattern in the particle frame. The fact that the 

3P state 1s anlsotroplcally prepared by the laser could be used to our 

advantage. For example, If the plane of polarization of a linearly 

polarized laser was adjusted in such a way In the laboratory frame that, 

in the particle frame» it produced a dipole radiation pattern with the 

lobes directed toward the detectors, one could Improve on the amount 

of fluorescence detected at a set emission angle even in the laboratory 

frame where kinematic effects reshape the particle frame radiation pattern 

so that it peaks in the forward direction. Polarization-sensitive detection 

of the polarized fluorescence could also be employed in order to discriminate 

against unpolarized noise contributions. If should be remembered that 

78*18 

m 
MS 



T* %. levels cannot be aligned but can be oriented. This interesting area, 

not considered by TASC, seems to be worthy of further development. TASC 

has made a detailed study, however, of the photoexcitation probability, 

P(2S-3P), without consideration of the polarization of the laser. They 

conclude that it is a complicated function of the frequency and power of 

the laser as well as the transit-time of particles through the laser 

field. Care must be taken in choosing a particular combination of 

these variables if one wants efficient production of the 3P state. 

After the excited atoms in the 3P state leave the excitation zone they 

begin to decay in flight in an exponential manner as the result of the 

spontaneous emission of radiation. The natural lifetime of the 3P state 

Is 5.4 ns. There exists two different decay channels out of the 3P 

state: the 3P-1S and the 3P-2S transitions. These correspond to the 

emission of ly^ and H* fluorescence respectively. Since the branching 

ratio for the former route is 0.89, the lyß emission line 1s some 7.5 

times stronger than the H«, emission line. For this reason TASC chose 

the Ly^ fluorescence to monitor the absorption resonance. In this case, 

since the Ly/j collection optics and detector 1s Insensitive to the 

laser radiation directly there seems to be no reason (other than possible 

cascading effects) not to keep the separation of the excitation and 

deexdtatlon small. This avoids losing a significant fraction of the 

3P state population by exponential depletion. It is also very  Important 

that the 3P state be allowed to spontaneously radiate free of external 

perturbations such as stray electric or magnetic fields (a fast-moving 

particle "sees", in its own frame, a motional electric field as well 

as a magnetic field when It passes through a laboratory frame magnetic 

field). The earth's magnetic field Is an example of a laboratory frame 

field which is always present. A stray electric field, in the particle 
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frame, could Stark-mix the 3P states with other opposite parity states 

of the n = 3 manifold. If, for example, an appreciable amount of mix- 

ing occured between the 3P and 3S states, the i_y/r emission line should be 

reduced in strength since once in the 3S level the atoms can only decay 

to the 2P levels emitting H* radiation (later, in a discussion of 

alternative schemes for monitoring the 3P state population, mention is 

made of enchancing the H«. line strength by purposefully mixing ,the 3P 

and 3S states). 

The Ly^ fluorescence, which TASC propose to use to monitor the resonance 

absorption process, will be, in the laboratory frame, both Doppler - 

shifted and anisotropically peaked in the forward direction as a result of 

being emitted by fast-moving atoms. Figure 7 illustrates how the particle 

frame wavelength of the Ly^ fluorescence, 1026A, is Doppler-shifted in 

< the laboratory frame for various beam energies and emission angles. 

Figure 8 1s an expanded version of Figure 7 for the acute emission angles 

only. Figure 7 shows that for acute emission angles the lyß   fluorescence 

1s blue-shifted (shorter wavelengths) and for obtuse emission angles 

It 1s red-shifted (longer wavelengths). All curves represent the sum 

of first-and second-order Doppler shifts except for the case of 90° 

emission 1n the laboratory frame where the first-order Doppler shift 

disappears and only the second-order shift remains which is always a 

red-shift. The second-order shift, often called the relativistic shift, 

Is the result of time dilation effects. Figure 9 shows the effect of 

kinematics on the angular distribution of the emitted Ly, fluorescence. 

This plot assumes that the radiation is emitted isotropically in the 

particle frame and that azimuthal symmetry exists. Clearly the higher 

the beam energy, the more the emitted radiation is peaked in the forward 

direction. For example, for a particle beam energy of 200 MeV, the 
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probability of emission drops to half of what it is in the straight-on 

(0=0°) direction for an emission angle of about 40°. Figure 10 shows 

how the radiant energy is distributed with angle of emission. This 

quantity is the product of the energy per photon which increases with 

beam energy for a given emission angle and the probability of emission 

at that angle which decreases as the beam energy increases. Figure 9 

indicates that , at 200 MeV, we must use an acute emission angles equal 

to or less than about 40° in order to enchance the probability of emission 

whereas Figure 7 shows that at these rather small acute emission angles 

the fluorescence is blue-shifted into the wavelength range of approximately 

550 to 700 Ä. Unfortunately, this is a difficult wavelength region to 

work in experimentally since lenses can no longer be used to collect the 

emitted photons, mirrors coatings have rather poor reflectivities at near- 

normal Incidence and detector efficiencies are rather low. The details 

of a collection optics and detection schemes has not, as yet, been proposed 

by TASC. 

A number of second and third series transition metals have been 

found to be useful as reflecting coatings for mirrors below 1000A. They 

are Pt, Ir, 0s, Re, W, Rh and Au. Hass and Hunter5 show reflectivity 

curves for most of these coatings. There appears to be a dependence of 

reflectivity on coating thickness for most coatings. The reflectance of 

all the coatings generally decreases toward shorter wavelengths but most 

of them show rather sharp increases over a small range deep in the UV. It 

would be to our advantage to arrange for the Ooppler-shifted Ly^ fluorescence 

to fall at the wavelength of one of these sharp Increases. In the wave- 

length range <«. 500-800A the reflectivities are, in general, no better 

than about 0.20 to 0.30. 0s, which has a sharp maximum of 0.35 at 600A, 

and Re, which has a similar maximum of 0.36 at 630Ä, appear to be good 
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candidates for coatings on collection optics mirrors. Since the reflectivities 

are generally poor in this wavelength region we should try to design the 

collection optics to have a single reflection only. For example, one 

could use an off-axis paraboloidal reflector to focus the Ly^ fluorescence 

photons emitted from the beam. Collection schemes based on two reflectors 

such as a Cassegrain system with a primary ellipsoid and a secondary hyper- 

boloid mirror would be less efficient in terms of overall refleqtivity. 

Grazing incidence optics would improve the reflectivity somewhat but 

would probably restrict the solid angle of collection to a small value. 

The solid angle of collection should be kept as high as possible to help 

off-set the losses due to poor reflectivities. 

The best available detectors in the optical range ^500-800A appear to 

be channel electon multipliers (channeltrons). The detection efficiency in 

this range, however, is rather poor, typically 0.10-0.18. Arrays of roughly 

X0k -107 miniature electron multipliers called microchannel plates are also 

commercially available* and it might be possible to "wrap" many such plates 

in a cylindrical form around the beam and forego the use of mirrors altogether. 

This would also improve the solid angle of collection but the collected photons 

would have a range of wavelengths since there would be little restriction on 

emission angle. Only those photons whose wavelength fell within the spectral 

response of the dectectors would be detected. 

From this discussion it should be apparent that a considerable amount of 

work remains to be done on the design of an efficient collection and detection 

scheme for the Doppler-shifted Ly^ fluorescence chosen by TASC to monitor 

the absorption resonance. In light of the obvious difficulties in working 

in the «-500-800A spectral region I have spem some of my time trying to 

devise alternative schemes for monitoring the population of the 3P state 

and, through it, the resonant absorption process. 
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V. ALTERNATIVE SCHEMES FOR MONITORING THE RESONANCE 

In the previous section an analysis was made of the proposed TASC method 

of detecting small changes in the direction of a H-atom beam. It involved 

the use of the intrinsically strong Ly^ fluorescence to monitor the 

i resonant absorption of radiation from a laser. It was shown that when 

high energy particle beams are used, the fluorescence to be detected is pre- 

ferentially emitted in the forward directions and suffers considerable 

Doppler blue shifting at the small acute emission angles that we are 
« 

forced to use. The particle frame wavelength of 1026A was shifted into the 

range of approximately 500-800A depending on beam energy and emission angle. 

Photons in this wavelength range are difficult to collect and detect efficiently. 

In this section we discuss alternative ways of monitoring the 3P state population 

after the absorption process. 

One obvious method would be to monitor the H« fluorescence instead of 

the Ly^ fluorescence even though it is intrinsically about an order of 

magnitude weaker than the Ly» fluorescence. Advantages may be gained 

by the fact that, even after Doppler-shifting, the H< photons emitted 

1n the laboratory frame fall in the more accessible visible region of 

the electromagnetic spectrum where collection and detection efficiencies 

can be made quite high. Figure 11 illustrates how the Doppler-shifted 

photons change In wavelength with both particle beam energy and emission 

angle. Of course, the wavelength will still be preferentially directed 

Into a small range of angles around the direction of motion of the beam. 

Let us» for example, choose a particle beam energy of 200 MeV and an 

emission angle of 30°. Figure 11 shows that the H« fluorescence, whose 

particle frame wavelength Is 6563A, will be Doppler blue-shifted down 

to 4052Ä 1n the laboratory frame. For this wavelength, reflectivities 

can be around 0.90 or more and, In addition, lenses can be employed to 
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focus the emitted radiation.   The quantum efficiency of commercial photo- 

multiplier detectors can be as high as about 0.30 at this wavelength although 

the intrinsic detector noise will be somewhat higher than for the channel 

electron multipliers which we proposed to use to detect the lyß     fluorescence. 

It could be that the overall gain In collection and detection efficiencies using 

H*  rather than iy     fluorescence would more than offset the signal loss due to 

sampling a much smaller fraction of the 3P state population when monitoring 

with H« . 

I have also thought about ways of enhancing the strength of the 

fluorescence a, the expense of the L$p    fluorescence.    It seems that this 

could be realized, for example, by Intentionally Stark-mixing the 3P and 3S 

states 1n an applied electric field.   The 3S state can only decay to the 

2? levels emitting H«    radiation and so the enhancement of the (3P-2S) 

H«   signal by the (3S-2P) decay would be at the expense of the (3P-1S) Ly^ 

fluorescence.    If this enhancement could be made appreciable then the 

monitoring of the H* fluorescence would certainly become a vUiiie 

alternative to monitoring the Ly* fluorescence.    Again, as in the 

case, it might be possible to improve the H«  signal further by adjusting 

the angular distribution pattern in the particle frame using a linearly 

or circularly polarized laser for absorption. 

Thus far, only optical schemes for monitoring the 3P state population 

have been considered.   Non-optical schemes could perform the same job 

and perhaps more efficiently.    For example, Inspection of the H-atcm 

energy level diagram (Figure 1) shows that the 3P state lies only 1.S1 eV 

below the ionization limit. I.e., the excited electron is only bound 

by 1.51 eV.    Thus the threshold wavelength for photolonization, in 

the particle frame, is 821lX.    For a given beam energy, the angle between 
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the particle beam and the laser beam used for photoionization could be 

chosen so as to have the laser wavelength» in the laboratory frame, 

fall within the operating range of a powerful laser.   Alternatively, 

the laser beam used to photoexdte the 2S-3P transition could be directed 

back onto the particle beam 1n order to photoionize atoms in the 3P 

state.    A possible experimental arrangement 1s shown schematically In 

Figure 12.   We could, for example, choose a particle beam energy of 

200 MeV which corresponds to the "magic" angle of 55.53° and a laboratory 

frame wavelength of 5411Ä for the laser performing the photoexdtatlon 

In the upstream position.    If we then redirect this same laser beam 

(used a rotatable mirror) back onto the particle beam at an angle of 

36.21° the particles will "see" a wavelength of 821lJ, the threshold 

wavelength for direct photoionization (Into the continuum).   The cross- 

section for this process at threshold has been calculated by Volkov7 

to be 2,6 x 10*    cm*.   Since cross-sections for bound-bound transitions 

are typically a few orders of magnitude higher than for bound-free 

transitions, It would probably be more efficient to indirectly photo- 

Ionize the atoms In the 3P state by first photoexcitlng then to a high- 

lying, but bound, Rydberg state.   The field lonization of such states with 

n*t20 can be made about 100X efficient.   The products of photoionization 

of the H-atom in the 3P state will be a proton and an electron which will 

have a small kinetic r".& In the particle frame equal to the difference 

in the energy of the photon used for photoionization and the binding 

energy of thr electron which, in this case, Is 1.51 eV.    This energy 

will always be ^ry small compared to the translational energy of the 

particle frame itself so that the ejected electrons will travel with 

essentially the same speed and direction as the remaining H-atoms and the 

liberated protons.    Their kinetic energy and momentum, however, will be 
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considerably smaller than those of the heavier particles. An electron which has, 

for example, been ejected from a 200 MeV particle beam by the process 

of photoionization will have an energy of about 109 KeV in the laboratory 

frame. Calculations also show that all the ejected electrons will be 

emitted in the forward direction into an angle of just a few mi Hi radians 

around the particle beam axis. Figure 12 shows a dipole magnetic field 

being used to sweep the electrons, which have relatively small momenta, out of 

the main particle beam. This secondary beam can then be focused onto a 

detector such as an open-ended photomultiplier tube. The noise associated 

with non-optical detection schemes in generally much lower than for 

optical detection. The detected electron signal will be proportional 

to the population of the 3P state at any time and so can be used as a 

monitor of the absorption process. Further calculations on expected 

signal rates based on photoionization probabilities and collection and 

detection efficiencies should be made to see if such a scheme could 

become an alternative to the optical detection schemes mentioned earlier. 

Another non-optical scheme that has possibilities is one based on detection 

by magnetic deflection. The famous experiments of Rabi showed that any change 

in the magnetic substate of an atom could be detected by a change in deflection 

in an inhomogeneous magnetic field. The amount of deflection is proportional 

to the transverse field gradient, the length of interaction, the magnetic 

moment and inversely proportional to the kinetic energy of the particle. 

This type of detection has been used for a <ong time in magnetic resonance 

experiments and more recently in high resolution spectroscopy experiments on 

atomic beams1. The inhomogeneous field can be provided by a six-pole magnet. 

In this configuration the field is zero on the axis and increases with 

distance from the axis. Thus the magnet will have focusing properties 
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for atoms with positive Mr values and defocusing properties for the other 

sublevels. If an upstream polarized laser is used to optically pump 

a transition and create an unequal population among the magnetic substates 

of an excited state or ground state this change could be detected by passing 

the atoms through a six-pole magnet. Calculations on the amount a hydrogen 

atom in the 3P state would be deflected by a given field need to be made to 

see if such a technique could be used to monitor the laser absorption 

process. 

VI. SUMMARY 

An analysis has been made of a method that could be used to sense small 

changes in the direction of a particle beam.    It is based on studying the 

response of a signal used to monitor the strength of an interaction between 

intersecting laser and particle beams to a detuning from the resonance maximum 

brought about by a small change in the angular separation of the beams.    The 

monitor signal can be any quantity proportional to the population of the 

upper level of the absorbing transition.    Both optical and non-optical 

methods of monitoring this population have been proposed. The ability of the 

method to sense very small changes in the particle beam direction depends both 

on the signal-to-noise ratio and the linewidth of the resonance monitor signal. 

Narrow signals can be obtained by maintaining the mean angular separation of 

the two beams at the so-called "magic" angle given by   §*Gn~'/S     .    The 

resonance width is then immune to Doppler broadening arising from first-order 

terms in  fy  , the spread in the speeds of the beam particles.    It was found 

that the resonance   broadens dramatically as one detunes appreciably from 

the "magic" angle.   At the "magic" angle the resonance width is determined 

primarily by the combined divergences of the laser and particles beams assuming 

the homogeneous width due to transit-time broadening and power broadening is 
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kept small.    The signal-to-noise ratio of the monitor signal determines the 

integration time needed to accumulated a certain amount of counting statistics. 

The strength of the signal used to monitor the population of the upper level 

of the absorpting transition is proportional to the product of the following 

quantities which must stay constant during the measurements: The number of 

atoms prepared in the lower level of the absorbing transition; the probability 

that the absorption takes place in the laser field; the probability of detecting 

the change in population of the upper level of the absorbing transition somewhere 

downstream from the resonant interaction region.    If fluorescence is used to 

monitor the upper level population the latter factor depends on the angular 

distribution of photon emission in the laboratory frame, the angle of emission, 

the solid angle of collection of the emitted photons, and the efficiencies 

of the collection optics and detectors.    Clearly all these factors must be 

optimized to produce a workable signal.    Noist.' will be generated by any process 

which can populate the upper level without being correlated with the laser absorp- 

tion process.    Another noise source and possibly the most serious in a real 

I-J experiment, could be due to random fluctuations in the number of beam particles 

and the direction of the particle beam axis.    It would be advisable to continually 

monitor the population of the lower level of the transition in this case.   The 

noise in the signal and the signal strength itself will depend on the method 

chosen to monitor the resonance signal. 

VII»    RECOMMENDATIONS 

Based on my analysis of the method of sensing small changes in the di- 

rection of a particle beam, I make the following recommendations for the proposed 

experiment to be designed to investigate the feasability of the method and 

detect potential problems.    The measurements will probably be made on an un- 

expanded fast-moving beam of H-atoms prepared in the 2S state and photoexcited 

to the 29 state.    The monitor signal, zi least initially, will be uäScu UM 
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fluorescence.    The success of the experiment will depend to a great extent on 

the quality and stability of the particle beam chosen for the investigation. 

It is clear that considerable attention must be devoted to maintaining 

the mean angle between the crossed beams at the "magic" angle for a given 

beam energy in order to preserve the sensitivity of the method.    It is likely 

that a control loop will have to be used to achieve this.    Additional problems 

could arise if the mean energy of the particle beam fluctuates during the 

course of the experiment.    If the angular separation of the beams is maintained 

at the "magic" angle the sensitivity of the method will then depend on the 

ability to reduce the divergencies of both the particle and laser beams.    The 

laser beam should be expanded and then collimated to the desired shape.    The 

particle beam will probably remain unexpanded in the initial experiment but 

will be collimated by an amount depending to a great degree on the intensity 

of the particle beam that is available at the accelerator facility. 

I recommend that the spacing between the excitation and deexcitation or 

sensing zone be held quite small in order to avoid exponential depletion 

of the population of the 3P state.   At the high beam energy that will be 

employed, the Ly^     fluorescence will be Doppler blue-shifted by a considerable 

amount and will be emitted preferentially in the forward direction.    At 200 MeV, 

I would recommend an angle of emission of about 20° which corresponds to a 

Doppler-shifted Ly^     fluorescence wavelength of about 580A.    At this wavelength 

several reflecting coatings for mirrors have reflectivities of 0.30.    Tungsten 

or osmium, for example, might be good candidates for mirror surfaces.    Since 

the reflectivities in this region of the spectrum are generally low I would 

recommend ar\ optical collection system which involved a single reflection if 

possible.    An off-axis paraboloidal reflector seems to be a good choice.    The 

mirror diameter should be quite large so as to enhance the solid angle of 

collection.    A large solid angle will encompass a range of emission angle 
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and photons with Doppler-shifted wavelengths.    As long as these photons fall 

within the spectral response curve of the detector they will be useful.    Channel 

electron multipliers will have to be used for detection even though their 

efficiencies are only about 0.15. 

In addition to the proposed experiment I would recommend that a theoretical 

investigation be made of the following areas: 

(1)    The role of cascading in populating the 3P state in the H-atom 

following collisional detachment of H" . 

2) Analysis of the effect of the hyperfine structure on the shape of the 

2S-3P fine structure line used in absorption. 

3) The effect of polarized laser radiation on the angular distribution and 

polarization, in the particle frame, of the fluorescence emitted in the 

decay of the 3P state. 

4) The effect of Stark-mixing the n = 3 states of the H-atom on the relative 

strengths of the HK and Ly*   fluorescence lines. 

5) An investigation of the possibility of photoionizing the H-atom in the 

3P state and using the ejected electrons as a monitor signal for the 2S-3P 

absorption process. 

6) A study of the possibility of using magnetic deflection of optically- 

pumped and oriented H-atoms in the 3P states by a six-pole magnet. 

Any of the above processes may lead to an increase in the signal-to-no1se 

of the signal used to monitor the strength of the interaction between 

crossed laser and particle beams and hence improve the sensitivity of the 

particle beam direction-sensing method. 
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EVALUATION OF NAPHTHALENE TOXICITY USING SHORT TERM 
EXPOSURE AND THE AMPHIPOD, GAMMARUS TIGRINUS 

by 
Gerald V. Poje 

ABSTRACT 

Pulsed releases of toxic chemicals, such as occur with 
accidental spills, are poorly modelled by traditional bioassay 
techniques. The toxicity of naphthalene, an important 
constituent of jet fuels, is examined using short term 
exposures typical of a spill event. Median lethal concentration 
over the range of short term exposure durations are described 
for the crustacean, Gammarus tigrinus« Sublethal impact upon 
growth and reproductive parameters are quantified. Short term 
exposure to naphthalene resulted in altered feeding and mating 
behaviors. Morphological alteration of gill tissue using 
scanning electron microscopy is discussed. Sugestions for 
further research in this area is offered. 
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I. Introduction. 

Presently, toxicological testing for aquatic hazard 

evaluation relies primarily upon two bioassay techniques to 

assess median lethality« In theses studies, organisms are 

exposed to various concentrations of suspect chemicals 

either for short periods of time (acute bioassay: 24, 48, 96 

hours duration) or for a period of time typical of the 

species' life span (chronic bioassay). The advantage of the 

former is the economy of time and money for testing. The 

advantage of the latter is that exposure to the most 

sensitive life history stages can be assured, thereby 

providing greater understanding of a species tolerance for 

the suspect chemical. However, certain pollution events such 

as chemical spills or pulsed-releases occur with relatively 

high frequency. These are poorly modelled by these standard 

exposure and observation methods. 

Important effects upon individuals and populations can 

occur after exposure to sublethal concentrations (1,2). As a 

result, many studies have been conducted using low levels of 

persistant chemicals such as PCBs and DDT. However, 

widespread anthropogenic processes such as power plant 

operations, scheduled chemical plant releases, and 

accidental spills result in frequent challenges to the 

aquatic ecosystems with pulses of toxic chemicals that 

rapidly degrade and detoxify. With chiorination events, the 

traditional bioassay techniques would indicate non-hazard 

for organisms so broefly exposed (3): yet when observation 
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continues far beyond the immediate exposure period, adverse 

impacts upon growth and reproduction have been discovered ;/ 

(4). £ 
The lower molecular weight aromatic hydrocarbons are 

important components of many tuels. They have sufficiently 

high aqueous solubility and toxicity that they must be jr; 

considered primary toxic agents when oix spills occur (5). 

Wells (6) in a literature review cited evidence that -?.: 

naphthalene is a potent feeding rate inhibitor of SJL 

crustaceans during the time that it is rapidly accumulated. 

The amphipod, Gammarus oceanicus, showed increased toxicity y*j 

with light crude oils as compared to heavy crude; this vfc- 
m effect was more pronounced in the youngest animals where •.*•• 
'yl 

reduced growth rates were observed during sublethal 

exposures (7). Anderson and colleagues (8) characterized 

these light crudes as rich in low molecular weight aromatic» p5 

such as naphthalene. Similar light crudes can alter 

precopulatory behavior in amphipods and decrease their ;/ 

fecundity (9); additional evidence cites decreased nesting «^ 

behavior and altered lipid metabolism (10). v"** 

The genus Gammarus is recognized as a very sensitive N% 

species for toxicity testing (11). Host recently, field *^ 

studies have shown this genus to be a most sensitive marker 

among other macroinvertebrates for projecting adverse levels v* 

of industrial activity (12). Furthermore, toxicity testing 
?■ 

of persistent effects of short term exposure (1 hour) with A> 

agricultural chemicals have been reported (13*. <**' 
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II. Research Objectives. 

The general objective of this study was to evaluate the 

aquatic toxicity of naphthalene to a sensitive aquatic 

organism when the exposure situation was analagous to a 

spill of fuel oils. Both lethal and sublethal impacts of 

naphthalene were investigated to determine rapid, yet 

ecologically-relavent assays. Gammarus tigrinus proved ideal 

for this study because: a) it grows rapidly in culture and 

has a high fecundity (14); b) methods for quantifying 

reproductive capacity and growth rates have been described 

(4); and c) the species dominates the epibenthic 

macr^Zooplankton fauna of several American (15) and European 

(16) aquatic ecosystems which indicates its importance as a 

test organism. 

The specific objectives of the study were five: 

a. The median lethal responses to naphthalene were 

determined. Replicate groups of newly-released young 

amphipods were exposed to one of an increasing series of 

naphthalene concentration* so that the responses 48 hours 

after exposure ranged from total survival to total 

mortality. 

b. Subpopulations of young amphipods were exposed to 

sublethal concentrations of naphthalene and observed at 

weekly intervals until reproductive maturity was achieved. 

Sexual composition of these animals and several morphometric 

parameters were recorded. 

c. Mated pairs of adult amphipods were exposed to sublethal 
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concentrations of naphthalene« Reproductive competence was 

assessed over several mating cycles. 

d. An essential reproductive behavior for this species is 

the clasping of the female by the male for several days 

prior to copulation (precopulatory amplexus}. Individual 

pairs in amplexus were exposed to various concentrations of 

naphthalene. Persistance of this behavior during exposure 

and success in reestablishing this behavior after exposure 

were assessed. 

e. During the initial portion of the stud., observations of 

exposed amphipods disclosed a high frequency of 

morphological alteration of gill tissue. A separate exposure 

series was generated to supply animals for scanning electron 

microscopy. The techniques for animal preparation and 

examination of gills and excretory ducts were completed. 

III. Median Lethal Concentrations. 

Lethal responses of amphipods to naphthalene exposure 

followed the expected trend of increased sensitivity with 

increasing exposure duration (Table 1). In general, as the 

exposure duration increased by a factor of three, the median 

lethal concentration decreased by a factor of two. 

Confidence intervals surrounding these LCSOs were greatest 

for the longest exposure durations. At very high 

concentrations of naphthalene OSppm) all animals 

demonstrated initial hyperactivity for approximately 3-5 

minutes followed by complete cessation of swimming 

movements. At 2-5 ppm animals r#ma1n?d hyperactive 
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fcMM, 

throughout exposure until either recovery or death« Below ;> 

approximately 2 ppm, amphipods showed no altered activity in '~ 

comparison to controls. *%*% 

'►•.V 

>-V 

• » 

%A 

•"•/ '-•/«' 

79-8 ;. > 

:• -.'* ,'sNV . ' 



. 1 

# Table 1. Median lethal concentrations (ppm) and confidence 

intervals for various exposures to naphthalene. 

>'.<* 

Exposure Duration LC5C 

30 minutes * 

54.7 minutes 40.05 

100 minutes 13.26 

173.4 minutes 6.54 

300 minutes 5.69 

1000 minutes 2.11 

3000 minutes 1.65 

95% Confidence Interval 

19.64 and infinity 

10.89 and 17.73 

2.67 and 15.82 

5.27 and 6.12 

1.83 and 2.42 

1.26 and 2.06 

* less than 5% mortality at the limits of naphthalene 

solubility. 

IV. Growth Rates and Reproductive Capacity 

Three groups of newly-released young amphipods were 

exposed to either: ambient water for 300 minutes; 1.0 ppm 

naphthalene for 100 minutes; or 0.5 ppm naphthalene for 300 

minutes. Both naphthalene exposures represented 

approximately 10% of the LC50 value for those exposure 

durations. Survival was noted during weekly observations. At 

biweekly intervals until reproductive maturity was achieved 

the following parameters were noted on each of ten 

individuals: head length; head-peraeon length; length of 

peduncular segments on the first and second antennae; number 

of flagellar segments on each antennae. No significant 

differences in any of these morphological characteristics 

were noted among the three groups at any observation period. 
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In general, head length and number of flagellar segments 

provided the most reliable indicators of the population 

growth. The sexual ratio (female/male) of the control group 

at maturity was 1.17; for the 0.5 ppm group it was 0.65; and 

for the 1.0 group it was 0.58. This would suggest that 

naphthalene had exerted a impact on either female survival 

or on the development of female sexual characteristics. 

For studying the impact of naphthalene exposure on 

adult amphipod reproduction, groups of 10*15 individual 

pairs of animals were exposed for a single 100 minutes 

duration to either: ambient water; 1.2 ppm; 2.5 ppm; or 5.0 

ppm naphthalene. After exposure pairs were observed daily to 

identify mating behavior, status of the females1 brood 

pouchy and release of young animals. There were no 

significant differences in the durations of precopulatory 

amplexus (1-5 days), in the duration of the intermolt period 

(6*9 days), or in the frequency of molting and ovigery. 

However, only in the control group was there a high 

frequency of immediate post exposure release of young (7/10) 

and subsequent release of young (8/10). None of the 

naphthalene exposed groups demonstrated an early release of 

young; subsequent releases were 3/15, 2/12, and 1/10 for the 

5, 2.5 and 1.0 exposure groups respectively. 

V. Amplexus Behavior 

Individual adult amphipods are dispersed widely in the 

aquatic environment. However, females are available for 

copulation during only a brief period (hours) after molting. 
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To insure successful reproduction males will clasp females 

(amplex) for several days prior to her molting. Preliminary 

experiments indicated the efficacy of quantifying the 

temporal aspects of precopulatory amplexus during 

naphthalene exposure and the recovery of this behavior after 

cessation of chemical stress« Individual pairs of amplexed 

amphipods were exposed for 100 minutes duration to one of 

the following: ambient water; 1.3 ppm; 3.0 ppm; 6.5 ppm; or 

14.1 ppm naphthalene. Animals were observed during the 

exposure period (100 minutes),  and during the 180 minute 

recovery period. All pairs were separated physically prior 

to the recovery period objervations. The results are 

summarized in Table 2. 
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widespread (but non-persistant) chemicals. One of particular 

concern to the Air Force would be the degreasing agent/ 

trichloroethylene. 

Pulsed exposure to toxicants may have a generic impact 

upon the respiratory competence of amphipods. Certainly, a 

developmental profile of the gills of these crustaceans and 

the influence of the molting cycle on surface features would 

be essential for interpertation of scanning electron 

micrographs. In addition, I would suggest that this 

information be coupled with a physiological study of the 

respiratory rates of these animals. Gammarus is well suited 

to studies using small chamber, Warburg-like respirometers. 
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Table 2. 

A. Percent of exposure time (100 minute maximum) that 

amphipods remained amplexed. 

Concentration n ( *) + Mean + S.D. Range 

minimum max 

14.1 10 (10) 0.19 + 0.1 0.03   0.4 

6.5 14 (14) 1.82 + 2.7 0.09   8.4 

3.0 10 (10) 30.2 + 29.0 1.1   84.0 

1.3 10 (3) 85.1 + 25.7 27.3  100.0 

0.0 20 (0) 100.0 + 0 100.0 

+ n (*) * numbe r of exposed animals (number which broke 

amplexus) 

B. Percent of recovery period (160 minute maximum) 

that amphipods remained amplexed. 

tration n (*)+♦ Mean + S.D. Range 

minimum maximum 

14.1 10 (9) 0.78 + 2.5 C 7.78 

6.5 9 (4) 36.5 + 36.6 0 89.3 

3.0 10 (1) 70.1 ♦ 33.2 0 96.4 

1.3 10 (0) 87.9 ♦ 28.2 7.7 99.5 

0.0 20 (0) 97.3 + 1.8 92.8 99.4 

++ n (*) « number of exposed animals (number not recovered) 

Gammarus pairs showed sensitivity to naphthalene with 
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this reproductive behavior even at concentrations as low as 

1.3 ppm: 30% broke amplexus, while all pairs recovered after 

cessation of hydrocarbon stress. At the higher naphthalene 

concentrations all pairs abandoned amplexus, and higher 

percentages failed to recover the precopulatory stance. 

VI. Scanning Electron Microscopy 

Naphthalene has been demonstrated as a respiratory 

toxicant for some crustaceans (17, 18). During preliminary 

experiments, examination of adult amphipods showed that a 

large percentage of exposed animals posessed deformed, 

swollen gills. Optimum preparation of amphipods was 

accomplished with a 24 hour exposure to one-half strength 

Karnovsky's Fixative and subsequent maintanence in pH 7.4 

cacodylate buffer. All animals were dehydrated in graded 

solutions of ethanol and amylacetate; critical point dried 

with liquid C02; sputter-coated with gold; and observed on 

an ETEC scanning electron microscope. Gills were examined at 

7OX; 500X; and 2000X. The gland cone, an antennal excretory 

organ, were examined at 500X and 2000X. 

Animals exposed to elevated concentrations of 

naphthalene showed erosion of the membrane-like sheath 

surrounding the surface of the gills. High power resolution 

disclosed extensive elimination of surface ruffling on the 

gills. This loss of intimate contact with the subsurface 

cell layer could increase the diffusion path for oxygen 

«cro«f th* gill«, and thereby explain the decrease in 

respiratory rates. At the highest naphthalene concentrations 
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(ones which proved ultimately lethal to exposed animals) 

several animals demonstrated a pronounced occlusion of the 

excretory pore for the gland cone; this was not consistant 

for all exposed animals. 

VII. Recommendations. 

The information derived from this study can provide a 

valuable framework for the interpertation of chemical spill 

impact on aquatic ecosystems. The lethal responses of a 

sensitive macroinvertebrate to the important fuel oil 

constituent, naphthalene,  have been mapped for several short 

term exposures. Sublethal exposures as low as 1.3 ppm for 

100 minutes have been demonstrated to adversely affect the 

reproductive capacity and reproductive behaviors of these 

amphipods. Although growth rates were not altered by 

exposure to 1.2 and 0.5 ppm naphthalene for 100 and 300 

minutes,  sexual compositions of the exposed groups were 

biased towards higher proportions of males and therefore 

lower capacity for population increases. 

This study enhances the validity for examination of 

short term exposure with long term observations. In 

addition, it presents some methods (amplexus behavior, 

growth rates,  scanning electron microscopy) for relatively 

rapid and sensitive evaluation of the aquatic toxicity of 

many short-lived contaminants. To date such investigations 

have focused upon only three Stressors: chlorine biocides; 

thermal elevations; and naphthalene. I would recntnm»nd that 

this line of research be extended into studies with other 
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ABSTRACT 

In this report, a technique for the simplification of those nonlinear 

systems whose nonlinearities can be repronented by continuous functions 

is presented.  The method is based upon constructing an equivalent 

nonlinear system in vhich the linear and nonlinear signals appear 

as orthonormal signals.  The simpler model is selected from this 

equivalent system.  The technique is illustrated by a numerical example. 
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I,  IKTRODUCTIOH 

With the emergence of large scale systems, model-reduction 

techniques have assumed tremendous importance for the purposes 

of design and analysis.  The essence of a model-simplification 

technique is to replace a given large order system by a simpler 

system in such a way that the simpler model retains the significant 

properties of the given system.  In the case of linear time invariant 

systems, the model-reduction problem has been extensively researched 

[1» 2, \ 5J. 

In the case of nonlinear systems, very often, the system is 

first linearised about the operating point and then a simpler 

model is obtained by using a model simplification technique for 

linear systems*  This situation is not quite satisfactory for 

the folloving reasons: 

1. It involves tvo steps of approximation.  First, a 

nonlinear system is approximated by a linear system and then the 

linear system is approximated by a simpler model. 

2. Linearisation of the nonlinear system is often not very 

accurate vhen one moves avay from the operating point. 

Thus» there it an urgent need for developing model-simplification 

techniques in the case of nonlinear systems.  This problem is 

complicated in case of those systems by virtue of the nature &y* 

of the systems. 

Recently, Desrochers and Al-Jaar [3] developed an algorithm 

for the simplification of those non-linear system* in which the 

nonlinearities are continuous functions of the states and the 

inputs.  Their technique is based on selecting a subset of the 
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nonlinearities through the utilization of a  suitable defined error 

between the given and the simpler systems. 

In this report, the given non-linear system is first replaced 

by an equivalent system in which the signals (both linear and 

non-linear) are replaced by an orthonormal system.  Then a subset 

of this orthonormal set is selected which will minimize a suitably 

defined error between the given and the simplified systems. 

A simple numerical example is presented to illustrate the technique, 

II.  FORMULATION OF THE PROBLEM 

Let 

*11 

"21 

ai2- • -an"\      pi <*•«>" 
*2<x,u) "22" 

lnl an2'   •   "ant ^(x.u) (1) 

be a given  system where  a.   's  are  real  constants,   ffCx.u)  are 

continuous  functions of x and u,  x «  (XjCt), x2(t), .  .  . x (t) ore the 

states,, u(t) is the input.    Equation (1) can he written as: 

A.F (2) 

where 

■u 

A    -       la 21 

lol 

a12   ••••     alt 

a22   "•••     a2t 

■n2     * nt 

f-   (^(x.u),   f2(.x,u),   ...   ft(x,u))T 
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The system (2) is to "be replaced by a simpler system piven by 

B.Fr (%) 

where 

B e 

'11 

J21 

'nl 

'12 

'22 

\2 

'lm 

J2m 

nm 

(5) 

Fr «  (f  (x,u), f   (x,u), ...  ,  f  (x,u))T 

—      «* 1 "     r2 rm 

aad {r , rg, .... ra> is a subset of (1,2,3,... ,U.  In (*♦), 

(6) 

I*, '• are unknown real constants to be determined in such a way that 

a suitable error between (2) and {h)  is minimized.  Ve assume that 

the relative dominance of the signals f 's in (2) is known from 

physical considerations and they are arranged in the diminishing 

order of dominance in (2). 

Ill.  Definitions and notation 

Pef:  For signals f1 (x,u), f.(x,u), 

define <f4. f t>   « Jt? t* *y     "   P V*..«> fj <£•«> dt     (7) 

where [t.tt2] is the time-interval of interest over which the 

approximation is desired. 

As usual, 

< f * f > (8) 
m 

KM 
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Note that if the signals t   , f     are discrete, then  f , f 
i  J i  j 

will denote the ordinary dot product of discrete vectors. 

IV»  DERIVATION OF THE ALGORITHM 

Define the error E between the given system (2) and the 

simplified system (k)  as follows: 

n     A m 

j     kj j       kj  rj 
k-1  ( J-l        J-l 

t 2 
(9) 

Let    A'   •       (r1,  r2,   ...   ra  } 

and    A    ■       (1,2,...       1}  -    A' 

Mote that      ArtA*   • 0,  empty  set. 

(10) 

To determine the optimal parameters by minimising E, we first replace 

f 's by an orthonormal set to obtain an equivalent system.  For the 

moment, we assume that ?*'* Are orthonormal and prove the following 

proposition to determine b  's. 
l j 

Proposition 

If the signals f., fg, ..., f, are orthonormal, then the 

error E is minimum if 

bij " ftir • * - l - n» l - J - " i 

and the minimum value of E is given by  £   £  a* 
k-1 jr.A kj 

1 
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Proof: 

From (9), we have 

E  « I 
k :1 JcA1  kJ   kj  rJ  jeA kJ j JeA'* *kj -bkJ)frj 

jeA KJ ° 

E   < E   (a.. - b  ) f   r  /   b \t      y 
kj   kj  rj, £  »<Sr *r rJ k«l   jeA' jeA 

jeA kjJ jcA,  kj   kj  rj, S_4 a^f^ 

+ < I      a..f.,  I  a f  > 
JeA kJ ^   JeA k* j 

* £    ? >v« - bv<>* ♦ *'° + *f£»kj k«l   JeA' kJ   kj 
(U) 

because f •• are orthonormal and AnA'«0.  From the form of E given 

by (11)» it ie clear that E is minimum if 

Mow if akJ - bj^t  jcA\ 1 < k < n, 

then E is Given by 

n 
E - I  t       a2 

k-1 jeA kj (12) 

Q.E.D. 

The author is not  aurc  if the j.roj>ooition  is already known  cxjOicilly. 
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NOTE 

The above simple proposition is extremely useful as, in case 

f.'s are orthonormal, the error E has a simple and useful form. 

A careful examination of E given by (12) shows that fcr the purposes 

of approximation, the ith column of the matrix A in (2) can be 

thought of a 'weight1 of f.. 

We formalize it below. 

DEFINITION 

If f^'s in (2) are orthonormal, define 

|2 ,. 1 < J < * weight (fj) 
n 
r 
i-1 ij 

(13) 

Continuing with algorithm:  if the signals in (2) are orthonormal, 

than using the above proposition, we have the *weight* of each of 

the signals represented by the columns of A.  Ve can pick the 

signals whose weights are maximum:  i.e. we delete those which give 

us the error within certain reasonable limits. 

In general» for a given system, the signals f^» ... t%  are not 

orthonormal. In that case, we replace f's by T.'s by the Gram-Schmidt's 

orthogonalisation process such that T.'s are orthonormal. 

By the standard Gram-Schmidt process, there exists a lower 

triangular ixt matrix C such that 

C. 

L£t<* 

(14) 

Ml 



i.e. 1 
f 

y 
,-i 

>."\ 

(15) 

Using (15). (2) can le vritten as 

x ■ A.C 
-1 

(16) 

How in (15)» *,'» ••*• orthonormal and, therefore, the columns of. 

A C" represent the 'weights' of V.'s.  Using the proposition, ve 

can select a subset of Y.'s which will satisfy the error specifications, 

Sinch each T. is a linear combination of fj, 1 < J < i, 

we bare a subset of **•» which will satisfy the error specification. 

Summarizing, we hare the following steps in the algorithm: 

1.' Replace the given set of signals f.» f*, ••• fg in (2) 

by a corresponding set f,»1**,...» V. of orthonormal signals 

obtained by the Cram-Schmidt process.  This will give us a new 

system cquivalont to the given one. 

2. Using the proposition, select a subset (Y , V , ... T  ) 
rl  r2     rn 

which will satisfy the error constraints. 

3. Replace the selected subset of *.'* in terms of f.'a to g*l 

i 
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an approximating system in terms of f.'s. 

V •  An Illustrative Example 

The above technique is illustrated by a discrete numerical 

example. 

Consider the discrete system: 

'1 
-1 (17) 

where f
x • (l, 1, 0), *2  (l, 0, 2), f

3 - (lf lt -l). 

Let y^9 Tgl T3 be an orthonormal set obtained from t      f  f 

by using the Oram-Schmidt orthogonalitation procedure. 

V« have: 

\ ■ 1 

/2 £ 

6 3 

il fx ♦ i f
t ♦ 3f3 

Equations (l8) can be written as 

'1 
J 

1 0 
•2 

-•2 
6 3 

-U J, 
3 3 

1 

(IS) 

(19) 

«W3 



or 

P'l •2 

1 

/2 

/2 

, 3 

/2 

-2/2 

3 

0 
I—"'     ""1 

0 
'f2 

1 JK\ 

Using (20), (17) can be written as 

.1 

t 
P/2 

r;/2 

2 

11./g 
3 

6 

•2 

JL 
•2 

•2 

3 

•2 
0 

1 
3 j 

-2 •? 1 1 

J»-. 

Fro«  (21),  ve  have 

veißht    0*i\w    C^)1    ♦    {iJl)1  *    51 
' 2 

L¥3 .1 

IS 

(20) 

<2M 
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weight 

3       3     9 

Thus the error will be 2 if y , f are selected to approximate (17) 

Thus the approximating model is 

72 "11. /2 
3 

1 T 1 

K2 

•2        U./2 

?./2 

6  . 

2      22 

9      9 

i-    JL  . 
9  J • 

VI.  PBSBOCHBBS ABP AL-JAAR ALGORITHM 

2 (2 2) 

In this section, we explain the recently published 

Algorithm developed by Desrochers end Al-Jeer.£3!. 

Let the given system be given by (2).  The goel is to eelect 

e subset It    , f , ...f  } of {f.% fa, ... ,f#) so that the error rl  r2 pm      iz       1 

es defined by (9) between the given end simplified systems is minimum. 

8inee en m-element subset of (t  %  t^%   ..,, f^> can be chosen in 
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m! 

*!   (A  -  m)! 

ways»   it   in   vory  cuAbcraofctü   to   select  an   optima] 

subaet consisting of m elements.  To overcome this difficulty, 

; pesrochers and Al-Jaar developed t*n algorithm of selecting 

the subset iteratively. 

Let 

M (23 ) 

be a one-ter» approximant: of (2) where h u» fc^, ... »nl are 

unknown real parametcre to i* opti»an> determined. The error 

between {2)  end (23) can bt written '*» 

*i  " I    < Ual -Si1 fi" U*l "^l1 fi  * 
4 2  < (avl - bkl) f*. * K1   *l  l Jed, 

a_  f,  > **4  rJ 

♦ < E 
H&< ■« fJ f.. £ 

JcA, 
§KJ f i 

where *t - (l, 2f ...t Jt)  -  (i) 

Equating to *oro the partial derivative of E. w.r.t, to t» 

and after al^ebrulc aanipulntion, we ret. 

t 

<*> 

(2») 

'M   5.,^'«•'*'.. ) <, r ± n (jr.) 

<fr r, > 
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Bubotltutlas (26) into (?«), ve s,t the mSnimun  value of E 

denoted by Ei mi 8ive„ by 

*l   " J.a|5-, V* " U ^ - V *» > 
< tr rt> 

h 

Similarly if (2) is approximated by one term model f , the 

corresponding optimal error E* will be given by 

n 

k-1 J.1 ***  '»  " U  V*« V 
* r • * r 

If r±  is the one term optimal epproximant, vo have 

n ± «s 

After algebraic manipulation, (29) can be vritten as 

i'.ii' 

I'S 

(21) 

(2«) 

(») 

(» ) 

E,u»tio» (30 ) j, „tr**-ay l.port«»t la tl.» .l8orith« of »..rocwero 

4M Al-J,.r 1» A, .ueh «,. it ariden th* <.,,ti*.l one term .w,„„^„, 

«M7 
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Derine 
n % 

(   I    a 
*& <V  fj >> ' 

«■•if (31) 

If  bll*   b21*   ' •'   bnl   arc   thr  °rtira111   parameters when fj  is the one 

term optimal  approximate,   to  eboone Ihr  second  approxinrntini,  signal, 

they   first  consider  the  system: 

*11 

l21 

*12     "••ftJt' 

*2?.     ••••ft2t 

fr 1 

*nl n2 nlj    I 

rv 
2J 

nl 

['•I 

(32) 

To choose the second fipproxJmatins signal f , they work vith '32 ). 

First they replace f,, f.,, ... f
i-X» 

fj+i» ••• rt b* sienals 

«x» «2» • ••* il-x» «l4lt ••• *Ä euch t^at each t is orthogonal 

to t  .  Tl*en they choose the second approximating signal usi?»c the 

criterion (30 ).  This iteration goes on tj11 the error constraint 

is satisfied. 

In this report, a technique of Mwpllfying * rless of nonlinear 

•ynttmo in vhien t-V- signals are eom inuona fwneU#»na la presented. 

Th# technique is bured on obtaining » t»<v ryat^fa eijtti talent to th* 

ftlven system by repl*cins the given *\~#*I*1 by -n c»rU»oi.or»»i 

set of signals.  The cul»»i*nr ut  the .n*::,eei;*ti-t, nutrj* In tin n>-w 
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equivalent system, acting ae weichtt, of thv  orthonormal aip,ti&lfi, 

help decide the selection of * subset of the orthonorinul «et 

that will approximate the r.ivcn systcn.  Thi» technique is 

illustrated by a numerical cxar.pl?. 

The related simplification technique of Dcsrochcra und 

Al-Jaar is also explained, 

Vin. RECOM^KNPATIOIIS 

Since nonlinear systems are of great use to the U.R.A.F., 

it is important that efficient and accurate t^cLniquea of obtainlnc 

simpler nonlinear rtodels of nonlinear r-.ystcmo be available. 

Hot much work has been done in this direction.  This sum&cr, 

I have made a good start in developing a simplification technique 

for nonlinear systems.  But due to the short period of time» 

it has not been possible to apply the technique to harder example»* 

of interest.  Ve, therefore, **'»<? the following recommendationss 

1. Suitable software be developed so that the technique 

developed, in this report be applied to the simplification of 

examples of interest. 

2. The technique as presented in this report assumes that 

the relative dominance of the nenlinearitles is known from 

physical considerations.  Thus, bcMd?s the simplification tochai«j*»*% 

there is a n»*d for »ore work to br done to analytically determine 

the relative dominance of the nonlincttrltie*. 

A. There Is a need to apply th* tccfcniqu** to dtälr.n <*«*$.«*•»» *t«*rt* 

for nonlinear practical ayatiwe of iittereri. 
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The Effect of Large Deformation on the 
Fracture Mechanics of Solid Propellants 

by 

David L. Questad 

ABSTRACT 

Most solid propellants consist of an elastomeric binder containing a 

high volume fraction of filler particles. The propellants, therefore, 

are composite materials which, under deformation, are susciptible to micro- 

structural damage, crack growth and fracture. The damage occurs mostly 

due to debonding at the filler/binder interface, and fracture may result 

from a single large flaw propagating through the damaged propellant or 

from the coalescence of many smaller cracks which have been induced by 

debonding. The deformation of a solid propellant involves nonlinear 

viscoelastic effects as well as irreversible deformation. A general 

theory of deformation, failure and fracture is impracticle, so a number 

of assumptions and simplifications are made in order to develop work- 

able theories. This paper reviews some of the current thinking on failure 

and fracture in solid propellants. 
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Introduction 

Many solid propellants are composite materials consisting of 

relatively rigid filler particles embedded in an elastomeric binder« 

These propellants are highly filled, containing perhaps 60 to 90Z 

filler, and as a result the filler/matrix bond is the primary factor 

governing mechanical behavior and failure properties [1]. Newer, high 

elongation propellants without filler particles are capable of strains 

up to several hundred percent* 

Experiments show that solid propellants are nonlinear, viscoelastic 

materials exhibiting permanent memory effects [1-3]. Two types of 

approaches to the characterisation of nonlinear materials have been 

developed: 1) a rational approach in which a mathematical theory is 

developed, and'from the theory appropriate experiments are suggested in 

order to completely characterise the material; and 2) an empirical 

approach in which experimental evidence suggests the form of the 

constitutive equations [4]. The first approach makes use of multiple 

integral equations of the form suggested by Green and Rivlin [5], but 

the number of experiments to fully characterise such materials is 

usually prohibitive [6]. For this reason, and because of the complexity 

of solid propellents, the latter approach is normally taken. 

In service, solid propellants experience a wide variety of 

stress-strain and temperature histories. These histories may be 

constant over time or variable at different frequencies. The complexity 

of the theory needed to describe the propellent will depend on the 

complexity of the stress and strain states to which the propellent is 

exposed in service. 

Most analytical studies of solid propellants use linear elastic 

constitutive equations in finite element programs such as TEXGAF [7]. 

Linear viscoelastic analysis has also been used [8,9], but the 

limitations on linear viscoelastic analysis as applied to propellent 

grains are not well defined. Laboratory tests show thet moderate to 

large deformetions produce a nonlinear response in solid propellants, 

but the extent to which these circumstances exist in propellent greins 

in not completely cleer [10]. 

The major cause of nonlineer behavior in solid propellants is 

associated with mechanical damage [1,3,11,12]. This damage is usually 
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attributed predominantly to filler-binder dewetting (Mullin's Effect 

[13]) [1,3,15], although molecular bond scission may be important as 

^-. well [15]* Accumulated damage ultimately leads to propellant failure. 

Proper characterization of the damage has been recognized as an 

important step in characterizing nonlinear behavior and permanent memory 

effects [1,3]. This, in turn, will affect the failure properties as 

interpreted by fracture mechanics theories. 

Objectives 

The objective of this, article is to examine current research on the 

effects of large deformation and nonlinear viscoelastic behavior on 

failure and fracture of solid propellant materials. As already 

mentioned, a general theory for nonlinear viscoelastic materials is too 

difficult to be practical, so the existing nonlinear theories have grown 

out of previous linear theories. This means that the nonlinear fracture 

theories, are subject to certain limitations (e.g. strains which are not 

too large away from the crack tip, thermorheologically simple 

viscoelastic behavior, etc.). These assumptions are often necessary to 

make the theory tractable, but the assumptions must be weighed when 

applying the theories to real materials. More will be said about this 

in the Suggestions section. • 

Failure and Fracture 

If a material contains no macroscopic flaws or cracks, then one 

normally speaks of a failure criterion for which some quantity reachea a 

critical value. This quantity may be a function of stress, strain, 

temperature, aging, etc. If a single, macroscopic flaw ultimately 

propagates and causes the structure to fail one speaks of fracture, and 

fracture mechanics is used to analyse this situation. 

Smith [16] described tensile stress-strain failure properties of 

elastomers using a failure envelope which was independent of time and 

temperature. The Smith failure envelope has been shown to work well in 

describing strain rate and temperature dependence of failure in solid 

propellents [17]. The Smith failure envelope assumes that damage 

accumulates as a function of both stress and strain and a critical 
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amount of damage is reached at the boundary of the envelope. 

Strain-cumulative damage criteria have also been used to predict tensile 

failure in propellants [17,18]. In these criteria damage is assumed to 

increase linearly with applied strain. A stress-cumulative damage 

criterion, however, did not properly predict tensile failure in solid 

propellants [17]. Damage energy has also been used to predict uniaxial 

failure of solid propellants [15]. 

In order to encompass general states of stress in a failure 

criterion the concept of damage must be generalized. Schaeffer [19] 

proposed that failure would occur when the strain energy density, W, 

reached a critical value. This leads to an expression: 

OCT 

3/3(«-0z 
i 1/2 

cr, OCTV 
3/S(V-o-otT/c-0

T
trJ 

where oC and /}  ere constants, CTOCT ii the octahedral, normal 

(i) 

•tress: 

'OtT - i(i + crat cr,j 

t/i„ is the octahedral shear stress: OCT 

OtT i/fo-otf* (<r1-<rJ)%;c3-r1)
J- 

no 

and 

OT, j 0\ *nd Ol «re principle stresses. 0^7. is the octahedral 

rmaf stress in uniaxial tension  (i.e. C0^T = (Tf /J ). 

d V0CT is the octahedral shear stress in uniaxial tension (i.C'2 QJ/J, 

Tira and temperature effects can be taken into account by evaluating 

turough the Smith failure envelope [19]« 

An expression for the Smith failure envelope to be used with Eq. 

(1) was developed from the experimentally observed relationship between 

crack growth rate, a, and the mode one stress intensity factor, Kj [19]: 

= AK, U) 
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I 

VW- 

where A end B are constants and A is rate and temperature dependent. 

Schapery has derived an expression of the form of Eq. (2) for linearly 

viscoelastic materials (see Eq. (95) ref. [20]) in which B is a material 

constant. The constancy of B has been demonstrated experimentally [21]. 

A similar expression has also been derived in terms of the J integral 
[22,23] (see Eq. (30): 

where fj and k are similar to A and B in Eq. (2). Following earlier 

work by Ferris and Fitzgerald [24], Schapery used Eq* (3) to obtain 

another damage function as follows. 

For proportional loading of nonlinear, power law materials J is 
MAI 

proportional to Iff I  , where CT is the time-varying magnitude of the 

stress tensor (i.e. On a C (ft), where (J\, is time invariant). For 

isolated flaws, J is also proportional to the crack length, a. With 

these assumptions J ■ £$  a |CT)   [12], and integration of Eq. (3) 
yields: 

[cw]" * £v>r*«      '+) 

where a0 is the initial flaw sise of a local flaw and tf is the local 

failure time of that flaw. The right hand side of Eq. (4) is a measure 

of damage which must reach a certain value for a flaw to propagate. For 

a solid propellent with a distribution of particle (i.e. flaw) sises Eq. 

(4) can be generalised. For the ith flaw in the material the damage 
parameter, Sj, is: 

s.« £i,)*f"** 
or 

**th  q • (M*l)k. 

(5) 

(J') 
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For a wide distribution of flaws the S^ becomes essentially continuous 

and a continuous function, S, can replace the S£ in Eqs. (5) and (5a). 

It is more convenient to define a new damage parameter as the qth root 

of S or: 

S, 
] Jt 

% 

This is the weighted Lebesque norm of |0T|. Expressions for damage 

parameters similar to Bq. (6) can be obtained in terms of the strains »9 

well as the stress. This was originally done by Farris and Fitzgerald 

[24]. 

In order to use this concept of a damage parameter to predict 

failure» it must be incorporated into a constitutive relation. This has 

been done to obtain nonlinear constitutive equations for solid 

propellents [1,25-27]. 

when accounting for damage-induced failure a limited number of 

flaws will ultimately grow to produce final fracture. By following the 

growth of these cracks, the concepts of fracture mechanics can be used 

to predict failure times [26]. 

Schapsrr*s Theory 

Schapery [26] uses the damage function in Eq. (6) to derive an 

expression for the probability of failure of a nonlinear viscoelastic 

material. The result is: 

puy*i ?. 
r3* nV*d5 (7) 
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where V *• tne reduced failure time (i.e. 1,S   (l/cO dt )i n end q 

are constants (q - 2(1 + 1/n)). M is a function of aging (M«l for no 

aging) and pg represents a distribution function for the "worst" flaw 

which exists in each specimen of a large number of specimens. By worst 

flaw is meant that flaw which ultimately leads to failure. In order to 

calculate failure times one must evaluate n, pg, M and a? from 

experimental data (e.g. uniaxial creep tests) and then apply Eq. (7) for 

a particular probability, p(Jp* 

Theory of Bills 

k2+ 
Bills and coworkers proposed a semiempirical theory for fraeture of 

nonlinearly viscoelastic propellents [14,28]. This theory is based on 

the experimentally observed relationship between relaxation modulus, 

S(t) and fracture stress, OJ. It produces an equation of the following 

form: 

<r(J*)- 0". 
V'a 

(8) 

where )*!•• again, the reduced failure time (tf/af)» (T(^)  it the 

uniaxial failure stress, 0*M is the stress below which failure dote not 

occur and Cv is the glassy (i.e. low temperature) failure stress which 

is essentially constant. E( j^/q) ie the relaxation modulus at time 

3*/4 • * *• *° •»piricel shift factor; Bc is the equilibrium modulus 

and Bg the glassy modulus. 

Bq. (8) can be expressed in terms of fraeture mechanics parameters 

by expressing or» in terms of the Griffith expression as: 

K rVi 

a      -pi * 
(8 a) 

where K is a constant, T the fracture energy per unit erea of new crack 

surface and  C is the crack length. Then Bq. (8) becomes 

«■(I,)-'. *r'* [EIVW-EJ*  (3D 
r*'* 
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Eq. (8b) is a viscoelastic fracture criterion which contains the 

Griffith criterion as a special case. 

Fracture Mechanics 

When a material contains a macroscopic flaw and the applied 

stresses and strains cause this flaw to propagate to fracture* then the 

principles of fracture mechanics are more applicable to the failure 

process« The fracture mechanics approach attempts to characterise the 

mechanical state of the material at the crack tip and relate this to the 

propagation of the crack. 

One can characterise this region in terms of the stress magnitude 

as measured by the stress intensity factors, Kj, KJJ And KIII 129] or in 

terms of the energy needed to propagate the crack. The latter method 

'takes a number of different forms such as energy release rates (30), a 

thermodynamic power balance [31] and the J integral [32,33]. 

Linear elastic analyses of solid propellents usually make use of 

stress intensity factors [21,34]. Linear viscoelastic analyses have 

used the thermodynamic power balance [31] and stress intensity factors 

[20]• For nonlinear analyses of propellents subjected to large 

deformations the thermodynamic power balance approach has been used [33] 

and, more recently the J integral method [22,23]. 

Hufford's Theory 

Hufferd and coworkers [35] proposed a theory for crack growth in 

nonlinear viscoelastic materials obtained from the thermodynamic power 

balance approach. This theory is based on a nonlinear, permanent memory 

constitutive equation [36] and results in an integro-differential 

equation relating crack growth rate to the state of stress and strain in 

the vicinity of the crack and to the specific fracture energy. For 

general stress states and crack orientetions the governing equation it 

difficult to analyse. However, by making certain simplifications to the 

theory a simple crack growth formula results: 

*<t) «    |$ = coihi'Pt) CO 
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where a(t) «nd a(o) «re the crack lengths et timee t end zero, 

respectively «nd P it the frecture dissipation power. In principlet P 

cen be evaluated fron the theory, but in practice it i« an empirical 

quantity. 

The theory was generalised to account for «ore coapliceted states 

of stress by introducing a daaage parameter, d, incorporating the 

loading history« s: 

c(>}- max [5lfa-5)+ilx>-s)]     (to) 

where Ij and I2 sre first *nd second strain invariants of the 

infinitessimel strain tensor. 

In terms of d, Bq. (9) can be written: 

x = coss rc [JT- J4 )1 00 
where dc is a critical value of the damege parameter and C is «a 

empirical quantity depending 00 the relaxation modulus and the specific 

fracture energy. The theory has been quite successful in predicting 

constant strain rat« crack growth in uniaxial and biaxial tests on solid 

propellents (35J. 

Scnaperr's Theory 

fi. A. tchapery has published perhaps the most extensively developed 

theories of fracture in nonlinear viscoelestic Materials, for this 

reason his theory will b« outlined in some deteil. 

Sehapery applied the J integral method to cr«ck growth in nonlinear 

viacoolastie materiels aubjected to poteatielly large deformations 

[22.23]* The nonlineer theory involves the use of pseudo strains in 

order to solve too *<iscoelastic problem in terms of s reference elaatic 

problem. The pstudo strain, £;. , ia defined in terms of the actual 

strain, £;j , through a hereditary integral as follows: 

C'   «    I  \ ^(t-^t) |^i dt 03) 
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where the terma is Eq. (17) refer Co Fig. 1. Cj it e curve connecting 

the bottom creek eurfece (pt.l) counterclockwise to the top creek 

•urfece (pt.2); da ia en increment of length elong Cj; 3 " Che peeudo 
•train energy denaity; Tj are the aurface tractiona applied ecroaa C{ 

and 0£* are the peeudo diaplacenenta: 

Jv ia path independent [32] to it araat be equal to another 

integral, Jf defined M9: 

X=   1 (Id*.-Tj *iiV) CH> 
*      Jcx

v ax,    / 
«here C2 ia a curve fro» pt. 1 to pt. 2 immediately adjecent to the 

creek* For e relatively long, elender crack the firat term in Eq. (19) 
will be negligible compered to the second, ao that for an opening mode 
atreea atete 

x = - f cr# *ü£ ds ■ [\ 21Ü» I(  (20) 

where J definee a new eet of exes relative to the crack tip, and * ia 

the length of the erack (i.e. the damage aone) (aee Fig. 1). In Eq. 

(20) C4 ie the diaplacement which initially edjecent materiel point« 

undergo aa the ereek edveneea. 

In order to determine the time to initiete e ereek, t£, Schepery 

aaaumea that the feilure etreaa distribution, Q^, ia constant elong the 

erack and cen he denoted by 0^. Then Eq. (20) becomes: 

T| *  <T« Mj. (20 

where A"J2-i« the opening diaplacement of the referenee eleatie problem 

et 3* •< . Since Jf - Jv then A UlMs J*/fcr» «ad the time dependent 

creek opening diaplacement ia given by the inverae of Eq. (if): 

A u*« = E. J*D(t-T,t) |l£ir dt (18 •) 
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where E(t-tjt) it the relaxation modulus which may depend on «ging es 

indicated by the second t in parentheses and ER it a constant tensed the 

reference modulus. The inverse of Eq. (13) givet the actual strain in 

terns of the pseudo strain: 

where D(t-^t) is the crevp cosipliance. 

A consideration of a stress relaxation experiment reveals the 

usefulness of the pseudo strain concept. For stress relaxation (i.e. t\j 

constant after t ■ 0) Eq. (13) becomes: 

but 

o\j = E(t)*;.- = e5w E* (is) 
Eq. (15) shows that the peeudo strain has the same time dependence 

as the stress. Eq. (13), therefore» has the effect of separating the 

viscoelastic effects from the constitutive equation. At any given time 

the stress, 0T;J , is related to the peeudo strain, tfj , by the same 

nonlinear constitutive equation. One can then solve a nonlinear 

viscoelastic problem by first solving the reference, nonlinear elestic 

problem la terms of the peeudo strains. The noolinner, elastic problem 

can be solved by introducing the peeudo strsin energy density, J, 

analagous to the strela energy density in a purely elastic solution: 

<» - A M 
A theory for the frecture of nonlinear viscoelastic material can 

then be developed by incorporating the reference eleetic solution into 

the J Integral. 

The J  Integral ae originally defined by tice (32,33] applied to 

materials which were linearly elastic away from the vicinity of the 

creek tip. For e viacoelaetic material Schapery uere the J integral 

evaluated for the reference elaatic solution. The result Is: 

(n) 
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Figur« 1 - Idealized crack tip -for J integral calculations. 
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or .Sb A'Jj« - :,jü(t*i,t/    -rr.  -I *       v 

If a crack opening criterion governs crack initiation then the time 

to initiate failure, t£, can be calculated by setting 6 J,^ to a 

critical crack opening deformation, £X: 

v 

If, however, crack initiation is governed by an energy criterion 

then one has: 

I ^c _ 
^fd. at * at- = 2 rt ^3) 

where 3^ and AU2 are the stress and deformation of a column of 

material at j - <* . When the work done per unit area on this column 

equals a critical value, 2 !\» the crack will propagate. For 0"^- O^ 

and using Eq. (18b), lq. (23) becomes: 

Crack growth velocity can also be determined using an approach 

similar to crack initiation. The crack will propagate when the work 

done on a column of material ahead of the crack tip reaches a critical 

value. This results in an expression similar to Bq. (23): 

s oc 01 
e»AU 

i = 2 r (is) '•       as 
where the integration is now over the failure sone, oC, and the fracture 

energy for propagation it 2p. Once again using Sq. (18) one finds the 

time-dependent crack opening displacement, &U2, substitutes this into 

Bq. (25) to predict the time to propagate the crack a diatance, ot* 

Schapery simplifies this approach considerably by assuming that 01 

and a, the crack growth velocity, are constant during the time interval 

U/£  i  and that aU^ in Bq. (18) simplifies to: 

8U15 
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[VJV 
AUX=   E*D(K«/4,t)AU5 (id) 

where K — I /3 

with these assumptions Eq. (25) becomes: 

E^f^/^t)^  ^a*   = 2P 
However, from Eq. (20) this becomes: 

*t D(K*/a^) Jv = iP' (id) 
For a power law creep compliance (i.e. D - D0t

Q) and no aging Eq. 

(28) results in an expression for a as follows: 

a = AJ,' 
The exponent, q, depends on the relation between Jv and c< the 

constancy of A depends on the constancy of the fracture energy, P. Eq. 

(30) is the same as Eq. (3) which forms the basis of the nonlinear 

damage function. 

Although the general theory is fairly well developed, its 

applicability depends on a siseable amount of experimental characteri- 

sation. More will be said about this in the final section. 

Conclusions and Suggestions 

As a result of studying the effects of large deformation on 

fracture in solid propellents a number of conclusions and suggestions 

seem appropriate. These are summarised 99  follows. 

1. Nonlinear, large deformation fracture mechanics theories should 

continue to be developed and applied. This is especially true 

considering the development it high elongation propellents. 

2. Experimental studies should be continued i) to provide necessary 

data for nonlinear, viscoelastic analysis, ii) to evaluate the 

correctness of existing nonlinear theories and iii) to dilineate the 

boundary between the simpler linear theories and the mor* complex 
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nonlinear ones. In many situations linear viscoelastic and even linear 

elastic analysis may be sufficient. Experimental evidence from 

multiaxial testing will indicate what type of theory will be required in 

individual cases. In this context linear fracture theories should also 

continue to be developed and applied. 

3. As part of the experimental examinations some analysis should be 

made to determine to what extent solid propellents actually experience 

nonlinear, large, viscoelastic deformations in rocket motor 

configurations. Some analog failure studies have begun to make these 

analyses [37-39]. 

4. In depth investigations should be made to characterise the failure 

zone in front of the crack tip. Since this zone is directly responsible 

for crack growth, it is important to understand its behavior and 

morphology. Such studies may involve microscopy, ultrasonics, x-ray 

analysis, etc. Attempts to characterise the failure sone using 

ultrasonics have already begun [40]. 

5. Nonlinear, large deformation finite element programs (e.g. TBXLESP) 

should be extended to analyse fracture in such materials« 

6. Aging effects should be incorporated into the fracture mechanics 

approach. This is especially true when large deformations are involved. 

The sensitivity of elastomers to environmental aging is greatly 

increased by strain, and this will be an important factor affecting 

crack growth« 

Nonlinear viscoelastic theories for fracture analysis in materials 

subjected to large deformations are quite well developed. The theory of 

Schapery is probably the' most highly developed. It appears, however, 

that the biggest obstacle limiting the application of such theories is 

the lack of experimental characterisation of the materials. 

Characterisation of crack growth in nonlinear, viscoelastic 

materials over large strain ranges involves a considerable experimental 

program, but until such characterisation is done, existing theories 

cannot be applied or refined. In light of the trends toward high 

elongation propellents such studies are clearly important. 
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THE APPLICATION OF AN EXTENDED KALMAN 

FILTER TO THE DESIGN OF A BANK-TO-TURN 

MISSILE AUTOPILOT 

by 

Dallas W. Russell 

ABSTRACT 

In the past, missile autopilots have been designed using classical 

control techniques.    The bank-to-turn missiles will require improved 

performance.    Modern control and estimation theory are promising ap- 

proaches to achieving improved performance.    An Extended Kaiman Filter 

that estimates system states and time-varying parameters has been de- 

signed for a low-order model with good results.    It is recommended that 

this effort be continued beginning with simpler mathematical models of a 

generic missile; a set of equations, with numerical values for all the 

parameters is included. 
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I. INTRODUCTION 

Current trends in air-to-air warfare indicate a need for highly ma- 

neuverable bank-to-turn (BTT) missiles [1]. The autopilot for such mis- 

siles must generate coordinated roll and acceleration responses while 

subjected to widely varying engagement conditions. To the present time 

there has not been a concentrated effort to apply modern control theory 

to the design of the autopilot. Modern control theory requires the ac- 

curate measurement or estimation of the system states. The Extended 

Kaiman Filter (EKF) and similar filters have proven to be quite useful 

in state and parameter estimation £2], [3]. 

The design of most missile autopilots has been based on small per- 

turbation theory and a gain scheduling technique to insure stability un- 

der the rapidly changing flight conditions. An overview of one such 

adaptive scheme 1s given in Appendix A. However some researchers [4], 

[5] have begun to combine the optimal and classical approaches. Their 

experience has been that modern control theory works well for coupled 

systems but high frequency effects can cause problems. An earlier study 

[6] of modern control techniques for the design of missile autopilots 

recommended the EKF for parameter estimation in conjunction with adaptive 

pole assignment as a viable approach. 

II. OBJECTIVES 

The overall objective was to study the design of autopilots for BTT 

missiles, in particular the application of modern control and estimation 

theory. The approach taken to achieve this objective was: 

• Make a literature research on current practices and design. 
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• Evaluate a state-of-the-art autopilot to determine problem areas. 

• Study the mathematical model of a typical missile. 

• Apply   optimal control and estimation theory to improve the design. 

A key to design using modern control theory is an accurate estimate 

of the system states.    The Kaiman Filter is the most used technique to 

obtain accurate estimates of a system's states.    Also, in missile auto- 

pilots, the fin effectiveness gains, which change with flight conditions, 

must be known rather accurately to ensure stability under all flight con- 

ditions.   This is a parameter estimation problem for which the Kaiman 

filter 1s well-adapted.   Thus the research effort was concentrated on how 

to best apply a Kaiman Filter to estimate the missile states and certain 

critical parameters. 

If successful the Kaiman Filter could replace the adaptive autopilot 

network described 1n Appendix A.    Further, the states would be available 

for the feedback required 1n applying modern control theory.   However 

this is not a simple task since the missile equations of motion are non- 

linear and the parameters change as the missile maneuvers. 

III.    THE EXTENOED    KAIMAN FILTER (EKF) 

There are a number of textbooks describing the EKF; for example, 

references [7]-[ll].   Reference [3] is a special issue of the IEEE Trans- 

action on Automatic Control that is dedicated to the applications of 

Kaiman filters.    The notation used herein is taken from the text by Gelb 

(Reference 7). 

The system is modeled as follows: 

x(t) - f(x(t). t. u(t)) ♦ w(t) 
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where        w(t) * N(0, Q) 

x(0) - N(x(0), P0) 

The measurement at discrete times is: 

Ik • h(x(tk). tki*h 

where        ^ - N(0, Rk) 

To apply the filter it is necessary to model the system as a linear, 

discrete system.  First, to linearize the equations: 

x(t) • F(t)x(t) + w(t) 

where 
af 

x « x(tfc) 

t ■ t, 

ah 

t » t 

Next the continuous equation is converted to a difference equation, 

*M ■ \*k * Vi 

The ♦. matrix as well as the process noise covariance matrix, 

Qk » tt»k «J] 
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are needed in the filter equations. A number of techniques to compute 

♦k and Qk were evaluated. The simplest is the one step Euler Method. 

*k = I ♦ At F(tk) 

Qk « At Q(tk) 

Several problems arise in applying the filter. All mathematical 

models are in error since some effects must be neglected so the system 

model can be reduced to a manageable set of equations. Some parameters 

may be known only approximately. Statistical information on the noise 

present, particularly the process noise, is usually not available. The 

presence of these Inaccuracies cause degradation in the performance of 

the filter, possibly to the extent that the errors Increase without bound. 

The references list some corrective actions that can be taken to 1m* 

prove performance but emphasize that what works In one case may not apply 

to another system; some tuning or "fiddling" will be required. Also engi- 

neering Judgement based on familiarity with the system will be required if 

pitfalls are to be avoided. 

Some of the corrective actions to avoid poor performance by the fil- 

ter are listed. 

• change the process noise statistics 

• adaptive adjustment of noise 

• finite memory - over weight the most recent data 

• exponential weighting of the data 

• parameter estimation (and thus state estimation) is improved by 

appending the parameter as a state 

• change measurement noise statistics 

82-7 

;v>\;% ' ;.>. 

f.V^V.V.V.V.V.V.v.>^,^^ 



In particular Gelb [7] suggests that the variance associated with a pa- 

rameter be set at 

[change expected in parameter in At] 
At 

There are also variations of the filter equations such as square root 

filtering and more complex models. 

IV. APPLICATION OF THE FILTER TO MISSILES 

Initially the Kaiman filter equations will be applied to a simplified 

set of missile equations. Computer time for a run will be short and the 

results can be compared to a "truth" model. The simplified models will 

be used to determine an appropriate sampling time and to tune the filter; 

that is adjust the initial state estimates and the process noise and mea- 

surement noise statistics for best performance. As satisfactory perfor- 

mance is achieved more complex system models will be used. 

Step 1. A simplified set of longitudinal missile equations of motion will 

be programmed. To avoid table look up the stability derivatives will be 

approximated as linear functions of the missile velocity. The equations 

are given in Appendix B. 

Step 2. Same as Step 1 except that the lateral equations of motion will 

be programmed. These are also given in Appendix B. 

Step 3. The six-degree-of-freedom (6 DOF) missile equations of motion 

will be used. The stability derivatives will be approximated as before 

and angular rates will be kept small so body transformations to inertial 

coordinates are not required. 
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Step 4. The Armament Division in-house BTT missile simulation, flying a 

typical trajectory, will be the model for application of the Kaiman Fil- 

ter. 

V. SIMULATIONS 

An EKF was designed for a second-order linear system with one time 

varying coefficient.    This coefficient was appended to the states re- 

sulting in a third-order, time varying, nonlinear system.    The accompa- 

nying report [12] by Mr. Norman Tew, "Parameter Estimation via Kaiman 

Filtering for Use in Bank-to-Turn Missile Autopilot Design", gives the 

results of these simulations. 

VI. RECOMMENDATIONS 

The simulations made using a low-order time varying system indicate 

that the addition of the time varying parameter as a state improves the 

performance of the Extended Kaiman Filter. Follow-on research recommended 

is to proceed according to the steps outlined in Section IV of this re- 

port. A complete set of equations with numerical values 1s given In 

Appendix B. The procedure is to program the equations and make simula- 

tions to tune the filter. The effort should begin with the "truth" sys- 

tem model and the model used in the filter being in exact agreement. Then 

mismatches can be introduced and the resulting degradation in .performance 

and possible corrective action can be studied. As successful designs are 

achieved the "truth" model can be made more complex. 
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APPENDIX A 

Overview of Rockwell Autopilot 

Adaptive Network 

The bank-to-turn missile autopilot described in [13] uses an adaptive 

network to maintain the gains at the crossover frequency of each control 

loop at a constant or almost constant value, thus achieving stability at 

all flight conditions.    This is accomplished by adding a sinusoidal in- 

put (dither signal) to the yaw rate loop at the crossover frequency.   The 

open-loop gain is measured at the crossover frequency and this is used to 

generate a signal labeled Kr-    Linear functions of Kr are used to sched- 

ule all the loop gains in the autopilot. 

The inputs to the adaptive network are the yaw rate loop error signal 

and the yaw rate gyro output.   These two signals are fed to Identical 

band-pass filters to recover the sinusoidal component.   Each Is then fed 

to a full-wave rectifier and the difference through a noise filter to a 

lag network.    Let this signal be rß-r   where 

r   ■ constant x yaw rate error signal 
e 

r * constant x yaw rate gyro output 

K is generated with the lag network shown in Figure A-l. 

<vrJ e   m 

Figure A-l.    K   Lag Network 
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If the dynamics are neglected then the inputs to the integrator must 

sum to zero. This yields 

Kr =^-(1 'h  + Kr (A-]) r  KI2    
re   r0 

where r /r is recognized as the open-loop gain at the crossover fre- 

quency. Let -3- = K K K where r    r c m 

K = the fixed control gains at the crossover frequency 

K « the missile gain at the crossover frequency 

The purpose of the adaptive scheme is to generate Kp so KK is a con- 

stant. Solving (A-l) for K , 

Kr -  °K r  
2 (A-2) 

KT   m h 

If the second denominator term is much larger than unity, then K is pro- 

portional to 1/KK , the desired objective. 

Based on small perturbation theory the control effectiveness gains 

at the crossover frequencies are 

Cn  q- S£ 

u. I 

^pitch) -a-. -A 

c y 

m. 

6q      . 
c y 
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ft 

yrol,>-?r ^p 
q Sä 

c x 

and 

Kr = r^ay 
03  I 
g .y 

"«q 
q Sz 

As can be seen in Figure A-2, |C  | and |C  | are quite similar 
ndr     m6q 

in form with |C0 | somewhat different. As a consequence the multiplier 

in the roll loop is a more involved function of K than that for the 

pitch loop. 
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NOTE:    C.      > 0        G       < 0 
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Figur« A-2.    Control Effectiveness Gains 
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APPENDIX B 

Simplified Equations of Motion for the 

Bank-to-Turn Missile 

The simplified longitudinal equations of motion are based on the 

three equations, 

m[Ü + wq] = ma    = (C   + C T)q   S + Thrust 
X X XI      w 

m[w + Uq] = ma    = (C     a + C       6q) q   S + mq x z i»_ • 
a (5q 

C    I 
ly q = (c* + \a+ "Vq) q~Sl 
* oq m 

which are taken from []],    The notation is that in general use with the 

standard set of units. 

h(0) = 10,000      ;      p0 = .1756x10 

w(0) = -40 ;      q(0) = 0 

-2 
Initial conditions: 

U(0) = 900     ; 

a(0) * 5°        ; 

5q(0)  = -1° 

Parameters: m = m(0) = 5.75 

Iy = Iy(0) =34.1 

The C's are approximated as linear functions of V using data from 

the tables in [1]. Thrust = 9250 

0 < t < .6 sec 

The "truth" model for the longitudinal dynamics 

U = -Wq ♦ [-1300 +  .35 V ](.04)(10~6)V* + 1610 
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w « Uq + [(-44000+3 V ) S ♦ (-200+.04 Vm)6„](.04)1Q-6V2+32.17 
m' qJ 

(-4400+.8V ) 
q - [-1300*.35 y(-1200*.2 VB)«0+ , Si q]{.0045}(10-6)v;j; m' q 

m 

where        V2 = U2 + w2 ; 0 = jjf 

and 6 (t) is an input to be specified. 

Measurements, the longitudinal dynamics 

2   « 

.1 I 

(-1800+.35 V )(.04)(10"5)VZ+1610 m m 

£(-44000*3 Vra) Ä +(-220+.04 VB)*ü(.04)(10"6)VJj;+32.17 

The simplified lateral equations of motion are also taken from [1]. 

m[0 - Vr] ■ max - (C/C^q^ S + Thrust 

m[» + Ur] • max • (C  B + C  «p)q- s 
*B     y, 

Ct. ' 
IxP * \B + \ 4p+ A -*Sl 

C
n < 

I,r • [Cnß B * C„ä 4r * -/,— r]q. Si 

Initial conditions: 

«r 

U(0) * 900      ;      h(0) =  10,000      ;      pQ =   .1756xl0"2 

a(0) * 0 ;      tfp(O) = 0 ;      6r{0)  = 0 ;      B(0)  « 0 

V(0) » 0 ;      p{0) = 0 
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Parameters: 

m ■ m(0) = 5.75 

I2 * Iz(0) = 34.1 

Ix - Ix(0) = .34 

As for the longitudinal set of equations, the C's are approximated 

as linear functions of V using data from the tables in [1], Ttrust * 9250 

0< t < .6 sec 

The "truth" model for the lateral dynamics 

0 « +Vr + [-1800+.35 Vj(.04)10"V+1610 
mm 

* - -Ur + [215-.04 Vm](.04)(10"6)Vm 6r 

(-1715-.12 V ) p ,   9 
p - [(188-.028 Vm)«p+ p !«_](.45)(1(f6)V< 

m 

r • [(82100-21.2 Vm] £ + (-1188+.22 Vm) sr 

♦(-4620+0<> V ) £-](.0045)(10-V 

Measurements, the lateral dynamics 

z « 

P 

r    J 
h 

(-1800*.35 V )(.04)(10~6)V2*1610 •» m 

(215-.04 V )(.04)(10~6)V    6 m m    r 

P 

r 
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AMALYSIS OF PILOT SELECTION DATA 

by 

Herman F. Senter 

ABSTRACT 

Historical data on test performance scores and the Individual 

characteristics of student pilots were analyzed to Identify measures 

most highly associated with success In pilot training school. 

Groups of scores from psychomotor tests, from flight training 

lessons and from the Air Force qualifying examinations were studied 

separately as well as jointly for their relationship to training 

school attrition. A regression equation to predict the likelihood 

of success In training based on selected grades and characteristics 

of Individuals was developed. 
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I. INTRODUCTION: 

This report summarizes the findings of an exploratory analysis 

of student pilot selection data conducted for the Aircrew Selection 

and Classification Function of the A1r Force Human Resources 

Laboratory (AFHRL) at Brooks AFB, Texas. A detailed discussion of 

the procedures and findings of the entire Investigation would be 

quite lengthy and Is not given; rather an overview of the study 

methods 1s provided, supported by specific results which typify the 

procedures used and results obtained. The considerable volume of 

numerical results generated by the exploratory approach cannot be 

displayed 1n the report. Instead, computations are contained In 

several unattached appendices consisting of computer printouts. 

Contents of these Indexed appendices, listed at the end of this 

report, constitute a "trail" of the overall study by which the steps 

of the analysis may be followed. Throughout the report references 

to relevant Items 1n the appendices will be made parenthetically as 

an appendix letter designation followed by an Item number; e.g., the 

notation "(C-7)" directs the reader to Appendix C, Item 7. 

Oata used In this study were compiled and edited at AFHRL as 

part of Phase I of the Pilot Selection and Classification project. 

Ample documentation of variable codes, names ät\d labels 1s on-hand 

at AFHRL and will not be reproduced 1n this report. The variable 

labels used here are Identical to those assigned at AFHRL. Any 

departures from established names, codes or labels are noted; new 

variables are defined as they first appear 1n the report. 
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The Items used in this study were taken from two subfiles — the 

CPF and PPF files — of the presently incomplete Phase I file, and 

consisted of 6,647 individual cases with fifty-two variables per 

case (exclusive of missing values). The statistical analysis was 

performed using SPSS, Version 9, on the UNIVAC system at AFHRL. 

ÄV 

II. OBJECTIVES OF THE RESEARCH EFFORT: 

This study was undertaken as part of AFHRL*s ongoing Pilot 

Selection and Classification Project to develop and evaluate 

criteria for choosing candidate pilots and assigning them to 

specific training programs. Under Phase I of the project, 

historical data on more than 6,600 student pilots have been 

gathered, with certain items edited and recorded in two subfiles, 

designated as the CPF and PPF files. The goal of this investigation 

was to develop a multiple linear regression model for predicting 

student pilot success (or attrition) in Undergraduate Pilot Training 

(UPT) based on test performance scores and individual 

characteristics available from the CPF and PPF files. 

Objectives of the study required several subanalyses of groups 

of test scores, of individual variables, and of the relationships of 

these variables with one another and v.ith UPT attrition. Specific 

objectives were as follows: 

(1) an analysis of the Interrelationships of five 

psychomotor scores and their predictive validity 

relative to UPT attrition; 

(2) an Investigation of FSP data to develop a single 

measure or Index of FSP performance based on class 

ranks and to Identify those lesson grades most 

Indicative of potential for UP7 success; 

(3) an examination of the relationship to UPT attrition of 

the AFOQT scores and other predictor variables; and, 

(4) specification and computation of a regression equation 

for estimating the likelihood of UPT success from 

selected predictor variables. 
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The regression model derived is called the "interim model" for 

two reasons: it will be updated and improved as additional Phase I 

data are available, and the criterion variable — UPT attrition -- 

will be replaced by a measure of actual performance as a operational 

pilot. Analysis of psychomotor test scores was of particular 

interest since a new series of tests (the BAT tests), to be 

administered by electronic digital devices, are being formulated and 

evaluated. 

III. ANALYSIS OF PSYCHOMOTOR SCORES: 

Psychomotor test scores consist of five ratio-scale values, 

coded as variables V15 to V19 in the Composite Predictor File 

(CPF). Two of these — V15 and V16 — are measures of horizontal 

and vertical tracking deviations recorded from the first of two 

tests, and are also denoted IX and 1Y. The remaining three scores 

from the second test — V17 to V19 — consist of horizontal and 

vertical error sums associated with a joystick control and with 

rudder (foot) pedals, denoted 2X, 2Y, and 2Z. All scores represent 

accumulated root mean-square error from perfect tracking measured 

during the tests; thus, larger scores correspond to poorer 

performance. All scores are positive, ranging from the low-hundreds 

to the 70-thousands. All five scores were available for 2,527 

individuals, most of whom went on to pilot training after testing. 

III.I Un1var1ate Distributions of Psychomotor Scores 

Summary statistics for the five scores are given in Table 1 

(A-l). Scores IX and 1Y from the first test are similar in scale 

and distribution; mean scores from the second test are consistently 

smaller than those of the first test but are comparable among 

themselves. All five distributions exhibit strong positive 

skewness; the extremely long right tails are evident 1n the range of 

values above the mean. 
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TABLE I SUMMAR/ STATISTICS FOR PSfCHOMOTOR SCORES 

(N = 2527) 

VARIABLES TEST SCORE MEAN STD. DEV. MIN. MAX. 

V15 
V16 
V17 
V18 
V19 

IX 
1Y 
2X 
2/ 
2Z 

14719 
16749 
4513 
3858 
5576 

5407 
5546 
6520 
6445 
6015 

428 
5687 
326 
486 
167 

65268 
57292 
71040 
76320 
71040 

Each of the five test measures produced some extremely large as 

well as a few exceptionally small scores; however, the very large 

values were much more dispersed as indicated by the long right tails 

of the distributions (A-3, A-4). 

To indicate the frequencies of very large scores, the upper 1%, 5% 
and 10% values (percentiles) are given in Table II. In some instances 

individuals with one large score, say IX, would have a corresponding 

extremely small 1Y score (see scatterplots, A-5). Distributions of 

V17 and V18 show "spikes" — a cluster of a dozen scores — on their 

extremes right tails. 

Table II. DISTRIBUTION OF LAR3E SCORES 

(N = 2527) 

VARIABLE TEST SCORE x + 4s IX 5% 10% 

V15 IX 36347 31000 25000 22000 
V16 1Y 38933 34000 27000 24000 
V17 2X 30593 29000 14000 9500 
V18 2Y 29638 24000 11000 7000 
V19 22 29636 30000 18000 13000 

An analysis of extreme scores was made to seek an explanation for 

these exceptional values. There was no evidence of failure of the 

testing devices or of data recording or editing mistakes. Some 
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plausible explanations for the deviate scores are that individuals may 

have adopted a strategy of focusing attention on one direction of 

control while ignoring the other; that an individual might lack 

eye-motor coordination of a partricular sort; that an individual may 

not have made a sincere effort to perform well. 

III.2 Bivariate Distributions 

The relationships among test scores were examined by computing 

pairwise correlations (Pearson's) and constructing scatterplots 

(A-5). Scores within each of the two tests were much more highly 

correlated than were scores between the tests as shown in Table III. 

TABLE III. PEARSON CORRELATION COEFFICIENTS FOR PSYCHOMOTOR SCORES 

VARIABLE V15 V16 V17 V18 V19 

V15 1.00 .84 .17 .15 .21 
V16 .84 1.00 .21 .16 .25 
V17 .17 .21 1.00 .39 .55 
V18 .15 .16 .39 1.00 .46 
V19 .21 .25 .55 .46 1.00 

The scatterplot of V15 versus V16 exhibited the strongest linear 

relationship. Plots of V15 and of V16 against V17, V18 and V19 were 

all quite similar showing considerable dispersion and little evidence 

of a relationship. Plots of V17, V18, V19 against one another were 

similar, giving evidence of a general positive relationship with sub- 

stantial scatter. None of the scatterplots indicated non-linearity in 

the pairwise relationships of scores. However the presence of small 

clusters of points with one extremely large score suggested that the 

slope of a fitted regression Hne could be significantly affected by 

these few observations and that omission of exceptionally large scores 

should be considered. 
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III.3 UPT Criterion 

A main objective of the psychomotor test analysis was to determine 

how well the scores predicted student pilot performance measured in 

terms of completing Undergraduate Pilot Training (UPT). Using 

training outcome as a criterion, performance was broken down into 

three categories: passed UPT (V06 =1), flying deficiency failure (V06 

= 0) and "other elimination" from UPT (V06 = 9). Means for each of 

the five scores show significant differences among those passing and 

failing UPT (A-6). In every test the means of those passing UPT were 
substantially less than for those that failed; and, except in one test 

(Y17) the mean scores of the flying deficiency failures (V06 = 0) 

were greater than the corresponding means for other eliminations (V06 

=9). Such large differences in mean scores of passing and failing 

students suggests that psychomotor test results are indicative of 

success potential. 

Further examinations of psychomotor scores against the UPT 

criterion V06 were made using crosstabulations of scores by training 

outcome (A-6 to A-ll). Particular attention was given to cases with 

exceptionally large scores on one or more tests. Elimination rates 

for individuals with very large scores on at least one test were 

substantially above those with no extreme scores. Figures in Table IV 

Indicate the differences in passing rates. 
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TABLE IV.  UPT SUCCESS RATES Bf  TEST SCORE SIZE 

VARIABLE     TEST SCORE       PASSED UPT (%)        No. OF CASES 

V15      under 25000 78.6 1677 
over 25000 62.2 74 

V16 under 25000 
over 25000 

78.7 
68.4 

1618 
133 

V17 under 10000 
over 10000 

79.3 
60.0 

1619 
130 

V18 under 10000 
over 10000 

79.0 
52.1 

1676 
73 

V19 under 10000 
over 10000 

79.5 
66.2 

1539 
210 

An Investigation of the relatively few number of cases with one or 

more very small test scores showed no apparent departure in mean UPT 

passage rate for these students from the norm. 

III.4 Extreme Values 

A thorough study of individual cases with unusually large or small 

scores was conducted. The variation and the inconsistency in UPT 

success associated with very large scores led to the conclusion that 

such values were not reliable indicators of success potential, and 

that in future data gathering, a policy of automatically retesting 

students with very large scores be considered, values which lie 

approximately four standard deviations above the mean test scores are 

recommended as cutoff points for defining outliers or establishing 

retesting criteria. Thus, cutoff scores of 40,000 for V15 and V16 and 

of 30,000 for V17 to V19 are suggested. These values are used in some 

of the regression analyses to improve the quality of predictive 

relationships (B-10, C-3). No basis for analogous cutoffs on the low 

end of the scale was evident, and therefore, no lower end cutoffs are 

recommended. 
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III.5 Regression of UPT on Psychomotor Scores 

Stepwise (forward) regressions were run using both UPT pass/elim 

(all eliminations) and UPT pass/fail (flying deficiency failures) as 

the dependent variable against the five psychomotor scores (V15 to 

V19). The simple additive models are referred to as "main effects" 

models (Appendix B). Since extremely large scores were suspected of 

having unwarranted influence on the estimated coefficients, runs were 

made first on all cases (B-l) then deleting cases with scores in the 

upper 1515, 5%, and 10% of the distributions (8-3 to B-5). The SPSS 

stepwise procedure automatically terminated when entry of any 

additional independent variables would produce insignificant t-values 

at the .05 level. Cases with a missing score were deleted. 

Prior considerations suggested potential interaction among test 

scores for the five tests. Thus stepwise regressions with all simple 

interactions were run against the two dependent criteria (B-2, B-6 to 

B-8). Finally regressions were performed omitting all cases with at 

least one test score more than 4 standard deviations above the mean 

(B-10). 

Among the regressions run, some variation in the variables 

entering and in the order of entry was observed. In general, however, 

most of the variance was explained by the fiist two entering 

variables, consisting of one score from each of the two types of tests 

or an interaction of two such scores. Variable V15 was the best 

predictor from the first test and, with outliers excluded, V18 was 

best among the second test scores. 

Multiple-R values on the order of .20 were the general rule with 

higher values for predicting UPT pass/fail than UPT pass/elim. This 

suggests psychomotor tests may be somewhat better predictors of flying 

deficiency failure than of all types of eliminations. 

With outliers excluded the first variable entering the main 

effects model was V18 followed by V15. The interaction terms V1518 

contributed little additional information; thus the simple main 

effects model with independent variables VI5 and V18 was preferred, 

with estimated coefficients computed excluding outliers (i.e., Vl5, 

V16 less than 40,000 and V17 to V19 less than 30,000). 
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111.6 Transformed Psychomotor Scores 

The extremely long right tails of the distributions of psychomotor 

scores suggested that logarithmic transformations might produce more 

nearly normal distributions. Indeed this was the case as indicated by 

the results in Appendix C-l for the natural logarithms of the scores 

(denoted LnV--). However, pairwise correlations between transformed 

scores and UPT pass/el im were no better than for raw scores, and 

regressions using the transformed variables (C-2, C-3) produced 

results quite close in terms of multiple-R and standard error of 

residuals to those for the raw scores. Thus, untransformed 

psychomotor scores were used in subsequent analyses. 

111.7 Factor Analysis of Psychomotor Scores 

An examination of the five test scores in the absence of a 

criterion variable was done using principal factoring with iteration 

(SPSS procedure PA2) followed by three types of rotations. The 

analyses (D-l to D-3) indicate two significant factors, one weighted 

heavily on the scores of the first type of test — V15 and V16 — and 

the other weighted mainly on scores from the second test, V17, V18 and 

V19. 

111.8 Sources of Variation 1n Psychomotor Scores 

Means of psychomotor scores at each level of several categorical 

variables were computed (using SPSS procedure BREAKDOWN) to determine 

variables and Interactions that should be Included in an initial model 

specification for predicting UPT. A number of interesting questions 

were prompted by these analyses which could not be addressed in the 

limited time frame of this study; more extensive analyses are 

recommended for follow-on research. 

Table V shows for each of the five scores whether significant 

differences 1n mean scores at the various levels of the variables were 

significant (+) or not (o) with JC*.05. The number of active cases 

for each variable 1s Indicated (N). Some of the main results and 

differences observed are briefly outlined below: 
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FSP Status, V05. For the first test scores (VT5, V16) FSP 

failures, V05 = 0, were lowest in mean score while V05 = 5 had the 

highest means. On the second test, V05 = 3 scored highest on V17, V18 
and V19 with V05 = 1 lowest on V18 and V19. 

FSP Experimental Group, V30. Despite a relatively small number of 

cases per group, differences in means among the groiips were 

significant at the .05 level on all five scores in the directions 

indicated below: 

Group 1 - highest or second highest scores 

Group 2 - lowest on four of five scores (except V15) 

Group 3 - middle range on all 

Group 4 - performed well on V15, V16, poorly on V17-19 

Group 5 - highest on V15, V16; moderate on V17-19. 

Test Date, V14. Covering years 1979 to 1981, no significant time 

trend in average scores was observed. This suggests that calibration 

problems resulting from equipment age were not a factor in test scores. 

Test Devices, V20 Device #2 produced significantly larger scores 

both in mean and variance for all five tests. This could possibly 

explain the differences in mean scores by source of commission, and 

also suggests that psychomotor tests may be more effective predictors 

of student pilot performance if between-machine variation can be 

eliminated. 

Prior Flying, V13. In general the average scores decreased with 

additional flying experience to about 25 hours and then increased. 

Those with 0 prior flying hours had the highest scores while those 

with 16-25 hours scored lowest. Means for the 362 cases with prior 

flying were below the general population means on V15-17 and above on 

V18 and V19. Additional analysis is needed to better understand the 

relationships. 

Age, V14. No significant difference among mean test scores was 

observed for the various age groups. (The five oldest students, ages 

28-33, scored consistently low on all tests.) 

Sex. V40. Scores were available for very few women (56) relative 

to the number of men (2395). Womens' scores averaged more thar. those 
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of men on all five tests with substantial differences (p = .001) on 

V15-17. 

Race, V41. Very few non-Caucasians — 45 Blacks and 34 Others -- 

were in the study. While non-Caucasians' mean scores were higher, 

only for V16 were differences significant. There is not substantial 

evidence of a race effect based on this limited sample. 

Degree Level, V42. There were relatively few individuals with 

other than a baccalaureate degree. In general precollege graduates 

showed the highest scores followed by those with a baccalaureate 

degree. Individuals with post-graduate work or degrees scored lower* 

Degree Type, V43. On each test, holders of non-tech degrees had 

higher average scores. Differences were not significant on V15 and 

V16 but were highly significant on V17-19. 

Married Status, V45. On each test, the scores of married students 

averaged less but differences were not substantial. 

Source of Commission, V46. For the first test (V15, V16) 

differences in scores were highly significant with AFA highest and 

ROTC lowest. On the second test, ROTC scores were significantly lower 

with AFA and OTS higher and approximately the same. 

SUMMARY. Psychomotor scores show strong differences by FSP 

Status, FSP Experimental Group, Test Device Prior-Flying Hours, and 

Source of Commission; less substantial differences occur by Degree 

Type, Degree Level and Sex. 
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TABLE V. SUMMARY OF COMPARISON OF PSYCHOMOTOR SCORE MEANS AT DIFFERENT 

LEVELS OF SPECIFIED VARIABLES (SIGNIFICANT DIFFERENCES (+) WITH C^-^ 

.05) 

SPECIFIED PSYCHOMOTOR SCORE 

VARIABLE V15 V16 V17 V18 V19 

V05, FSP STATUS + + + + + 697 
V06, UPT STATUS + + + + + 1748 
V20, TEST DEVICE + + + + + 217 
V14, TEST DATE 0 0 0 0 0 1010 
AGE 0 0 0 0 0 1748 
V13, PRIOR FLYING 0 0 0 0 + 362 
V30, FSP EXP. GP. + + + + + 393 
V40, SEX + + + 0 0 2528 
V41, RACE 0 + 0 0 0 2528 
V42, DEGREE LEVEL 0 + 0 0 0 2234 
V43A, DEGREE TYPE 0 0 + + + 2208 
V45, MARRIED STATUS 0 0 0 0 0 2163 
V46, COMMISSION + + + 0 + 2234 

IV. ANALYSIS OF FSP DATA: 

The FSP data consists of twenty-one measures of student achievement 

during FSP (primarily for OTS candidates, with twelve exceptions) 

including lesson grades, retest grades, class rank and an FSP completion 

code. The main purpose of this analysis was data reduction, with two 

objectives: (1) to develop an FSP performance index based on class rank, 

and (2) to determine those lesson grades which, individually or in 

combination, are most indicative of UPT success. 

IV.1 Univariate Analysis of Lesson Grades 

Grades for the twelve lessons (integer values 0 to 5) averaged between 

2.5 and 3.0 with a general trend of higher grades on the early lessons. 

Within-lesson variance is smallest for Lesson 1 grades and tends to 

increase thereafter, with Lesson 8, 9.1 and 9.2 showing the greatest 

variability (G-l.) 

IV.2 Bivariate Analysis of Lesson Grades 

Lesson 9.1, 9.2 and 10 were the most highly correlated, each pairwise 

coefficient exceeding .70 (G-2). FSP class size was not highly associated 
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with any of the lesson scores. There was a noticeable pattern of steadily 

Increasing correlations between grades for Lessons 1 to 10 with Lesson 11 

(final check-ride). 

Pa1rw1se correlation (G-2) between lesson grades and FSP pass/fail was 

highest for Lesson 9.1 (r * .74). Generally, UPT pass/fail was more 

highly correlated with later lesson grades and was highest at Lesson 11 

(r« .31). 

IV.3 UPT Criteria 

Grades on early tests, especially Lessons 1 to 3, are quite uniform 

and averages differ )/ery little for the groups that passed and failed UPT 
(G-3). However, as the lesson number Increases, the mean grades of those 

passing UPT are significantly higher than those of the failing group. 

Differences are greatest at Lesson 8, 9.1 and 11. 

Crosstabs of lesson grades by UPT status show that the groups with 

better grades have a correspondingly higher UPT passing rate, most 

strongly evident in Lesson 11. Lesson 8 showed an Interesting and 

uncharacteristic drop in passing percentage for those receiving 

proficiency advancement, suggesting further Investigation may be useful. 

FSP completion code appears to be moderately predictive of UPT success, 

but FSP class size shows at best a weak relationship with UPT status. 

Percentile class rank (rank adjusted by class size), available for 

only three FSP classes, was used as the criterion for developing an FSP 

performance index based on lesson grades, class size and number of 

sorties. Using stepwlse regression (G-5) Lesson 11 was the most 

significant predictor of rank, followed by Lesson 9.1. The two-variable 

model gives a multiple-R « .78; a four-variable model, adding Lesson 5 

and class size, increases R to .84, When the predicted percentile rank 

— the FSP performance index — for each of the two models was regressed 

on FSP pass/fail, the two variable model with Lessons 9.1 and 11 was the 

better predictor of success (G-6). The regression equation for the 

two-variable performance Index, denoted PRED, Is 

PRED • 1.1720 - .1625 * V3112 - .0852 * Y3109 

where V3109 and V3112 are grades for Lessons 9.1 and 11, respectively. 
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The FSP performance Index PRED (from the two-variable model) 1s a 

better single predictor of UPT success than 1s FSP pass/fail (G-7). 

However, for the sole purpose of predicting UPT pass/fall, a model with 

Lessons 8 and 11 does somewhat better than the FSP performance index 

alone. The FSP performance index does show that class rank is a good 

measure of potential UPT success and, with adequate data, could be an 

excellent predictive variable. 

IY.4 UPT Status Versus FSP Measures and Psychomotor Scores 

Prediction of UPT success was examined using stepwlse regression, 

fi^st against the twelve FSP lesson grades and the five psychomotor 

icores, then against the FSP performance index and psychomotor 

scores. Mult1ple-R values on the order of .40 were obtained. The 

model based on lesson grades contained, 1n order of entry. Lesson 11, 

psychomotor score IX (Y15) and Lesson 9.2 as Independent variables. 

A two Independent variable model with FSP performance Index and 

psychomotor score IX performed almost as well for predicting UPT 

pass/flying deficiency. For the UPT pass/all eliminations case, the 

inclusion of a third variable — Lesson 9.2 -- was necessary to 

achieve the same degree of predictability. 

IV.5 Summary of FSP Analysis 

FSP lesson grades together with psychomotor scores provide good 

predictions of UPT success. Among the FSP measures, the later grades 

are better predictors of success, notably Lessons 11, 9.1 and 9.2. An 

FSP performance index, determined from class ranks, also correlates 

veil with UPT status. Class ranks appear to be good indicators of 

success potential, and should be recorded as measures of FSP 

achievement. There is no obvious class size effect 1n FSP. Students 

receiving a proficiency advance on Lesson 8 snowed an unexpectedly 

large failure rate in UPT, suggesting that an examination of this 

phenomenon may be useful in reducing l?T attrition. The available FSP 

data are almost exclusively from OTS classes; similar information from 

the AFA and ROTC programs would likely prove useful predicting UPT 

success for those students. 
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V. ANALYSIS OF AFOQT SCORES; 

A complete analysis of the AFOQT test data was not possible in the 

time period of this study, nor was it mandated. An investigation of the 

five AFOQT test scores as indicators of student pilot performance and as 

they relate to other predictor variables is proposed as a topic for 

follow-on research. 

Summary statistics (F-l) show that the mean test scores vary 

substantially, as much as ten points between tests, but that within-test 

dispersion of scores is about the same for all five tests. Pairwlse 

correlation coefficients range from just under .20 to nearly .80. In 

terms of association the tests appear to divide Into two groups: 

Pilot-Navigator and Academic-Verbal-Quantitative. 

Against UPT pass/fall and UPT pass/ellm criteria, the Pilot test was 

most highly corelated (r « .16) followed in decreasing size of "r" by 

Navigator, Quantitative, Academic and Verbal tests. The Verbal test 

showed vtry  little association with UPT success (r ■ - .015 and .015). 
Except on the Verbal test, the mean scores of those passing UPT were 

significantly higher than those of the UPT failure groups, with 

differences up to ten points (F-l). The "flying deficiency" failure group 

had the lowest mean scores on Pilot and Navigator tests, while on the 

remaining three tests the "other elimination" group averaged lowest. 

In a stepwise regression of UPT pass/ellm on AFOQT scores, the Pilot 

test variable entered first followed by Quantitative, Verbal and Navigator 

tests. Against UPT pass/fall, the order of entry was Pilot, Navigator, 

Verbal then Quantitative. Hult1ple-R values of approximately .20 were 

achieved in each case (F-2). 

VI. ASSOCIATION OF OTHER VARIABLES WITH UPT STATUS: 

An examination of simple pairwlse associations of potential predictor 

variables with UPT status (V06) was conducted primarily using SPSS 

procedures BREAKDOWN and CONDESCRIPTIVE. Numerical results, given In 

Appendix F, are sum£*r1zed below. 

VI.1 Continuous Variables Age, Prior Flying Hours, and UPT Class Size 

The mean age of those passing UPT was 23.8 years in contrast to a mean 

of 24.4 years for Individuals not passing (F-3). Using seven age groups, 
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the UPT passing percentage was 82.2 for the youngest students, 20 to 22 

years; 85.0 for those between 22 and 23; and then declined steadily to 

66.1 for the oldest students, 28 to 33. Thus, there is a clear 

association between age and UPT success. 

Prior flying hours were reported for 351 individuals with known UPT 

status, and included 99 cases listing zero hours (F-4). Divided into 

seven groups, those with zero prior flying hours had a 

relatively low UPT passing rate, 59.6%. Groups of individuals with some 

flying time had passing rates of 71.4% or higher, showing a weak trend 

toward higher rates with greater experience. Additional data on prior 

flying hours are needed to establish a clear relationship between amount 

of experience and likelihood of passing UPT. 

The mean class size of those passing UPT was 268 compared to a mean of 

JM 285 for individuals who did not pass (F-5), indicating some association 

between UPT class size and UPT success. However there is also a strong 

association between class size and source of commission, because of a 

common time relationship. Most of the AFA data were collected during the 

first years of the study when UPT classes were relatively small; these 

students have a significantly higher passing rate. Thus the apparent 

association between class size and UPT success may be a spurious one. 

VI.2 Categorical Variables Sex, Race, Degree Level, Type Degree, Married 

Status and Source of Commission 

Crosstabulations of categorical variables by UPI status (V06) are 

contained in Appendix F-6; the results are cor.densed 1n Table VI below. 

With the exception of Married Status, V45, differences between categories 

were significant (Ch1-square test) with <*< .05 for each variable. For 

variable V42, Degree Level, the category "Graduate work" in Table VI is a 

grouping of cases with Post Graduate Studies, Masters Degree or 

Professional Degree (V42 ■ G, M or P). With regard to Race, V41, when 

"Black" and "Other" categories are combined (N ■ 13'/) the UPT passing rate 

for this non-Caucasian group 1s 54.7*. 

The crosstabulatlon of FSP Experimental Group (V30) by UPT status 

shows significant, and expected, differences in UPT success rates (F-6). 

An Interesting and possibly unanticipated finding 1s the exceptionally 
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high passing rate of the Group 2 students, those who received six 

additional flight hours. This suggests that a few extra hours of flight 

training may significantly reduce UPT attrition. 

TABLE VI SUMMARY: CROSSTABULATIONS OF CATEGORICAL VARIABLES BY UPT 

STATUS 

W 

a 

UPT Status: percentage of 
Other 

cases 

Passed Flying El 1m, 
(V06=0) 

El im. Cases 
Variable Category (V06«) V06=9) N 
Sex (V40) Female 71.6 15.3 13.1 176 

Male 80.0 11.0 9.0 4483 

Caucasian 80.4 10.6 9.0 4521 
Race (V41) Black 44.2 34.5 16.3 86 

Other 72.5 21.6 5.9 51 

Precoliege grad 78.9 10.9 9.1 114 
Degree Level 

(V42) 
Bac. degree 80.0 11.4 9.6 4365 
Graduate work 71.4 18.3 10.3 175 

Type Degree Tech. 
(V43A)    Non-tech. 

85.0 
76.1 

8.6 
13.0 

6.5 
10.9 

1868 
2674 

Harried Status Married 
(V45)    Single. 

79.1 
80.3 

10.6 
11.3 

10.3 
8.4 

1426 
3121 

Source of   AFA 
Commission  ROTC 

(V46)    OTS 

89.0 6.2 4.8 812 
78.2 12.4 9.4 2493 
75.6 12.3 12.1 1116 
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VII. THE INTERIM PREDICTION MODEL: 

Computer printouts of regression analysis runs leading to a 

linear regression model for predicting the likelihood of an 

individual successfully completing UPT are contained in Appendix H. 

After examining the many variables of the CPF and PPF files and the 

suspected interactions among these for their predictive ability, a 

tentative interim model was specified containing the potentially 

significant predictor variables. The aim of the subsequent 

regression analyses was to obtain a reliable predictive model 

without overfitting the sample data. Thus a relative parsimonous 

model was sought to avoid including spurious effects which would 

diminish the stability of the model. Based on the earlier study of 

the variables and the series of regression runs a final equation was 

obtained (Appendix H). 

A thorough validation of the derived model, a study of its 

stability, and an investigation of it predictive behavior were not 

completed prior to this writing because of time constraints. A 

continuation of this work to update and improve the interim model as 

additional data from Phase I are available is recommended as a 

project for follow-on research. 

VIII. RECOMMENDATIONS: 

Specific recommendations and suggestions made in earlier 

sections of this report are briefly summarized: 

(1) Psychomotor testing should be continued since scores 

are usefu< 1n screening candidate pilots and in predicting ÜPT 

performance; 

(2) Class ranks of FSP students are good measures of FSP 

performance and should be recorded; 

(3) The use of "proficiency advancements" on Lesson 8 in 

FSP should be examined; 

(4) FSP-type Information should be gathered for AFA and 

ROTC students; 

(5) Additional "prior flying hours" data are needed to 

determine the Incremental effects of increased hours; and, 
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(6) The six additional hours of flight training given FSP 

Group 2 students appears to be associated with lower UPT attrition; 

this relationship should be investigated. 

The work begun during this brief research appointment period has 

potential for large savings in pilot training costs through reduced 

attrition at various stages of training. Several general 

recommendations for continuation of this work which are made below 

have also been discussed with personnel at AFHRL. 

A number of test performance variables for which data are 

available, such as ZITA and APAMS scores, should be analyzed for 

their relationship to UPT attrition. Information from such analyses 

should be utilized in formulating and evaluating the new BAT tests. 

As additional data from Phase I become available on file, the 

analysis of the CPF and PPF variables should be expanded to include 

this information. 

The binary model can serve as a basis for establishing cutoff 

scores on screening tests for admission to pilot training as well as 

for determining satisfactory progress during UPT. Training and 

attrition costs together with predicted attrition can be used to 

develop cutoff criteria. 

The bineary criterion variable in this research study —UPT 

pass/fail — is a gross measure of student performance. A 

continuous-scale performance index or grade could assist in 

predicting student UPT success and should be developed from the 

Phase I data. 

A longer term goal is to examine the relationship of selection 

variables to operational pilot performance. As additional 

information becomes available under Phase II this work can be 

undertaken as an extension of the present efforts. 
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EFFECT OF JET FUEL JP-4 FRACTIONS ON FISCHER 344 MALE RATS 

by 

Dr. M. Paul Serve' 

ABSTRACT 

The effects of jet fuel JP-4 on the kidneys and livers of male 

Fischer 344 rats were studied In order to ascertain whether all 

hydrocarbons produce similar effects. JP-4, after separation Into 

boiling range fractions, was administered 1ntragastr1cally to the rats. 

Weight loss and urine production were studied for 48 hours. Gross 

pathological as well as Mstopathologlcal examination of the kidneys and 

livers of the rats 2 days and 10 days post-exposure to the JP-4 

Indicated that kidney and liver damage was maximized early. The rats 

appeared to be able to repair any damage by day 10. The higher boiling 

fractions of JP-4 appeared to be the most toxic. 
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I. INTRODUCTION 

The study of the toxic properties of jet fuels 1s one of the main 

thrusts of the Aerospace Medical Research Laboratory, Toxic Hazards 

Division. The Air Force jet fuel Identified as JP-4 has been shown by 

gas chromatography to be composed of over 200 hydrocarbons of various 

aliphatic and aromatic structures!. It has been reported that when 

aromatic hydrocarbons are Inhaled at high concentrations, humans surfer 

disturbed vision, dizziness, tremors, cardiac stress, central nervous 

system (CNS) depression, confusion, and coma?. Likewise, the liquid 

aliphatic hydrocarbons have been shown to promote CNS depressant and 

neurotoxlc effects when Inhaled at high concentrations3. Recently, it 

has been reported that subchronic vapor Inhalation studies with a number 

of jet fuel mixtures have shown a pattern of kidney damage in male 

rats4. Phillips has shown that repeated exposure for 8 weeks to 

Stodoard Solvent (composed of many high boiling hydrocarbons) vapors 

caused renal cell exfoliation in Fischer 344 male ratsS. A recent study 

by the Toxic Hazards Research Unit of the Air Force Aerospace Medical 

Laboratory identified a few of the urine metabolites of rats who had 

been exposed to Inhalation experiments using jet fuel JP-4&. The 

metabolites were glucuronlc add conjugates of alcohols and ketones 

containing no more than 8 carbons. This Implied that either 

hydrocarbons of boiling point less than 150* C were not a major portion 

of the inhaled vapor or that the analytical technique used did not pick 

up any of the higher molecular weight hydrocarbon metabolites. 
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Until now, there has been no attempt made to see whether all 

£>; hydrocarbons cause this kidney effect or whether only hydrocarbons of a 

sufficiently high molecular weight and boiling point can bring about the 

kidney changes. It should be noted that rats should have greater 

difficulty 1n outgassing higher boiling hydrocarbons than lower boiling 

ones. 

II. OBJECTIVES 

The overall objective of this study was to examine the effects of 

various fractions of the jet fuel JP-4 on Fischer 344 rats rats. The 

effects to be looked at Include: 

a) The weight loss by the animals. 

b) The volume and coloration of the urine produced by the rats. 

c) The changes in the rat liver and kidney 2 and 10 days after 

administration of the JP-4 fraction. 

III. The Separation of JP-4 into Boiling Point Fractions 

The jet fuel JP-4 was divided into the following fractions using 

the technique of fractional distillation using a glass hellcied packed 

distillation column. 
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Fraction 

A 

B 

C 

D 

E 

F 

G 

H 

Boiling Point Range CO 

70-100 

101-110 

111-130 

131-145 

146-160 

161-175 

176-190 

191-220 

\v_ 

The number of degrees in the boiling point range was varied for the 

different fractions of JP-4 so that a sufficient fraction volume could 

be obtained for the dosing experiment. A minimal volume of 20 ml for 

each fraction was deemed necessary. 

IV. Dosing of Hale Fischer 344 Rats Followed by Weight Loss and Urine 

Output Studies 

After weighing, groups of 6 male Fischer 344 rats were given 2 ml 

of the desired JP-4 fraction by Intragastrlc administration. The rats 

were Individually kept in FHcher metabolism cages for 48 hours. During 

that period of time, the rats were given rat chow and water ad liblum. 

At the end of the 48 hour period, the rats were rewelghed and the urine 

volume was measured. The results of the two day metabolic JP-4 studies 

are listed in Table I. 
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TABLE I 

Effect of JP-4 Fractions on the Weight Loss and Urine Output 

for Fischer 344 Male Rats 

*."V 

Fraction Weight Before Weight Urine 

of JP-4 Dosing (gm) Loss (gm) Output (ml) 

H20 304 0 ± 4.9 16.5 ±   3.7 

A 257 16.5 ± 4.4 14.0 ±   4.2 

8 324 14.3 ±3.2 15.7  ±   2.9 

C 312 14.0 ±4.2 16.0  ±   3.2 

0 300 13.0 ±6.8 23.4  ±   9.0 

E 331 23.6 ±3.1 38.8 ±12.2 

F 348 24.1   ±3.2 25.4  ±   3.8 

G 305 24.3 ±7.8 31.5  ±11.0 

H 289 24.6 ±6.8 25.7  ±   7.0 

A group of 6 rats dosed with 2 al of water was used as the control 

group. With the exception of the fraction A and H studies, all the rats 

utilized weighed at least 300 gm. There was a significant weight loss 

in all the rats studied relative to those rats administered water. The 

weight loss was »ore pronounced for those groups of rats given JP-4 

fractions boiling above 146* C. Urine output volume by the rats given 

JP-4 fraction A, B, and C were noted to be approximately the sane as the 

urine output for rats administered water. Fractions of JP-4 with 

boiling points above 130* C showed a significant, increase in urine 

volume output. 
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An explanation for the increased urine production could be the reduced 

ability for the rats to exhale the higher boiling hydrocarbons leaving 

urine excretion as the only method by which the rats could rid 

themselves of the unwanted hydrocarbons. 

It was also noted that the urine from the rats administered the 

higher boiling fractions of JP-4 had a deeper, darker coloration and a 

more pungent odor. 

V.   Attempted Recovery and Identification of JP-4 Rat Urine Metabolites 

The rat urine from the two day metabolic studies for each JP-4 

fraction was pooled.   After adjusting Its pH to 6.8 the urine was 

treated with 0.5 ml ofß -Glucuronidase-aryl sulfatase (Calbiochem number 

34742) In order to effect the hydrolysis of any glucuronlde or sulfate 

derivative of the hydroxylated metabolites of the JP-4 fraction.   After 

Incubation at 37* C for 24 hours, the rat urine was filtered through a 

ClIn Elut column with methylene chloride as the elutlng solvent.   After 

evaporation of the excess methylene chloride, the samples were examined 

by gas chromatography-mass spectral (GC-MS) analysis using a 

Hewlett-Packard 5985 GC-MS system. 

Unfortunately, because the GC-MS system was not equipped with a 

capillary column mo Iflcatlon, the gas Chromatograph could not effect an 

efficient separation of all the peaks so that Information on the 

metabolites could be obtained with reasonable certainty. 
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VI. Gross Pathological Examination of the Kidneys and Livers Two Days 

and Ten Days Post-Exposure to JP-4 Boiling Fractions 

The gross pathological examination reports on the kidneys and 

livers of the male Fischer 344 rats two days and ten days after exposure 

to the various JP-4 fractions indicated that the gross effects were seen 

two days after exposure. Reticulated kidneys were noted for JP-4 

boiling point fractions 111-130° C, 1"M-145° C and 176-190* C. These 

effects were all resolved within ten days. This indicated that the rat 

had the ability to overcome the kidney effect of a massive dose of 

hydrocarbons. Of note, however, is that the fraction 176-190* C was the 

fraction which gave the most highly discolored urine. 

VII. Histopathological Examination of Kidneys and Livers Two Days and 

Ten Days Post Exposure to JP-4 Boiling Fractions 

The histopathological examination of the kidneys and livers two 

days and ten days after exposure to the JP-4 fractions indicated that 

for most rats two days post-exposure there was a moderate accumulation 

of hyaline droplets in the tubular cells of the kidneys. This was most 

noticeable in the boiling ranges 100-110* C, 146-160* C, 

. Ten days after exposure the hyaline droplet 

production had dropped to a minimal level, once again indicating kidney 

repair. Mild hepatocellular fatty changes were noted in the livers of 

rats two days after exposure for the boiling fractions 100-110* C, 

146-16C* C, 161-175* C, 176-190* C, and 191-220* C. These changes 

disappeared ten days after exposure. 
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VIII. Multiple Intragastric Administrations of JP-4 Boiling Point 

Fraction 175-190* C 

Three male 344 Fischer rats were intragastrically administered 2 ml 

of JP-4 boiling point fraction 175-190* C on three separate occasions 

each 9 days apart. The results, listed in Table II, are those based on 

a 48 hour study. 

TABLE II 

Repetitive Intragastric Administration of JP-4 Fraction 

(Boiling Point 175-190* C). 

Oay of Loss of Urine 

Administration of Weight (gm) Volume (ml) 

JP-4 Fraction 

1 20.1  ♦ 2.1 27.0 t 3.3 

10 13.7 t 3.8 48.3 ± 8.6 

19 10.8 t 3.1 45.5 t 9.7 

During the experiment, it was noted that the rats regained back a 

portion of the weight that they had lost in the first 48 hours after 

administration of the JP-4 fraction. However, even before the 

administration of the second and third doses of the JP-4 fraction, the 

rats still had not reached their initial weight on day 1. The weight 

loss by the rats appeared to be at a maximum during the first 

administration of the JP-4 fraction. This, along with the increased 
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urine production during the second and third administrations of JP-4 

fraction, would Indicate that the rats metabolic system was gearing up 

to metabolize the JP-4 and get rid of it rapidly in the urine. The 

reduced weight loss dumg the second and third administrations of the 

JP-4 fraction could be explained by the increased amount of water 

Ingested by the rats during the metabolic study. 

IX. RECOMMENDATIONS 

The study of the effects of hydrocarbons on the kidneys showed that 

urine production was Increased with an accompanied loss of weight by the 

male rats. In addition gross pathological examination showed changes 1n 

the kidneys, while histological studies demonstrated the production of 

unusual hyaline fluid droplets in the kidneys. The effects are more 

pronounced with the higher boiling fractions of hydrocarbons. 

It is recommended that future studies start to hone in on compounds 

In these higher boiling ranges and attempt to collect them according to 

structural similarities. Individual hydrocarbons can then be looked at 

to see If the kidney effects are due to a certain hydrocarbon structure. 

An examination of the type of metabolites formed In JP-4 fractions 

should also be undertaken. This can readily be accomplished via an 

adaptation of the GC-MS so that capillary columns can be used. The 

effects on the kidneys are most likely due to metabolites, since 
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hydrocarbons are water Insoluable and would not be expected to reach the 

kidneys 1n the free or unbound to albumin state. Thus, a particular 

type of metabolites structure which can yield very reactive carbocatlons 

could be the culprit In the kidney changes. 
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SECONDARY MUZZLE FLASH IN RAPID FIRE CANNONS 

by 

Robert K. Sigman 

ABSTRACT 

The problem of secondary muzzle flash in rapid fire aircraft cannon has been 
investigated. An additional mechanism for initiation of secondary flash has been 

discovered, which is not present in single fire cannons or in single shot firings, 
which are generally used to test for secondary flash. This initiation mechanism is 

associated with blow-by or leakage of hot propeliant gas past the rotating band. 

Computer programs have been prepared for prediction of the flow field within the 

barrel ahead of the projectile and for the interior ballistics of a leaking gun. 
Recommendations are offered for further research in this area. 
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I.       INTRODUCTION 

Secondary muzzle flash occurs when the fuel rich residual propellant gas from 

the discharge of a firearm is expelled from the gun barrel, mixes with air, and 

ignites* This flash is highly objectionable, since it can reveal the location of static 

gun positions, cause loss of night vision of gun crews, and obstruct the vision of 

aircraft pilots. Clearly, a stoichiometric propellant would eliminate such a flash, 

but the overriding demand for acceptable physical properties requires that solid 

propellants for rockets and guns be fuel rich. 

The alternative is to try to prevent ignition of the fuel-air mixture by the 

addition of chemical suppressants. Addition of such suppressants results in a 

decrease of gun efficiency, and the residue of these suppressants coats the 

windshield of aircraft obstructing the pilot's vision. Thus, it is desirable to 

minimize the amount of added suppressant, and this requires an understanding of 

the mechanisms which cause secondary flash. 

Studies of firings of single shot rules «nd cannons reveal the principal source 

of ignition.  After shot ejection, the fuel rich propellant gas in the barrel is at a 

pressure on the order of  3000 atmospheres while the velocity is sonic at the 

muzzle. The geometry of the flow field of the expanding gas is shown in Figure !. 

An explanation of the physical reasons for such a flow field can be found in 

Reference 1. It is sufficient to note that the fuel rich propellant gas mixes with air 

and then passes through a normal shock wave or "Mach disk."   This normal shock 

provides rapid heating of the combustible gas mixture and frequently produces a 

small, brief flash known as primary flash even in the presence of suppressants. 

Although this primary flash is acceptable, the shock heating and primary flash 

often   lead  to   secondary  flash.      Thus,   analyses  of   secondary  flash  usually 

concentrate on the gasdynamic aspects of the flow field after shot ejection with 

varying degrees of emphasis on the mixing of the propellant gas with air, shock 

heating of the fuel-atr mixture, and ignition of  the hot fuel-air mixture.    Of 

particular interest is the analysis of Heiney and West,   which uses an interior 

ballistic code to calculate the temperature and velocity of the propellant gas 

leaving the muzzle and a simple one-dimensional mixing model.  All shock heating 

and ignition criteria are extracted from the experimental results of Cartagno. 
A 5 

This analysis and other more complex analyses •   provide reasonable estimate* for 

the amount of suppressant which must be added to a propellant.  Single shot firings 
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of the propellant-suppressant mixture are then used to verify these predictions and 

to determine the optimum amount of suppressant. 

Such techniques were used to reduce the amount of suppressant in the 

propeiiant for the GAU-8, 30 mm rapid fire aircraft cannon. Although no 

secondary flash was observed in single shot firings, flash was evident in rapid fire 

tests. Because of the previous success of such analyses and experiments, it was 

believed that an alternative ignition source was present. 

II. OBJECTIVES 

The objective of the research during the summer period was to identify the 

mechanism fo* secondary flash in rapid fire aircraft cannons. As previously noted, 

the mechanism for ignition of secondary flash in single fire cannons and small arms 

as described in the Introduction was not believed to be responsible, since single shot 

firings did not produce flash. Once the mechanism was identified, attempts would 

be made to remove the ignition source or alter the analytical model to predict the 

required amount of suppressant. Specifically, the objectives were to: 

(1) Identify the mechanism for ignition of secondary flash in rapid fire cannons. 

(2) Eliminate the source of ignition if possible. 

(3) Investigate analytical models to predict the differences between ignition 

mechanisms for single shot firings and rapid firings. 

(*)     Prepare computer codes for (3), compatible with the interior ballistics codes 

and secondary flash codes in use at Eglin AFB. 

Identification of the ignition mechanism would be accomplished by evaluation 

of data from firings consisting primarily of high speed motion pictures. 

III. IDENTIFICATION OF THE IGNITION SOURCE 

The search for the ignition source generally proceeded along two paths. Data 

from the initial rapid-firings was sketchy and it was hypothesized that ignition of a 

fuel-air mixture might be caused by a subsequent firing. High speed motion 

pictures of later firings revealed the presence of blow-by as a possible ignition 

source or, at least, a concurrent event. Each of the paths will be discussed with 

primary emphasis on the blow-by aspect. 

A.      Ignition by Subsequent Firings. 

No motion pictures were made of the initial firings.  The only data was that: 
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i) secondary flash was present, and 2) burning slivers of propellant were being 

ejected from the barrel. 

Secondary flash in single shot cannons must be self-igniting, i.e., the 

mechanism for ignition must be within the dynamics of a single shot. However, in 

rapid fire cannons, it is conceivable that firing of one barrel could ignite the 

propellant gas-air mixture from the previous barrel. In this case, the burning 

particles could act as ignition sources for the gas cloud. 

For static firings of rapid fire cannons, the propellant gas accumulates in 

front of the cannon. On the other hand, if the cannon is mounted on an aircraft in 

flight, the gas cloud will be swept back over the aircraft. Thus, the initial analysis 

was to prepare a simple flow field model to predict the location of the propellant 

gas cloud with time. 

It is known that the gas cloud from a static single shot cannon behaves like a 

moving fluid dynamic source. The source term produces a spherical expansion of 

the gas cloud. The movement of the center of the source means that the spherical 

cloud will be convected forward in the case of static firings, or backward in the 

case of in-flight firings. Rather than develop a complete model, the moving source 

model was used with two free constants: the source strength and the velocity of the 

source center. Realistic values of these two constants were obtained from 

photographs of static firings. The velocity of the source center for firings from an 

aircraft in flight was assumed to be the difference between the aircraft flight 

velocity and the static source center velocity. The static and flight models are 

shown in Figure 2. 

The results were not surprising and could have been extrapolated from the 

experimental data of Reference 7. The initial expansion (source term) from a 1 

inch diameter cloud to a 3 foot diameter cloud occurs on the order of i0~ sec. 

During the period 10 < t < 5 x 10 sec this cloud of nearly constant diameter 

convects forward or backward ^try slowly. For subsonic aircraft using high rate of 

fire cannons, the gas cloud from one barrel will remain in the path of subsequent 

firings. Thus, if ignition is caused by burning slivers, the aircraft motion will not 

alleviate the problem. 

B.     Ignition by "Blow-by," 

A second series of rapid firings, consisting of two 2% shot bursts, one *9 and 

one 9% shot burst, was conducted on June 2%, I9S3.   Two high speed motion picture 
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cameras were used to record the firings. 

Each of the 201 shots was analyzed for primary flash, secondary flash, ejecta 

(burning slivers), and ignition of previous gas cloud. Both films were used to cross 

check the data analysis. 

Two conclusions were evident from the data: 

(1) Some barrels flashed frequently, while other seldom flashed, and 

(2) Secondary flash was always preceded by a large "pre-f lash." 

Close examination using frame-by-frame analysis revealed that the "pre-flash" was 

not a primary flash which occurs after the projectile is ejected, but occurs before 

the projectile is ejected. This normally indicates that hot propellant gas is leaking 

past the rotat;ng bands, and precedes the projectile out of the barrel. Such leakage 

is generally associated with worn barrels, failed rotating bands, or hot expanded 

barrels. In this case, it was determined that the barrels were quite worn and a final 

series of firings was scheduled using new barrels. 

A final series of firings was conducted on July 12,19S3. For comparison, one 

10 shot and one 25 shot burst of "high" suppressant (standard issue) ammunition 

were fired. One 24 shot, one 59 shot, one 94 shot, and one 275 shot burst of "low" 

suppressant (nitramine) ammunition also were fired. Two high speed motion picture 

cameras were again used with one camera set up close to the muzzle. 

In short bursts (less than 52 shots), no secondary flash was observed. For 

longer bursts, blow-by was observed after about 44 shots, and secondary flash was 

observed after 52 shots. It was concluded that as the barrels heat up, they expand 

and gas leaks past the projectile so that * "flash" of hot gas precedes the projectile 

out of the barrel. This flash of hot, radiating gas is quite evident in the close-up 

movies; and it appears that after shot ejection, the propellant gases expand through 

this hot gas. 

Thus, it was decided that an analysis should be prepared for modeling the 

interior ballistics of leaking guns with consideration given to the gasdynamics of 

the flow field ahead of the projectile. 

IV.    ANALYSIS OF LEAKING GUNS 

Interior ballistics is defined as the branch of applied mechanics which deals 

with the motion and behavior characteristics of projectiles while under the 

influence of gases produced by the propellant. Because the pressure of the gas 

behind the projectile dominates the acceleration of the projectile in the barrel, the 
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gas ahead of the projectile (precursor gas) is generally ignored. 

Although the state of the precursor gas is unimportant insofar as the motion 

of the projectile is concerned, it is necessary to develop an analysis of this region 

since it is believed that this region could be responsible tor igniting secondary flash 

in rapid fire cannons. Further, it is necessary to re-evaluate the interior ballistics 

analysis because the leakage reduces the effective pressure in the chamber. 

Corner presents an analysis for the interior ballistics of leaky guns, but it is 

not presented in the formalism of current analyses. Thus, a new analysis for the 

interior ballistics of a leaky gun is developed using the nomenclature and 

approximations of Reference 2. Presumably, the results of this analysis should be 

equivalent to Corner's results. 

A.     Precursor Analysis 

As a non-leaking projectile accelerates down the barrel, compression waves 

are generated which coalesce to form a shock wave. This precursor region is shown 

in Figure 3, for a typical gun condition. A description for this flow field is given by 

the classical piston problem in Liepmann and Roshko. 

The question arises as to how this region changes when high pressure, hot 

propellant gases leak past the projectile. It is clear that the velocity at the "leak" 

is sonic and the flow into the region ahead of the projectile is supersonic. At this 

point numerous isentropic models such as expansion to the full barrel area, and 

expansion to atmospheric or "shocked" pressure, were considered but rejected due 

to discrepancies. For example, isentropic expansion to the full barrel area would 

give a gas with a high velocity but sub-atmospheric pressure. 

A realistic (and consistent) model is shown in Figure k. In addition to the 

usual shock generated by the motion of the piston, a second shock is formed at 

some point on the projectile. 

Referring to Figure 4, the high pressure, high temperature gas from Region 1 

leaks past the rotating band. The flow in Region 2 is expanding supersonically with 

decreasing temperature and pressure. The flow then shocks to Region 3, expands 

subsonically with decreasing velocity and increasing pressure to a final region, 4, at 

the full barrel area. The final velocity (Region 4) is slightly higher than the 

projectile velocity and the temperature is nearly the stagnation temperature of 

Region 1. Regions 4 and 5 are separated by a contact surface, so that the pressure 

and velocity in Regions 4 and 5 must be identical. Note that the temperatures, 
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densities and gases are different. The final moving shock separating Regions 5 and 

6 lowers the pressure to atmospheric pressure and drops the velocity to zero. 

For actual calculations, the location of the projectile shock must be 

determined by trial and error. For given stagnation conditions, leakage area and 

projectile velocity; calculations proceed from Region 1 to Region 6 using one- 

dimensional compressible flow relations with an assumed projectile shock 

location. If the gas in Region 6 is computed to have atmospheric pressure, the 

correct projectile shock location has been determined. 

Two computed solutions are shown in Figure 4 for large, and small leakage. It 

is satisfying to note that as the leakage decreases, the flow field approaches the no 

leak flow field shown in Figure 3. Further, at the contact surface between the hot 

propellant gases (Region 4) and the warm air (Region 5), combustion (which is 

visible in motion pictures) is possible. 

B.     Interior Ballistics Analysis 

The interior ballistics codes used by the Air Force have been developed for 

non-leaking projectiles and must be modified to account for leakage.  The changes 

involve a restatement of the energy equation and the burning rate equation. 
fl 10 Let the leakage flow rate be denoted by W. Then it can be shown that ' 

„"i 

W - PtStVt = *prSt(RTr) 
,-fc (1) 

where 5  is the leakage area, pt and V\ are the throat density and sonic velocity, p 

and T  are the stagnation pressure and temperature in Region 1 and $ is a function 

of f , the specific heat ratio. Thus, for an assumed leakage area, the flow rate is 

dependent only on the current chamber conditions. 

Let $ be the mass of propellant gas generated by combustion and N be the 

mass of propellant gas remaining in the chamber. Thus, 

d*    dN    w (2) 

and as usual 

* ■ >PV (3) 

where P   is the propellant density, S   the exposed surface area, and r the burning 

rate. 
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Consider the control volume containing the combustion chamber as shown in 

Figure 5. For this volume, the energy equation is: 

"Q+ f  ^{pe +f py2}  dV+    f (h4v2j   Pv"dS = ° W 
V S 

Since the volume is independent of time, the time derivative can be taken 

outside of the volume integral.   Within Region 1, the volume can be considered to 

consist of three sub volumes of "gas." Sub volume a consists of a true gas of mass N, 

volume V-t and temperature T.   Subvolume b consists of a dense pseudo gas of 
C a 

mass ( •—   - <J>), temperature T   and voiume"V\.   Volume b thus is a gaseous 

representation of the burning propellant.  Volume c, representing the projectile, is 

a very dense gas of mass M , volume V , negligible temperature and uniform 

velocity V . The volume integral can thus be written as 

*■ |NCVT + (T-*) CVV7^T
P 

+ J2Sv2Adx+i-MpVp
2J (J) 

and the volume integral over a portion of Region 4 is also neglected. Note that the 
C 

kinetic energy of the gas (the integral over volumes a and b) consists of mass -£- + 
o 

N - 9. If we neglect the loss in mass, the kinetic energy expression from Reference 

2 can be used. Thus Equation (5) is written as 

at 
V /M dV = 

dV 

s£T-V0f?-MAVp^ W 

and M. is the "apparent mass" of the projectile. Noting that the temperature T is 

considered to be the "stagnation" temperature, and the mass flux through the 

control volume is W, the surface integral in Eqation (4) is 
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/ 
h+^V2 

"v-dS = cPTW = Ä; w 
(7) 

where M^ is the molecular weight and R is the universal gas constant. 

From Reference 2, the heat loss is 

dVn 

-Q = *MAVp -af (8) 

Thus, Equations (<0, (6), (7), and (8) can be combined to give the energy 

equation for a leaking gun: 

w„w- cf-(1^'?-1)MA^ 'W "W 

-  Y^PrSt(RT)h 

9 
which agrees with Corner's  expression. 

Note also that if S  = 0, Equations (2) and (3) reduce to 

dN    « w 

and Equation (9) reduces to 

RT dV. 

(9) 

(10) 

(11) 

Equations (10) and (11) are used in Reference 2* Thus Equation (9) is consistent with 

References (2) and (8). 

V.      IGNITION MODEL 

At this point, computer codes are available for computing the flow field 

ahead of a leaking projectile and for computing the interior ballistics of a leaking 

gun. The interior ballistics program uses a time-dependent procedure which 

tracks the build-up of pressure in the chamber and motion of the projectile with 

time*    Assuming equilibrium at each time step, the flow field ahead of the 

85-11 

> v vvVvv* • vV .'V .- -\* v v*r*.>* 
."•".-."•■   ,\       •     '       \ 



projectile could also be developed with time. 

However, as a first attempt at obtaining an ignition criteria, a simple flow 

model was employed. It was assumed that the leak is very small, and that the hot 

gas bleeds into the region ahead of the projectile at the instantaneous stagnation 

temperature and at the instantaneous projectile velocity. Thus, at anv time, the 

gas ahead of the projectile has an average temperature given by: 

T = 
jTWdt 

r Wdt 
(12) 

where, W, defined in Equation (1), is computed at each time step. 

After the projectile leaves the barrel, the precursor gas temperature and the 

propellant gas temperature are computed. For non-leaking guns, the propellant gas 

is assumed to mix with cool air to form a fuel-air mixture with mixture ratio, r, 

and temperature, T. This mixture is compared with experimental ignition 

temperatures, T. , at various mixture ratios to determine whether the mixture 

will, may, or will not flash. 

For leaking guns, the simple flow model compares both the precursor 

temperature and the propellant temperature with experimental ignition 

temperatures. As an indication of the approximate leakage area, S , it is known 

that leakage decreases the muzzle velocity by 200 ft/sec. Calculations with the 

leaking interior ballistics codes indicate that the corresponding leakage area is 

0.0003 in . This is reasonable since, if the rotating bands were not present, the 

leakage area would be about 0.003 in . 

As would be expected, the leaking gas decreases the temperature of the 

propellant gas and slightly reduces the tendency of the propellant gas to f lash (See 

Fig. 6). However, the precursor gas temperature predicted by Equation (12) is quite 

high ("* 1830°K ), so that the precursor will always flash. In fact, motion pictures 

show it to be ignited within the barrel. Thus the simple precursor ignition model 

does not seem to indicate a simple criterion for ignition by the precursor. 

VI.     RECOMMENDATIONS 

The problem of secondary flash in rapid fire aircraft cannons has been 

investigated.    Motion pictures revealed that concurrent with the occurrence of 
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secondary flash is the appearance of "blow-by" or hot propellant gas leaking past 

the projectile. This hot gas appears to be the ignition source for the remainder of 

the propellant gas wh'ch is expelled after shot ejection. This event is not generally 

encountered in single fire cannon tests, which are used to test for secondary flash. 

Analyses of the gasdynanics of the regions ahead of and behind the projectile 

for a leaking gun L ve been de /eloped. A limiting case for the region ahead of the 

projectile has been combined with the'Meaking" interior ballistics codes to predict 

ignition of the precursor gas. This model did not produce a reliable criteria for 

predicting secondary flash, due to the simplicity of the precursor model. 

It is recommended that the complete precursor gas model, including 

expansion of the precursoi region, be interfaced with the interior ballistics codes to 

produce more comprehensive calculations. Further, the shock heating model used 

to predict heating of the fuel-air mixture should be adjusted to account for the 

lower pressure (weaker shock) of the precursor gas. 

In single shot testing, "good" barrels are normally used to prevent facility 

damage by erratic projectile trajectories. If measures are employed to prevent 

such damage, worn barrels could be used to allow "blow-by" on single shot firings 

and to test for "optimum" suppressant amounts. 
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POROELASTIC MODELS OF THE INTERVERTEBRAL DISK 

by 

Bruce R. Simon 

ABSTRACT 

Analytical, experimental, and finite element models were developed 

for spinal motion segments including the vertebra and the intervertebral 

disk (IVD). The cortical and cancellous bone were assumed to be elastic, 

whereas the disk tissue (nucleus and annulus) were assumed to behave 

"poroelastlcally" as deformable porous solids through vhich a fluid can 

flow. Simple one-dimensional poroelastlc models were used to estimate 

mechanical parameters for creep response data for rhesus IVD's (L. - L 

level). A prototype axisymmetric finite element model of the rhesus IVD 

(L- - L level) vas developed. Deformation, internal stress, pore fluid 

pressures, and pore fluid motion results were obtained for spinal motion 

segments in axial compression subjected to static, step (creep), and 

steady-state (sinusoidal) loading. The results of this project demon- 

strate that meaningful poroelastlc models can be developed vhich will 

allow a detailed consideration of the mechanics of spinal motion segments. 

Models of this type will be applicable to the scudy of aircraft ejection 

phenomena; crash Injury; disk degeneration, enucleation, end herniation 

processes; as well as provide s fundamental understanding of the relation 

of possible fluid motion In the disk to internal stresses, pressures, and 

pathways for transport of materials to and fro« the avascular regions of 

the IVD. 
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I.  INTRODUCTION 

The spine is a complicated, dynamically loaded system composed of a 

regular pattern of spinal motion segments (SMS). Each SMS has an inter- 

vertebral disk (IVD) acting as a relatively soft tissue structure between 

the more rigid boney vertabral bodies.  Structural models for the SMS are 

of practical importance in the following studies: aircraft ejection 

events and ejection seat design, long-term structural fatigue in the 

spine, spinal crash injury analysis, lower back pain syndromes, and (IVD) 

hemiation and enucleation. Such models will also allow the study of the 

fundamental mechanics and behavior of "normal" and "degenerated" disks. 

Finite element models developed in conjunction with experimental models 

can be effective in predicting deformations and stresses in the spine. 

Various analytical, experimental, and finite element models have been pro- 

posed for the SMS that were based on elastic and viscoelastic material 

response models. Such models are somewhat phenomenological and do not 

give a unified, physically based description of observed disk characterics 

such as incompressible nuclear material behavior, fluid motion in the 

disk, and long-term creep. In this report the IVD was viewed as a poro- 

plastic, two-phase material composed of a deformable porous solid phase 

through which a fluid phase is allowed to flow. This "biphasic" model 

gives a physical basis for the observed history-dependent SMS response by 

associating relative fluid flow losses with hydraulic permeability in the 

IVD tissues.  Finite element models based on this poroelastic allow de- 

tailed representation of materials, geometry, and boundary conditions and 

can predict deformation, stresses, and in particular pore fluid motion in 

the IVD. What is needed now are (1) a quantitative description of the 
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materials in the SMS (including a poroelastic material model for the IVD) 

and (2) a concurrent development of the corresponding methods for finite 

element analysis of the SMS. 

II. OBJECTIVES 

The AFAMRL has been active in the development of experimental, ana- 

lytical, and finite element modeling of the spine and SMS's. The objec- 

tive of the research described here was to expand these efforts in the 

following areas: 

A. Mechanical parameter identification and quantification. Avail- 

able experimental creip data was considered using a poroelastic model 

developed to describe the soft tissues of the nucleuj and annulus. 

Creep response data for rhesus monkey SMS's (L- - L« level) was evaluated 

using several types of analytical poroelastic models and mechanical pro- 

perties were identified and quantified. 

B. Finite element, analysis. A prototype axisymmetric finite ele- 

ment model (fern) was generated for the L2 - L~ level rhesus SMS. The fern 

represented the cortical and cancellous bone of the vertebral bodies as 

elastic materials, whereas a poroelastic material model (based on the re- 

sults of A.) was used to represent the nucleus and annulus of the IVD. 

This fem was used to predict the static, transient creep, and steady- 

state structural reponse of the SMS. 

III.  SUMMARY OF THE THEORETICAL BASIS 

The poroelastic models described here are based on the theory of 

Blot1 which can be expressed in a matrix notation in terms of the dis- 

placement of the solid phase u, and the relative fluid displacement vector 

w.  The coupled, dynamic equilibrium equations for the two phases are 
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(no body forces) 

T     "    ** " ®£—       -1» 
L o ■ pu + pfw and V*rrf ■ pfu + -JTW + k w (1) 

T 
where the solid strain e - Lu and fluid strain 5 - V w are related to the 

total stress o and pore fluid pressure irf via a linear, isotropic consti- 

tutive law of the form 

A T 

0 - De + aQmc and 7rf « aQm e + Q; (2) 

In the above L, 7, and m are matrix forms for operators of spatial par- 

tial derivatives, and the del operator, and the Kroneker delta, respec- 

tively, and superposed dot implies a time partial derivative. Equation 

(2) can be written as 

g ■ De + am TTf where D-D - a2Qmm (3) 

Here D is the "drained" material stiffness matrix containing the drained 

elastic modulus and Poisson ration, E and v. Parameters a and Q are ad- 

ditional material constraints (described by Blot1'2 and Simon, et al.3*4). 

the remaining material properties are the permeability k, the porosity n, 

and the overall density p ■ (l-n)p + nP- where p and Pf  are the densi- st      s    r 
ties of the solid and fluid phases. Boundary and initial conditions com- 

plete the description of the boundary value problems. 

A fern can be utilized to discretize the above equations. Spatial 

interpolations using shape functions N and N for displacements are 

u ■ N 0 and y ■ N w(in terms of nodal displacements u and w) yielding 

discrete dynamic equilibrium equations in each finite element of the form 

Mr + Cr + Kr - R (4) 
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where       r ■ [u |w ] and M, C, K, and R are consistent mass, damping, 

stiffness, and load matrices (see Ghaboussi and Wilson5). The assembled 

form of equation (4) is a very large set of coupled, ordinary differen- 

tial equations that can be integrated in time given R(t) and appropriate 

boundary and initial conditions.  Solutions are obtained for (a) static 

analysis with R * RQ by solving Kr - RQ; (b) for quasi-static transient 

creep analysis with R ■ R l(t), step loading, by solving Cr + Kr - R l(t); 

and (c) steady-state analysis with R ■ R e^1*, oscillatory loading and 

displacements r « r eJü) , by solving [-w2M + jwC + K]r ■ R with 

j = /-T and a) ■ frequency. Full dynamic solutions for transient analysis 

are obtained by applying appropriate time integrators (explicit, implicit, 

staggered, etc.) to equation (4) for given R(t). 
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IV.  REPRESENTATIVE RESULTS 

A. Creep models. Equations (1) - (3) can be written in the form 

of a single diffusion equation for a one-dimensional model of a creep 

test on the SMS. A series solution following Blot2 was obtained and used 

as an analytical model for the observed creep in three rhesus SMS's 

(L2 - L- level). The experimental data (provided by E.P. France6) was 

analyzed using this model and a minimization search program (based on the 

method of Powell7) determined optimal values (in the laast squares sense) 

for material parameters E, k, and the fluid bulk modulus K. for given 

values a, v, and n. Here note that Q - [n/Kf + 3(l-2v)(a-n)(l-a)/E] . 

Figure 1-A shows the analytical fit of experimental data for one rhesus 

SMS (#0AIAA). Figure 1-B depicts the creep response (model and/or ex- 

perimental) for all three SMS's considered here. Analytical and experi- 

mental response curves were virtually identical after search. The 

average values for material properties were E - 0.106 x 107 N/m2, 

k - 0.275 x 10~15 mVNs, and Kf - 0.140 x 10
8 N/m2 (with o - 0.9, 

v ■ 0.45, n - 0.7 and step loadiug of 66.72 N - 15 lb for all disks). 

These values are similar to values reported in the literature by Urban 

and Maroudas8 and by Mow, etal.9 permeability and elastic modulus of 

soft tissues. However, the value for Kf is well below that of water im- 

plying that the pore fluid in these disks may be compressible. The 

values of these parameters are useful in interpreting one-dimensional 

test results, but must be reconsidered (see below) before being utilized 

in two-(or three) dimensional structural models of a SMS. 

B. Finite Element Model. Figure 2 shows a prototype axisymmetric 

fern of a representative rhesus SMS at the L2 - L3 level. The fem is com- 
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posed of 121 nodes and uses 99 four-noded quadrilateral elements plus one 

triangular element. At the outset, some of the results reported here will 

be improved by using more refined grids in future fern's. The vertebrae is 

composed of an elastic cancellous core surrounded by a thin elastic cor- 

tical shell. The nucleus and annulus were represented as poroelastic 

materials. The material properties of A. were used as first estimates 

for the response of the IVD fern. Values for these one-dimensional fit 

parameters were then adjusted in the fern until reasonable agreement was 

obtained between fern and experimental creep response for the three rhesus 

SMS (see Figure 1-B). The final adjusted poroelastic properties of the 

annulus were EA - 0.201 x 10
7 N/m2, kA - 0.692 x 10"

1S mVNs, 

Kf - 2.21 x 109 N/m2, vA - 0.45, <*A - 0.9, nA - 0.7. Here Kf is elevated 
A 

significantly. Further research should be initiated to determine values 

for K in models of this kind. The nucleus was assumed to have identical 

properties except the elastic modulus was reduced to E ■ 0.201 x 105 N/m2 

to simulate a more "fluid-like" nuclear behavior. Elastic proper- 

ties of the vertebra were E   * 1.75 x 107 N/m2 and E   ■ 3.3 x 108N/m2 
can cort 

for the cancellous and cortical bone, respectively and v   ■ v    «0.25. 
can   cort 

Symmetrical displacement boundary conditions were assumed for the solid 

and fluid phases in the fem(see Figure 2). The pore fluid was allowed to 

flow freely between the nucleus and annulus and the disk and vertebrae. 

No flow was allowed at the outer boundary of the disk. Static, step 

(creep), and oscillatory uniform traction was applied at the "top" (mid- 

centrum plane) of the fem and deformation, stress, and pore fluid motion 

were calculated in each case using the solution schemes discussed above. 

Only a representative sample of the results will be described here with 
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more details to appear in subsequent publications. 

The creep analysis using the fern revealed an interesting transient 

history of deformation, stress, and fluid motion associated with the 

long-term creep of the SMS. Figure 1-B shows the fern creep displacement 

vs. time results. Figure 3 shows a typical deformed shape of the rhesus 

SMS and the corresponding relative flow field in the IVD after 84 minutes 

of creep have transpired. Bending in the cortical shell and deformation 

of the cancellous core in the vertebra, bulging of the disk and deforma- 

tion of the nuclear-annular border associated with creep are apparent. 

The fluid motion (relative to the deforming solid) in the disk indicates 

that the creep response is associated with flow from the disk into the 

vertebral body as well as with the flow radially outward from nucleus to 

annulus. the model indicates that after 84 minutes, minimal flow has 

developed in the central interior region of the nucleus due to the very 

low nuclear permeability. Greater flow Is present in the annulus at this 

time (even though annular permeability is also very low) due to deforma- 

tion of the tissue and its interaction with the flow in the pores. 

Figure 4 is representative of the large amount of stress analysis 

data obtained. Figure 4-A shows a    contours associated with the static 

analysis and Flgvre 4-B shows the "effective" von Mises stress contours 

(after 84 minutes of creep) as an indicator of spatial stress level 

variations in the SMS. Here "effective" stress is taken in the soil 

mechanics usage (see Blot1) for the poroelastic disk, i.e. effective 

stress g' Is the portion of the total stress o in excess of the local 

fluid pressure (here o1  ■ o-ai.) and is associated with failure analysis 

in porous media. The von Mises formula is then applied to the components 
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ofo 'to give a single number to represent effective stress level at a 

point in the fem.  Inspection of Figure 4 reveals regions where stress 

levels are elevated, e.g. at t - 84 minutes a number of areas in the 

vertebral cortical shell are highly stressed due to bending. A region of 

elevated stress occurs at the outer mid-line of the annulus. Comparison 

of effective von Mises stresses with material strength may give an indi- 

cation of possible areas where failure is likely in the SMS, e.g. the 

location of stress concentration at the side of the fern corresponds to 

observed failure sites in the SMS. 

It is important to note that transient analyses of impact load con- 

ditions (similar to the creep study above) can be carried out using this 

type of fem and time integration of equation (4). The computer program 

used here has been applied successfully to such problems in soil 

mechanics where dynamic effects and stress, waves are of importance. 

Short term transient applied stress histories (associated with ejection» 

crash, etc.) could now be applied to the present fem and the corresponding 

deformation and stress time sequences could be calculated. 

Other results were also produced using this fem. The static analy- 

sis revealed displacements and stresses sir'lar to the creep study above 

with the exception of the fluid flow field. The relatively low values 

for permeability yield an "undralned" steady-state pore fluid flow field 

where w = 0 in the "normal" disk over a wide range of frequency. This 

condition corresponds to the observed "incompressible" response of the 

nucleus. Steady-state fem results exhibited impedance and phase angle 

versus frequency trends that were very similar to experimental data re- 

ported by Kazarian10 for SMS's - again supporting the validity of a 
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poroelastic soft tissue model. Pore fluid pressure contour plots suggest 

that positive values for TTf (i.e. tension) may develop in the IVD.  The 

possible significance of this is currently being studied. 

2.  RECOMMENDATIONS 

The sample results presented here demonstrate the potential and the 

feasibility of carrying out structural analyses of SMS's using analyti- 

cal, experimental, and finite element models based on a poroelastic 

material model for the IVD. Recommendations for continuation of this 

project are in the following specific avenues of research: 

1. Experimental and the associated data analysis modeling should be 

expanded. The initial linear views of the observed material response in 

a SMS can now be broadened to include directional effects (anisotropy), 

nonlinearity (both geometric and material), as well as inclusion of fluid 

viscosity and lineir and nonlinear viscoelasticity in the solid phase 

in addition to the incorporation of nonlinear flow losses (k not con- 

stant) in the porous media material model. Further development of creep 

tests, volumetric compliance tests, Jacketed and unjacketed material 

tests, (see Blot1*2), etc. should be undertaken. Analytical and ex- 

perimental programs should be developed in parallel to provide more 

realistic and meaningful structural models. Further, attention should 

be devoted to producing more accurate two*(or perhaps three-) dimensional 

data analysis schemes. The application of the finite element model in an 

"inverse sense" to determine material properties (see Iding, et al.11) 

is a promising approach to this aspect of analytical-experimental 

modeling efforts. 

2. Further work should be initiated to extend the prototype fern 
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described here when the more detailed and accurate material descriptions 

of 1. above become available, anisotropy, nonlinearity, viscoelasticity, 

fluid viscosity, etc. can be introduced into an improved fem. Current 

linear models can readily be extended to study shorter duration, transient 

events (related to ejection, crash, parachute opening, etc.) Further 

development of steady-state and transient creep fern's should provide 

information regarding possible structural fatigue in the spine. Possible 

mechanisms for IVD degeneration might be simulated and studied by vary- 

ing mechanical parameters in the fern of a SMS. Kazarian's data12 suggests 

a relation between degeneration and elevated disk permeability k. Values 

for k could be increased in the fern and the resulting changes in struc- 

tural response (deformation, stress, pore fluid flow) could be predicted 

and assessed. Similar fern's with "normal" mechanical properties will 

provide insight regarding the "normal" mechanics of a SMS. The predic- 

tion of flow fields in a normal IVD will yield an insight into possible 

paths for transport of materials to cells resident in the avascular 

interior disk regions. Simulation of possible mechanical changes in 

these paths in a fern would be useful in the study of pathological con- 

ditions in a SMS. Future fern's could be developed to study the disk 

herniation process or the prediction of the structural effects of disk 

enuclea-ion (either by surgical or chemical means). Eventually, three- 

dimensional fern's could be developed for consideration of problems where 

a very detailed prediction of the structural response of the spine (or 

its individual SMS's) is required. Such three-dimensional fern's can only 

be generated by building upon the experience gained from two-dimensional 

fern's and the associated data analysis and experimental modeling efforts. 
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ABSTRACT 

Data from actual space flight studies have demonstrated functional 

abnormalities and changes of the cardiovascular system immediately post- 

flight. Interest lies in what occurs to the body during exposure to zero 

gravity that could account for these p  -flight alterations in cardio- 

vascular functions. During zero gravity or head-down rest, the hydro- 

static intra- and extravascular pressure gradients that are normally 

present in the upright position are abolished or minimized. This causes 

a headward shift of body fluids from the lower portions of the body cavity. 

This massive fluid shift induces adaptive changes in other body systems, 

such that reexposure to normal gravitational forces produces signs of 

of orthostatic intolerance. These adaptive changes include the following: 

inhibition of the renin-angiotensin and ADH systems, diuresis, decreased 

blood volume, weight loss associated with diuresis and decreased blood 

volune, inhibition of sympathetic activity due to decreased levels of 

circulating catecholamines and increased activity of the carotid sinus 

nerve, decreased stroke volume, no change (or slight increase) in 

arterial pressure, cardiac output, or the contractile state of the heart, 

compensatory bradycardia, increased right and left atrial filling pressures 

and central venous pressure, increased left ventricular end-diastolic 

volume and left ventricular ejection fraction, decreased leg volumes and 

increased forearm volumes. Preliminary studies were done on a dog and the 

expected changes in the cardiovascular parameters were found. Contractility 

of the heart increased, left ventricular pressure increased, left ventric- 

ular end-diastolic pressure increased, heart rate decreased, renal blood 

flow and carotid blood flow increased, and systemic arterial pressure 

increased after the dog was tilted five degrees heau down for one hour. 
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I. PTOODUCTim: 

The major focus of the experiment will be to compare responses to 

zero gravity and orthostatic tolerance post-tilt between individuals with 

different fitness levels. Understanding the mechanisms involved requires 
elucidation of changes in plasma rerun-angiotensin levels, plasma catechol- 

amine levels, body fluid shifts, and segmental volume changes. As a result, 

further significance could be drawn from this study regarding the use of 
the head-down tilt method as a means of pre-flight preparation for the 
pilot. 

With the advent of manned space flight new questions have arisen as 

to the effects of zero gravity on human cardiovascular function. The 

adaptive responses of man to this new type of environment involve many 

interrelated and complex organ systems. Data from actual space flight 
Cy studies have shown no signs of severe cardiovascular impairment but 

functional abnormalities and changes of the cardiovascular system have been 

demonstrated inmediately post-flight.6,9,24,30,31,32 Interest lies in 

what occurs to the body during exposure to zero gravity that could 

account for these post-flight alterations in cardiovascular function. 

Because of time, method, and other limitations during actual space 

flight studies, it is necessary to develop ground-based simulations of 

weightlessness. Bed rest and water iinnersion both produce the same human 

responses as those seen with prolonged exposure to zero gravity. However, 

recent Russian and American studies have demonstrated that a slightly 

head-down position (from -4° to -6°) produces effects qualitatively 

similar to those of bed rest except that the adaptation is accelerated. 

During short-term experiments head-down tilt produces a greater degree 

of cardiovascular deconditioning than horizontal bed rest of equal 

duration. Water iinnersion has also been used to simulate zero gravity, 

though there are problems inherent in this technique. Prolonged immersion 

is logistically difficult because of skin lesions due to maceration and 

presence of hydro static pressures alters respiratory mechanisms. The 

temperature of the bath is also critical. Thermoregulatory mechanisms 

disturb the hydrostatic effects if the bath is not thermoneutral, i.e., 

kept at 33-35° C. In general, the comparisons of the effects of space 
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flight and head-down tilt support the use of tilt as a simulation method 

for cardiovascular studies since it, rather than bed rest and water inroersion, 

most closely resembles conditions during weightlessness. 

During normal erect posture most blood volume is usually maintained 

below the level of the heart. Under zero gravity or head-down rest there 

is a headward shift of body fluids form the lower portions of the body. 

» » » i " *   Therefore, blood tends to pool in the thoracic cavity. 

This massive fluid shift induces adaptive changes in other body systems. 

These changes are referred to in Figure 1 below. 

fHYSIOLOCICAL RESPONSES TO HEAP-DOWK TUTIMC(-^°) 

HORIZONTAL (Byline) 

e 
Mnln- 
Anglotenaln 
• nrf 
AUH   ayateur 

\A v\ v Stroke     'yCobpiBM-  7 Xo   chfugrl'-* 
U\       tory       U In  JtVTtDP 
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circulating ©CVF 
catctHolaplnea 

Ko   change 
In  arterial 
prenuri, 
Q,   er 
contractile 
•tat*  of 
the  haart 

FIGURE 1 

IXie to the ambitious nature of this project, time limitations and 

necessary approval of this protocol from the Human Use Conmittee, this 

study was not carried out this simmer, but will be done next sureier under 
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the same USAF-SCEEE Summer Support Program sponsored by the Air Force 

Office of Scientific Research. What follows is the proposed protocol 

for this experiment. 

However, a preliminary study involving dog models was undertaken 

this stumer and results showed the expected relative changes in the 

cardiovascular system of the dog when it was tilted 5° head-dowi. 

A study similar to the one outlined here using trained and un- 

trained dogs instead of human subjects as the experimental models is 

currently being written for an AFOSR mini-grant and if approved it 

will be conducted in the fall and winter of 1983. 

II. OBJECTIVES; 

The objectives of this experiment are to determine if individuals 

of different working capacities respond differently to head-down tilting 

and to elucidate the time course of volume changes in the right and left 

heart, so that a correlation between these changes with other biochemical 

and physiological changes may be made. In this way a clearer under- 

standing of the mechanisms involved with volume regulation might be 

brought forth. 

III. PROCEDURES: 

A.) Human Study: The experiment will use a radionuclide cardio- 

vascular imaging technique that will measure blood volume changes in both 

the right and left heart. Individuals undertaking this protocol will 

undergo and baseline stress thallium scan and baseline multiple gated 

radionuclide angiogram (MUGA). MUGA's performed during the experiment 

will require injections of technetium (Tc ^ which will be administered 

periodically throughout the testing period if the nuclear tag elutes 

rapidly from the individual's red blood cells. The total expected dose 

of radiation will be from 1.845 FADS to 2.295 RADS. One week prior to 

the actual declination study the subject will perform a maximal 

exercise stress test on the bicycle ergometer so that aerobic capacity 

can be determined and a baseline stress thallium scan and MUGA can be 

performed in order to study rigfrt and left heart functioning. The 

attenuation factor will also be determined. 
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The subject will be asked to report to the bedrest facility at 0800 hrs. 

on a pre-selected day. He will spend approximately 28 hours in the facility 

and will be released by approximately 1200 hrs. the following day. Upon 

entering the bedrest facility the subject will recline in a horizontal 

position on a tilt-table. He will be instrumented with a standard twelve 

lead EGG, blood pressure cuff and strain guages to measure anthropomorphic 

changes. The first injection of techietium will be made and baseline 

measurements will be taken including biood and urine samples, (see Figure 2) 

The subject will then be tilted 5° head-down rind data collection will 

take place every 15 minutes for the first hour, every 30 minutes for the 

next two hours, and once every hour until 1700 hrs. No data will be 

collected during the night. The following morning at 0800 hrs. there will 

be another collection of data. A repeat injection of technetium will be 

necessary since its half-life is only 6 hours. At 0900 hrs. the subject 

will return to the horizontal position upon which data will also be 

collected. A post- maximal exercise stress test on the bicycle ergo- 

meter will be conducted and right and left heart functioning will be 

studied. 
TIMELINE 

K* 
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Hie approach taken in this protocol will allow elucidation of 

the time course of volume changes in the right and left heart and possible 

correlation between these changes with other biochemical and physiological 

changes. 

B.) Dog Study; A healthy mongrel dog(17.6 kg) was used as an 

experimental animal. The animal was anesthesized with thiamyl sodixm 

(10 mg/kg i.v.) and ventilated under positive pressure through a cuffed 

endotracheal tube with a standard volume animal respirator (Harvard 

Apparatus, Waltham, MA). The animal was positioned on the right side 

and an incision was made on the left hind leg to expose the saphenous 

vein into which a catheter was inserted. The catheter was connected to 

a two-way stopcock so that additional thiamyl sodium could be added to 

effect. The dog was then placed on its side and a small neck incision 

was made. The right cannon carotid was exposed and a pulsed Doppler 

flow probe tied into place. Careful attention was paid to assure normal 

carotid artery flow velocity with no constriction. The pulsed Doppler 

flow probe was calibrated in terms of Doppler frequency shift. A baseline 

zero can be established and a linear relationship between flow and 

frequency shift has been established in vivo(17). A Doppler flow probe 

was also placed on the right femoral artery under direct vision. Pre- 

caution was taken to prevent arterial constriction. The dog was again 

positioned on the right side and a left flank incision made through 

which the left renal artery was identified and encircled with a pulsed 

DTP?er flow probe. As w*th the other flow probes, careful attention 

was taken to avoid constriction of the artery. A catheter was ii serted 

into the dog's urinary bladder so that urine output could be measured. 

Next, a catheter was inserted into the left femoral artery and threaded 

pu into the aorta for mea«ur"«r,nt of t^e svsfraic arterial pressure 

(Statham p23Db pressure transducer). Electrocardiograph^ (BCG) lead 

AVF was established through a needle lead in all four limbs. A left 

thoracotomy was performed through the fifth intercostal space and the 

heart was suspended in a pericardial cradle. With the aid of a purse 

string suture, a solid state pres-ur- tr-raduccr (Koingsberp P-7, 
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Pasadena, CA) was inserted through a stab wound into the left ventricular 
apex. 

7f The instrumentation allowed for measurement of left ventricular 

pressure (LVP), left ventricular end diastolic pressure(LVEDP), systemic 

arterial systolic and diastolic pressures(SP and DP), heart rate(HR), 
renal, carotid and femoral artery blood flow (FF,CF,FF), urine output 

and calculation of the first derivative of left ventricular pressure 

(LVdP/dt). Recordings were made on an eight channel recorder(Gould brush 

X<1 mark 200). 
Following instrumentation, control baseline measurements were made 

for five minutes of LVP, LVEDPtSP,EP,HR,CF,RF, and FF with the dog in 

the horizontal position. The dog was then tilted 5° head-down. Measure- 

ments were taken every five ndnutes for one hour. After one hour head- 

down the dog was then brought back up to the horizontal position and measure- 

ments were taken at five and seven minutes post-tilt. After the last 
measurements were made, the dog was euthanized with a saturated solution 

of potassium chloride. 

IV. RESULTS: 

The results obtained from this experiment show the expected changes 

in the cardiovascular parameters. The contractilitv of the heart 

incr^as^d, left ventricular pressure increased, left ventricular end 
diastolic pressure increased, heart rate incr^aspd, RF and CF increased, and 

SP and OP increased after the äog was tilted 5° for one hour. Most of 

the changes occurred during the first 30 minutes head-down and then 

leveled out for the r*st «f the hrur. When **he dog was hi jugjht back 

UD to the horizontal position, no change in the readings were evident 

within five and seven minutes. 

V. REOMfUDATICKS: 
Despite the many studies on man's adaptation to simulated zero 

gravity, no conclusive evidence exists as to the effect of physical 
fitness on this response to zero gravity. Although objective comparisons of 

athletes and non-athletes give variable results, it has been suggested 

'# 
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that the more physically fit person (high VO2) is less tolerant to 

orthostatic stress when volume depleted as a result of diuresis during 

head-down rest. This loss of blood volume is analogous to heat-related 

volume loss(6,18,19,33). 

The investigators in this study would eventually like to find out 

if, in fact, there are relative physiological and b^ochenr'ca1 dvng°s 

between trained and untrained subiects, dog and human, and *f sn, tn 

what degree t^es*» par-ampte^s vary when thp suhje^ts <>o from ♦"he horizontal 

position to a 5° head-down position. Understanding the mechanisms 

involved require« elucidation nf changes *n plasnta r°nir>-angintensir» 

level«, piasnia cate^holanHne levels and hodv fluid shifts. As a result, 

further significance could be drawn from this study regarding the use 

of the head-down tilt method as a means of pre-flight preparation for 

Studies have shown that increased activity of the carotid sinus 

nerve due to hvpervolemia (?3,^5) or manual stimulation with electroHes 

(kl*  results in a r*fl<»x decrease in the force of atrial systole by 

a decrease in sympathetic activity to the heart and an increase in 

efferent vaeal activity to the heart. A suggestion for follow-up 

research wnuld be to isolate the carotid sinus nerve in an animal 

model. A small neck incision could be made to expose the left internal 

carotid artery at its origin where there is a bulbous enlargement. the 

carotid sinus, which is about 3 ran in diameter and A ran in length (25). 

It contains an afferent fiber called either the carotid sinus nerve or 

the Hering nerve which is a branch of the glossopharyneeal nerve (IX). 

A microelectrode could then be placed on the carotid sinus nerve to 

measure its electrical activity. Then one could determine if it was 

stimulation of the carotid sinus nerve or the reduction in circulating 

catecholanines that decreases sympathetic activity to the heart resulting 

in an attenuation of the force of atrial systole. 
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PINHOLE BEAM SENSORS II 

by 

James Eldon Steelman 

ABSTRACT 

Several different mechanizations of plnhole sensing of neutral particle 
beams were presented. Possible scintillators are examined and a scjntillator 
followed by a "bent microscope" and a CCD detector is analyzed in detail. 
This system includes a laser alignment system and the assumption is made that 
the quantity to be measured is the distance between the pinhole beam spot and 
the laser spot. A five lens system is presented for detecting beam rotation 
and parallel displacement. The analysis indicates that beam centroid loca- 
tion within less than 1 urn is possible. 

Two experiments are suggested. One uses a UV laser to create scintil- 
lation and provides operational experience with the system. The other 
experiment uses the 800 MeV LAMPF beam to determine the response versus dose 
frr various scintillators. 

The conclusion is presented that a pinhole system can satisfactorily 
detect the low energy "skirts" of the beam, unfortunately, the relationship 
between the skirts of the beam and the centroid of the beam is uncertain. 
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I. INTRODUCTION 

The Air Force is currently performing system studies of neutral 

particle beam weapons. Among the problems under study is neutral par- 

ticle beam sensing. Two primary sensing mechanisms are receiving con- 

sideration* One of these mechanisms is the laser resonant backscatter 

effect and the other is plnhole beam sensing near the beam edges. 

The laser resonant backscatter technique senses the centroid of 

the complete beam and. for this reason, has been considered as the pri- 

mary beam sensing mechanism (Reference 1). However, this technique 

requires laser excitation and a complex electro-optical system and may 

not be able to sample rapidly. 

The plnhole beam sensing technique requires simple hardware and 

offers the possibility of providing beam shape or quality information. 

However, it does not measure the beam centroid but rather infers 

centroid behavior from measurements at the beam edges. This report 

provides an examination of several different plnhole sensing mechani- 

sations , a proposed design, and two proposed experiments. The general 

plnhole system Is shown in Figure 1. 

In a 1982 SCEEE research report (Reference 2), Steelman examined 

two types of solid state detectors and concluded that solid state 

detectors would not withstand even a relatively low beam intensity for 

an adequate period of time. 

In the came 1982 report, Steelman examined three different fluo- 

rescent detector systems. The system proposed by Lockheed is shown in 

Figure 2. 
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(Center of beam) 
->     =>-    > 

Pinhole 

(Region of lower beam flux) 

-Si   -   -     z 
rffflR^I /_+—^»r  

/ 
Laser alignment 
beams. 

Magnet for deflecting 
charged particles. 

Figure 1. General Pinhole System 

The Lockheed system suffers from an aspect problem* i.e. whan the 

fluoresclng cylinder is viewed off-axis, it no longer appears as a cir- 

cular spot and the centroid calculation becomes difficult. 

Another system which offers some possibilities uses fiber optics 

to image the fluorescent spot on an optical detector. Unfortunately, 

this system requires that the critical optical fibers be exposed to the 

particle beam. 

Finally, Steelman selected the fluorescent detec'ar-im*ging system 

shown in Figure 3. 
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-^ ^ 
(Center of beam) 
^    — ■> ^ 

Magnet for deflecting 
charged particles.    (Region of lower beam flux) 

Fluorescent 
Detector 

Telescope 

Optical detector 
k array. 

Figure 2. Lockheed Pinhole Mechanization 

XI. OBJECTIVES 

The objectives of this research are to perfort» the detailed design 

of the pinhole bean sensing systea of Figure 3 and to suggest experi- 

ments for resolving any uncertainties and for demonstrating the feasi- 

bility of the design. 

III. OPTICAL SENSORS 

In the 1982 SCEEE research report (Reference 2), Steelaan examined 

s quad call sensor proposed by Draper (Reference 1) and an array 

deteetor proposed by Stanton and Hill (Reference 3). The Draper pro* 

posed quad cell (Figure 4) will be treated first. 
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CCD Array 
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Figure 3. Proposed Pinhole System 
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Q3       h X ;     Qi 
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I 

Figure 4.    Quad Cell Detector (with Guard cells) 

tj 
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The displacement formula is 

(A, - A3) 

where D - diameter of pinhole spot 

A - area of spot on cell 1. 

(1) 

IV 
For this displacement formula with the spot at the center of quad 

cell detector K « 0.443 and the standard deviation of the centroid is 

0.443 
TFAT (2) 

K> Or in terms of the slgnal-to-noise ratio in each cell, 

0.196 
(3) 

The quad cell detector was rejected for two reasons. First, the 

quad cell must he located with absolute positional accuracy. Second, 

the array detector offers superior performance. 

The Texas Instruments TC-201 virtual phase (Reference 4) CCD array 

was selected for an optical area detector. Key parameters for the 

TC-201 follow (Reference 5). 
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Quantum efficiency ■ 45 to 50X. 

(for wavelengths in the range .5 to .75ym) 

328 pixels (horizontally) by 245 pixels (vertically) 

Noise level of 150 electrons per pixel 

Clock rate 6.3 MHz (typical), 15 MHz (maximum) 

Full well capacity of 700,000 electrons. 

Pixels are 24.4 urn square. 

Maximum frame time of 1 second. 

A pin hole beam image centered on the center pixel of a 3 by 3 

sub-array is shown in Figure 5. If x is a small displacement of the 

beam Image center with respect to the pixel center» the areas Aj and A3 

are given by 

A, - R2 arc cos 1 - i R2 - s2 1 R 
(4) 

where s - 0.5P - x 

«*x 

Figure 5. Plnholc Spot on Center Cell of 3 by 3 Array 
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A, - R2 arc cos I - t R2 - t2 3 R 

where t - 0.5P + x 

The centrold formula is then 

(5) 

A, - A3 » . r P *   J 

where P la the pixel width 

At la total image area 

K la a conatant 

(6) 

2 For thla formula, the standard deviation of the centroid la 

\ FAt (7) 

where At la sample time 

F la flux in conalatent units. 

Por the optimum configuration of Figure 5 and for small x, 

K-:°    l 

* P 1-(P/D)2 
(8) 

If  the  center  of   he plnhole  image  is  shifted to fall on a pixel 

boundary, 

t - 1 (9) 
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Figure 6 Error In K vs 
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Figure 6 show« ehe difference between the exact K froa eq.  (6) 

end the approximate K froa eq. (8) for P/D » 0.9 aa a function of x. 

For thla case the approxlaate K le 1.0. vhlch matches the exact K for 

■mail x and for x - P/2. This figure reveal« that, If x deviates auch 

froa the desired value of 0, then K will have to be found froa a table 

look up procedure. Figure 7 shows ehe standard deviation In ua for FAt 

- 1.0 (froa eq. 7) for the exact K and the approximate K. Note that 

the standard deviation It less than .75 ua for x • D/2. 
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IV.  SCINTILLATION DETECTORS 

In scintillation detectors the passage of radiation creates an 

ionized channel in the material (References 6, 7, 8, and 9). As the 

ionized electrons recomblne part of the ionlzatlon energy reappears as 

photons. Three possible sclntlllators deserve consideration. (See 

Table I). 

Material dE/dx 
(MeV/cm) 

CsI(Tl) 18.26 

NE216(Liquid) 4.0 

Ruby(Al203) 5.06 

Optical       Optical   Response 
Efficiency   Energy(eV/ua) Faak(ua) 

5.85Z 

4.4Z 

.122 

107 • 365 

17.6 .425 

.61 Red 

Table 1. Possible Sclntllators for 
200 HeV Protons 

The energy deposition rate for CsI(TX) (cesium 

Iodide vlth a thalllusi dopant) was obtained 

directly from Jannl (Reference 10). The energy 

rate for NE216 vlth an H/C ratio of 1.171 «as 

obtained by scaling Jamil's rate for toulene (H/C 

ratio of 1.143) by the ratios of their densities. 

The energy rate for ruby was produced by a KAPB 

computer code. The optical efficiencies for 

CsI(Tl) and NE216 vere taken from Knoll (Reference 

8). He gives an absolute efficiency of 132 for 

Nal(Tl). His efficiency for Cel(Tl) Is 45Z of the 

value for Nal(Tl) and his value for NE216 is 78Z of 
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the value for anthracene. Anthracene, in turn has 

an efficiency 43.5% that of Nal(Tl). Finally, the 

efficiency of ruby is an unpublished result given 

by Jack Aldridge of LANL. 

The optical energy in eV/pm reveals that CsI(Tl) produces more 

optical energy per um and is the obvious first choice. If NE216 is 

used the flux level must be increased a factor of 6 to produce the same 

Optical energy - but because the color does not match the CCD array 

detector a flux increase of 10 is more realistic. A liquid scintil- 

lator can flow through the scintillation region and, theoretically, 

withstand any flux level. (Of course, creating a uniform thin flowing 

sheet of liquid is not easy). 

Finally, ruby would require that the flux be increased by a factor 

pf 175 to yield the same light output. Ruby was included because of 

Its hardness. 

V. BEAM INTENSITY AND GRADIENTS 

Two problems concerning the beam must be solved. All these solu- 

tions assume that the beam has a circular normality distribution. The 

problems are: 

1. For reference purposes, what is the maximum flux for each beam? 

2. How far from the center of the beam to the region of desired 

flux intensity? 

3. How large can the plnhole be before the beam gradient intro- 

duces a bias into the centrold calculation? 
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Table 2 shows the maximum flux for the beams of interest. 

o(cm) 

I(mA) 1 2 5 8 10 

1 9.93 2.48 3.97 1.55 9.93 

10 99.3 24.8 39.7 15.5 99.3 

100 993. 248. 397. 155. 993 

500 4967. 1242. 1987. 776. 4967. 

Column 
Multiplier 

106 106 105 105 10* 

Table 2. Maximum Beam Flux (Particles/urn2 sec) 

To find regions of desired flux observe that, for a circular nor- 

mal bea^- 

F(r) " Fmax exP <-*2/2°2) 

Thus, for a desired flux, 

r- / -2o* In F/F„ max 

(10) 

(H) 

For fluxes in the range of 10 to 100 particles per urn2 second 

should provide small enough oc*    Table 3 shows the distance in cm from 

the beam center to a region of 10 particles/urn second. 

o(cm) 

I(mA) 1 2 5 8 10 

1 5.26 9.97 23.0 35.2 42.9 

10 5.68 10.86 25.4 39.1 48.0 

100 6.07 11.67 27.6 42.7 52.6 

500 6.33 12.21 29.0 45.1 55.5 

cm Note: All^entries in 

Table 3. Distance from Beam Center to Pinhole Center (F«10/um2 sec) 
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Table 4 tabulates the distance from the beam center to a region of 100 

particles/pm sec. 

o(cm) 

I(mA) 1 2 5 8 10 

1 4.80 9.00 20.4 30.7 37.2 

10 5.26 9.97 23.0 35.2 42.9 

100 5.68 10.86 25.4 39.1 48.0 

500 5.95 11.43 26.9 41.7 51.2 

Note: All entries in cm. 

Table 4. Distance From Beam Center to Pinhole Center (F-100/um2 sec) 

The pinhole cannot be too small because the optics will introduce 

a minimum blur diameter. The pinhole cannot be too large because the 

non-uniform statistics will introduce a bias. As a basis for pinhole 

size selection» compare the bias count with the count due to a O.lum 

offset. For a O.lum offset 

count - 0.2 /D2 - P2 (FAt) (12) 

To develop the bias count, consider the approximate count on A3. 

Count (A3) - F(r - A) A3 At 

* A3 FAt exp l£ 

Now rA is small; thus 

Count (A.) * A-, (FAt) (1 + l£) 
~?' 

(13) 
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The expression for the count on A, can be obtained by changing the sign 

on A. 

Finally, bias ■ count (AJ - count (A,) 

- (2A3(FAt)(rA/o
2)) (14) 

where A - distance from pinhole center to A^ centroid. 

Rather than calculating a A, the worst case value of D/2 was used. 

For design purposes, the ratio of the bias (eq. 14) to A count (eq. 

12) is a more convenient measure. This ratio is tabulated in Table 5. 

P-24 

D-20 

I 0-1 

1 .158 

10 .172 

100 .186 

500 .194 

Count 3.6 
FÄt 

p-50 p-100 

d-55. 55 D-lll. 1 

0-1 a-1 o-2 

.27 1.08 .52 

.29 1.18 .56 

.32 1.27 .62 

.33 1.32 .65 

4.8 9.6 9.6 

Table 5. Bias/Count for Ax - 0.1 urn 

Table 5 indicates a 111.1 um pinhole la satisfactory for any bear, 

Sigma of 2 cm or greater. Thus, the design for the centroid finding 

mechanization will be based on P-97.2 pm, and D - 108 um (D-1.11P). (P 

of 97.2 pm is four pixels of the TI TC-201 CCD array). 

VI. OPTICAL SYSTEM ANALYSIS 

The proposed pinhole system of Figure 3 will now be analyzed in 

detail. 
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The particle beam will pass through a thin CsI(Tl) crystal and 

then on through the mirror. In the CsI(Tl) the particle beam will form 

a cylinder of Isotropie radiators.  The plane of best focus of the 

optical system will be assumed to fall in the center of the cylinder. 

The situation is diagrammed in Figure 8. 

POINT OF FOCUS 
APERTURE OF 
OPTICAL SYSTEM 

Figure 8. Blur due to cylindrical object 

For this case (Reference 11), 

B(blur diameter) 1 - CF 

and 

BF 
(15) 

If  « - L/2t (half the length of the cylinder) 

B - AL 
B  FT (16) 
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Now assume that a blur diameter the same size as the pinhole dia- 

meter is acceptable. 

Thus B « 108 pm « D (the pinhole diameter) 

and 

L - 2B (£) (17) 

Now if the optical system has a blur diameter 10Z of D 

and 

f/A - 2.222, 

L - 2(2.22)(0.9)(108) 

- 432 pm 

- .432 mm 

(Note that L Increases directly with f/A while the energy col« 

lected by a lens is proportional to the square of A/f, Thus, a ««all 

f/A Is desirable except that too small an f/A introduces too much blur 

in the optical system.) The normalized intensity for an image of a 

cylinder with this length Is shown In Plgure 9. Figure 9 represents a 

spatial frequency of about 9 cycles per mm. If the optical system can 

use a sharper image the intensity profile for L - 240 urn is shown in 

Figure 10. 
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Note that Figure 10 represents a spatial frequency of about 20 

cycles per mm. Tha optical energy created in CsI(Tl) by a single 200 
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MeV proton is 107 eV/p. Thus, the optical energy created in a detector 

of length L by a pinhole of diameter D is 

E - 107L IT D2 FAt(eV) (19) 

The-response  of CsI(Tl)  peaks at X ■ 0.565 ym.    A photon of this wave- 

length has an energy 

hv - 2.2 eV (20) 

Thus, the total photon production is 

NYT - 48.6 * D
2 FAt (21) 

If these photons are assumed to be isotroplcally distributed (not 

exactly true), the photons Intercepted by a lens of aperture A at 

distance F is 

HtA " NYT 
»(A/2)2 

1 fA)2 N 

2 t*\2 HyA  - 3.04L, Dz (*)* (FAt) (22) 

Finally,  the quantum efficiency of the TC-201 is  in the 45 to 50X 

range.    Thus,  the number of electrons collected is 

*V2 Wc - 1.4 • Dz L (  *)* FAt (23) 
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If the optical system were perfect (i.e., the blur radius - 0) 

with a magnificaion M, the electron density in the detector would be 

I.. 2j*L (*)*.»« (24) 

or. 

For this same perfect optical system with u-1, f/A -2.22 and L 

432 urn, 

F - 490 FAt e/pm2 (25) 

If the blur diameter is less than or equal to the pinhole diameter 

then this is the electron density at the center of the detector for M - 

1. 

The exact performance of the optical system has not been calcu- 

lated but the signal-to-noise ratio in the difference signal can be 

estimated (See Figure 11). 

j Circle is 
J image for 

; perfect 
- optics. 

Figure 11. Critical Pixel 
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For a 1 Mm shift of the pinhole image with respect to the CCD 

array the difference in area is 

AA - 94.34 Mm2 (26) 

The count FAt AA is the volume of a strip from a cylinder of 

rotation formed by the curve of Figure 9. This strip stretches from 

47.8 pm to 49.8 pm. The normalized distance to this strip varies from 

45Z of R/D to 63% of R/D. As a rough estimate the average normalised 

intensity over this area is 0.3. Thus, the signal difference is 

approximately. 

Sj - S3 - 147 (94.34) FAt (27) 

For FAt of 1, 

Sj - S3 - 13,868 electrons (28) 

Now this signal is obtained from four pixels. Thus, the noise 

level for the signal Is 2 times the pixel noise. The electronic noise 

in a pixel is 

Nc • 150 electrons (29) 

If the electron count is quantised in 10 levels, the quantisation noise 

Is about 

„   700,000 „ A ,„, V-wx0-707 

Hq » 483 electrons (30) 
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The Poisson noise Is 

N - /S - 240 e (3D 

Thus» the total pixel noise is 

N T - 560 e (32) 

The signal-to-noise ratio for the difference signal la 

S/N - 12.4 (33) 

Z<\ 
A more detailed analysis of this system will be performed. 

For beam quality information, the shape of the plnhole image la 

required (instead of just the centroid). To determine the shape, the 

same basic system can be used but a Magnification will be needed« The 

magnification will lover the signal-to-noise ratio but this decrease 

can be overcome by increasing the sample time. 

VII. LASER ALIGNMENT SYSTEM 

The laser alignment system vill require the 5 lens system shown in 

Figure 12. 

Lens LQt used to obtain beam angle Information vill have addi- 

tional neutral density filters in series with it. Further, lens LQ 

vill be located at such a distance from the CsI(Tl) that after passing 

through It and the optical system L forms a spot about the same site 

as the plnhole image.  That such a location Is possible can be 
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Figure 12. Later Alignment Lenses. 

established by considering an actual spot forming lens Helles Griot 01 

LPS 043 (Reference 12). This diffraction United lens forms a HeMe 

spot vith a diameter of 37.2 urn (dlstsnce to the first dark ring of the 

airy disk). Even vith the sdded blur due to the additional optics, the 

centrold of the spot from the central lens can probably be calculated 

within 0.5 M» by the techniques of Section III. (Additional research 

needs to be performed on this topic.) If the angle of the laser beam 

vith respect to tic* lens system changes, this change trill eause a shift 

in the centrold of the center spot. 

Unfortunately, if the laser besm is translated parallel to its 

original location, the center spot will not move. The lenses Lp L2, 

L3, and L^ provide information on the translation cf the laser beam* 

These lenses must be chosen In such a way that they form a spot with a 
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diameter of about 900 urn on the CCD array.  The distance from the 

centroid of the center lens spot to the beam centroid is found by 

AC K E3~E* 
c E3 + Ej 

(34) 

To analyze the sensitivity of eq. (34) begin by selecting 50 mm 

for the diameters of LQ, Lp L2, L3, and L^. (50 mm is the actual dia- 

meter of the LFS 043). Then choose 55 mm as the diameter of the laser 

beam. Next, assume that the spots formed by L,, L~, L*, and L, on the 

CCD array are 1 mm in diameter and that the average pixel has a signal 

half of the saturation level or 350,000 e. This implies that 700,000 

photons were incident on each pixel. Thus, the optical energy incident 

on each pixel .s 

E5 - 2.45 X 10~
13 J (35) 

The number of pixels covered by this spot is 

I pixels - 1319 (36) 

Thus, the total optical energy incident on an outer lens is 

Ei  » 3.245 X 10~10 J (37) 
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The average energy density in that portion of the beam which 

intercepts an outer lens is 

E/mm2 - 1.212 X 10~U J/mm2 (38) 

The average number of photons in that portion of tie beam which 

intercepts the outer lenses is 

2 2 
Photons/um - 34.5 photons/um (39) 

(Of course, the laser beam will not be uniform and these 

calculations need to be repeated using a better model of the laser 

beam, probably a Gaussian model.) Now a 1 urn shift in the centroid of 

the laser beam will produce an increase in the lens area covered on one 

side and a decrease on the other side. The net change in area is 

2AA - 3.197 X 10A pm2 (40) 

Thus, the difference in photons on the two spots is 

A photons - 1.10 X 106 (41) 

The 50X quantum efficiency leads to 

S - A electrons - 5.51 X 105 (42) 

The Polsson noise in each pixel is 

Mp - /s - 592 e (43) 
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The quantization noise and the electronic noise were found in Section 

VII. The total noise per pixel is 

NpT = 732 e (A4) 

The total noise in the 1310 pixels is 

Nj - /1319 (732) 

^ - 2.66 X 1CT (45) 

Thus, the signal to noise ratio for the difference is 

S/N 5.51 X 105 

n  (2.66 X 104) 

S/N - 14.6 (46) 

Finally» the laser power on LQ and in the bean needs to be 

calculated. If the LQ spot has a diameter of 108 um, then it covers 

about 16 pixels. If each pixel is at half saturation, 

E0 - 3.94 X 10"
12 J (47) 

Thus the power incident on LQ for a sample time of 10 ms is 

P0 - 3.94 X 10 "
10 W (48) 
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The total laser power is 

PLASER " 2-88 ^w (49) 

Thus, lens LQ needs attenuating by 

Attn « .0166 (50) 

0» 

VIII. PROPOSED EXPERIMENTS 

LAMPF EXPERIMENT 

One uncertainty which must be resolved Is the response versus dose 

for CsI(Tl). An experiment at LAMPF Is proposed to determine this 

response. The system of Figure 3 will be modified to remove the first 

lens from the beam and to condense the Image by 1/2 to 1/5. If CsI(Tl) 

Is unsatisfactory, the experiment will be repeated with ruby and NE216 

(or another liquid scintlllator). 

The experiment will be performed In the "Blue Room" with an 800 

MeV proton beam about 1.1 cm In diameter. In the Blue Room, 10 mA 

current pulses are available within a limit of 100 nA DC. 

The objectives of this experiment are to 

1. Determine the response vs doie of CsI(Tl).  (Tho response will be 

determined for several different thallium doping levels.) 

2. Determine the effect of beam caused radiation on the CCD array. 

Ff, 
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NMSÜ EXPERIMENT 

Thallium doped cesium iodide scintillates in the presence of UV. 

This phenomena will be used to check out the system of Figure 3 without 

a 200 MeV beam. For this experiment two pinholes will be placed in 

contact with a thin CsI(Tl) crystal. These pinholes will be illumi- 

nated by a UV laser and the resulting fluorescence will be used to 

align the optical system and to determine the system performance. 

The objectives of this experiment are to 

1. Align and test the system (including the data recording system). 

2. Gain operational experience with the system. 

3. Test different optical designs. 

4. Test different centroid finding algorithms. 

IX. CONCLUSIONS 

At this stage of the research effort, the pinhole system remains a 

viable option for beam sensing and alignment. However» the pinhole 

experiment will have to be run concurrently with a laser resonant scat- 

tering experiment to resolve two questions. 

1. Is a pinhole sample on the outskirts of the bee« an adequate 

Indicator of the beam centroid? 

2. What is the accuracy of the pinhole system? (No present tech- 

niques provide an Independent measurement of the beam of similar accur- 

acy. ) 

Finally, even If the laser resonant scattering technique is the 

technique of choice for final pointing» pinhole sensors could be useful 

for coarser pointing and for accelerator protection in case of a fail- 

ure which would cause the beam to self destruct. 
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DYNAMIC STALL: A STUDY OF THE CONSTANT PITCHING RATE CASE 

by 

James H. Strickland 

ABSTRACT 

Data were collected for an airfoil undergoing a pitching motion in 

which the pitching rate a remained constant. These data Included 

surface pressure data which were obtained by a previous investigator, 

smoke-wire flow visualization data, and airfoil surface mounted hot-wire 

velocity data. Large scale vortical structures on the suction side of 

the airfoil were seen to form during the pitching motion. As indicated 

from the surface pressure data, as well as the surface velocity data, 

these structures are highly energetic and have relatively long residence 

times near the airfoil. Significant increases in lift occur due to the 

presence of these vortical structures. These data were also compared to 

the predictions of an analytical model (USTAR2). Reasonable agreement 

between the experiment and analysis were obtained up to moderate angles 

of attack. 
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I.  INTRODUCTION: 

Unsteady aerodynamics is an important phenomenom which has been 

studied more intensively in recent years. These studies have been made 

in connection with applications pertaining to helicopters, axial flow 

turbines and compressors with inlet distortions, vertical axis wind 

turbines, and missies and fixed wing aircraft undergoing rapid 

maneuvers. Lifting surfaces subjected to time dependent freestream 

velocity or time dependent body motions may, in some cases, also have 

significant stalled regions on their surfaces. 

A number of approaches have been taken with regard to the prediction 

of unsteady stalled airfoils.  Most of these approaches have been 
1-2 

reviewed by McCroskey  .  In general, these approaches range from 
2—6 

empirical  models     to  models  based  on  the  Navler-Stokes 
7-8 

equations  .  The empirical models are generally applicable to small 

sinusoidal pitch oscillations about some relatively low angle of 

attack.   The  Navler-Stokes  solutions  consume enormous  amounts of 

computer time and are usually limited to low Reynolds number solutions. 

Unfortunately,  there  are few models which can be considered as 

representing something in between the extreme cases of total empiricism 

and brute force solutions of the Navler-Stokes equations.  There have 

been several boundary layer codes developed which can be used to predict 
9-11 

some of the behavior associated with unsteady stall      There have 

also been models of the potential flow behavior related to the shedding 

of leading edge vortlcity as typified by the work of Ham    More 

recently, Katt   simulated the unsteady separated flow over a thin 

cambered airfoil.  The models of both Ham and Katz required empirical 

information regarding the appearance and position of the separation 

point. 

The need for a general purpose unsteady airfoil model Is apparent 

when  one  considers  the  potential  applications.   The  number  of 

applications along with the parametric ranges within each application 

legislates against the expense of either a purely experimental or brute 

force analytical approach to solutions. 
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Recently, the present author, along with other co-workers at Texas 

Tech University, formulated and began development on an analytical 
14 

model  which is potentially capable of predicting dynamic effects for 

stalled and unstalled airfoils undergoing arbitrary airfoil motions. 

This model does not require input of airfoil section data and may thus 

be used to examine arbltary airfoil shapes.  An UnSTeady AiRfoil model 

In 1_   dimensions based on this analysis has been implemented via a 

computer code (USTAR2).  Execution times for this code are short when 

compared to Navier-Stokes solutions and little empiricism is required. 

Iii order to validate this analysis, however, comparison between USTAR2 

predictions and experimental data must be made for a number of cases. 

Recently, workers at the USAP Academy, Frank J. Seller Research 

Laboratory (FJSRL), began an experimental investigation of airfoils 

undergoing large amplitude pitching motion.  Results  for several 

constant pitching rate cases were obtained by Francis, Keesee, and 

Retelle .  These results consisted of pressure coefficient data which 

were In turn used to obtain lift and drag data.  Work at FJSRL is 

presently continuing to obtain flow visualization data as well as 

hot-wire anemometer data for the constant pitching rate case.  The 

author*« AFOSR/SCEEE Summer Faculty research assignment to FJSRL can, 

therefore, be seen to be a logical one In that data obtained at FJSRL Is 

useful in validating and/or developing the USTAR2 computer code while on 

the other hand, the understanding of experimental trends can be enhanced 

based on the physics contained In the USTAK analysis. 

II. OBJECTIVES OF THE RESEARCH EFFORT: 

The major research goal Is to correlate unsteady airfoil data taken 

at FJSRL with the unsteady airfoil computer code USTAR2. These data, 

which will be compared with USTAR2 predictions, will Include 

instantaneous pressure distributions, lift and drag coefficients, and 

flow visualisation data from 6-lnch chord NACA 0012 and NACA 0015 

airfoils undergoing unsteady pitching motions. In addition, a 

qualitative examination of hot-wire data taken near the surface of a 
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pitching airfoil will be made. The motion of the airfoil in each case 

will be initiated from a zero angle of attack and will consist of a 

pitching motion where the pitching rate a remains constant. The object 

of this work is the eventual validation of USTAR2. This work will be 

helpful in confirming the present level of validity of USTAR2 and in 

providing insight into needed revision and development of USTAR2, An 

additional objective is to provide some understanding of the trends 

evidenced in the experimental data using Insight gained from physical 

principles. 

III. RESEARCH METHODOLOGY: 

In this section a brief description of analytical and experimental 

methods used to obtain data will be given. The analytical methods 

consist of the afore mentioned ÜSTAR2 analysis as well as a simple 

analysis which is valid for svbstall angles of attack. For the 

experimental work, methods used In obtaining surface pressure data, flow 

visualisation data, and hot-wire velocity data will be described briefly. 

A. Analytical. 

A very brief description of the method of analysis found in 

USTAR2 will be presented. Details of this analysis can be found In 

reference . In addition, a simple analysis will be presented which 

is only valid for the constant a case at subs tall angles of attack. 

This simple analysis is presented since it can be used to explain some 

of the data trends seen during the initial phase of motion. 

1. USTAR2 Analysis. 

This computer code is based upon an analysis which 

utilises s doublet panel method to model the airfoil surface, an 

Integral unsteady boundary layer scheme to model the viscous attached 

flow, and discrete vortices to model the detached boundary layers which 

form the airfoil wake region. This model has been used to successfully 

predict steady lift and drag coefficients as well as pressure 

distributions for severel slrfolls with both attached and detached 

boundary layers. In addition, calculations have been made for a limited 

number of cases for both sttached and detached unsteady flow situations. 
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The potential flow model Is based upon the Laplace equation for the 

streamfunction   <f>Cr\t) 

V2<|>   -    0 (1) 

which is valid for both steady and unsteady flow. By Green's theorem, a 

solution to (1) may be represented by integrals over the "boundaries'* of 

the flow where those boundaries are replaced by surfaces across which 

potential jumps occur. These surfaces, as depicted in Figure 1, are 

represented by the airfoil surfaces and the wake sheets which spring 

from the trailing edge and any separation point. With Green's theorem 

the disturbance potential at any field point r, due to the airfoil and 

wake surfaces, may be written as 

♦<*> - Js° hlÄ] ds +/«**l^"] ds (2> 

where 0 'd A$ are doublet distributions on the airfoil and wake 

surfaces S and W respectively, v is the surface normal at the source 

point, and R is the distance separating the field point and source 

point. Boundary conditions include a kinematic surface tangency 

conditions given by 

|£ + (uw - us)*n - 0 on S (3) 

where uM and "J are the freestream and airfoil surface velocities 

respectively and n is the outward normal to the airfoil surface. An 

additional boundary condition is the "trailing edge flow condition" 

which, in the present model, requires that the flow direction at the 

trailing edge be along the trailing edge bisector, equations (2) and 

(3) are solved for o and $ by first eliminating $ to form a single 

equation in 0. The airfoil »nd wake surfaces are then disc ret 1 zed to 

form a set of linear algebraic equations in terms of the unknown <*. 

The potential ♦ Is then obtained from (2). The pressure distribution 

around the airfoil is obtained from the unsteady Bernoulli equation. 

Details of this analysis are presented in reference 
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The primary function of the boundary layer analysis is to predict 

the presence and location of any boundary separation point on the 

airfoil surface. The pressure gradient and edge velocity distributions, 

which are used in boundary layer calculations, are obtained from the 

o    •    Ä •    ^—Separated Sheet 

Airfoil 
Surface Sheet 

'•-.( 

Trailing Edge Sheet 

• • o  o 

Figure 1. Schematic of Boundary (Vortex) Sheets for 

Unsteady Pitching Motion vlth Separation 

potential flow model which may include sheets of vortlcity shed from the 

boundary layer separation point. Therefore, a strong coupling between 

the boundary layer analysis and potential flow analysis exists for 

separated flow situations. The turbulent boundary layer analysis used 

In the present work is essentially that due to Lyrio, Fertiger, and 

Kline 
16 

This unsteady integral technique gives excellent results for 

the steady flows of Tlllman, Herring, and Norbury; Stratford, Samuel, 
18 

end Joubert (see Coles and Hirst, reference 17); Kin ; Simpson and 

and  Wleghardt  (see  Kim,  reference  13).   More Strickland19; 

importantly, this method predicts the unsteady boundary layer data of 

Karlsoa and Houdevllle, et. «1. and compares well with the 

finite difference methods of McCroskey and Philippe and Singleton 

and Nash , while being an order of magnitude faster.  The formulation 
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for the laminar portion of the boundary layer is based upon the author's 
24 

unsteady extension of Thvaites method (see Cebeccl and Bradshav ). 

Transition is assumed to occur either due to laminar boundary layer 

separation or according to a natural transition criteria due to Cebeccl 

and Smith25. 

2. Simple analysis for substall angles. 

An approximate  solution which will  yield  the  lift 

coefficient for low substall angles of attack with the pitching rate 

equal to a constant can be obtained by considering Figure 2. 

Figure 2. Airfoil and Wake Geometry for Low Substall Angles of Attack 

In this simple model» the velocity at a "control point" located at the 

3/4 chord point is made to be tangent to the chord line of the airfoil. 

In other words, the velocity normal to the airfoil at the 3/4 chord 

point will be made tero by adjusting the bound circulation Tg. The use 

of the 3/4 chord point as a control point location can be justified 

based on potential flow analysis of a pitching flat plate The 

"surface tangency condition" can therefore be written as: 

«C    2*    -£- 
a + C Co (4) 

X 
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The first term is the dovnwash velocity due to the bound vorticity, the 

second term is the downwash due to the wake, the third term is the 

upwash due to the freestreom, and the fourth term is the velocity of the 

airfoil normal to the chord line due to the pitching notion. The wake 

circulation per unit length y is given by: 

-A drB 
U» It u da 

(5) 

Equations 4 and 5 form the basis for determining the bound vorticity FD. 

The bound vorticity is related to the lift coefficient by 

£V. 

CL (6) 

An approximate solution was obtained which can be given in terms of the 

following equations: 

<Y  - 2ir (KCT* + a + 2K£) u L     o 

ci> 

OC 
2u 

(7) 

a* + £n (2a* + 1) 

*  m 
a -a 

where aQ Is the angle of attack before the start of the pitching 

motion. It should be stressed that the approximate solution given by 

equation 7 Is valid only for low substall angles of attack and only for 

constant g motion whereas the USTAR2 analysis Is potentially valid for 

all angles of attack and all airfoil motions. 

B. EXPERIMENTAL 

Experimental data which are used in this report consist of 

airfoil surface pressure data, flow visualization data, and surface 

hot-wire data. All data were obtained in the USAF Academy low speed 2 

ft x 3 ft wind tunnel. The experimental arrangements will be briefly 

described. 
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1« Pressure data. 

Airfoil surface pressure data were obtained by Francis, 

Keesee, ai*d Retelle . Details of the test setup can be found in that 

reference. A computer controlled pitch oscillator was used to impart 

constant a pitching to a 6-Inch chord NACA 0012 airfoil. Pressure taps 

were located at 19 positions along the surface of the airfoil. 

Approximately 25 repetitions of each case were nwi so as to obtain 

ensemble averages of the surface pressure coefficients at the pressure 

ports. These data were then used to obtain lift and drag coefficients 

for the airfoil as a function of time. 

2. Flow visualization. 

The basic flow visualization scheme was originally set up 

by Walker and Helln and was used in the present work to examine flow 

arour.d a 6-inch chord NACA 0015 airfoil. This scheme makes use of a 

smoke wire placed across the tunnel upstream of the pitching airfoil. 

The wire was placed in a plane normal to the axis of rotation of the 

airfoil. A smoke producing oil (Roscollne) was coated on a 0.005 inch 

diameter tungsten wire which was in turn heated electrically to produce 

a large number of smoke streaks in the flow. These streaks tend to have 

a rather uniform spacing due to the regular spacing of smoke material 

droplets which are formed when the wire is coated. The smoke was 

illuminated by a high intensity strobe light placed downstream of the 

airfoil. The proper sequencing of airfoil pitch commands with strobe 

light and smoke wire triggering was accomplished by computer control. A 

35 mm camera looking along the pitch axis was used to record the visual 

data. 

3. Surface mounted hot-wire. 

A NACA 0015 airfoil with a 6-inch chord was instrumented 

in the present work with an array of hot-wires. As Indicated in Figure 

3, seven hot-vires were mounted on the upper surface of the airfoil 

(suction side). The hot-wire sensing elements (TSI-10 hot films) were 

soldered to pairs of number 9 sewing needles which protruded above the 

airfoil surface approximately 0.20 inches. The needle supports In turn 

were mounted in electrically insulated plugs which were machined flush 
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with the airfoil surface. A TSI model 1050 hot-wire anemometer system, 

along with an ln-house linearizer, were used to obtain velocity 

signals. Approximately 25 repetitions of each case were run to obtain 

ensemble averages of the velocity signal from each probe. 

>' 

0.4"   6 spaces <* 0.8" - 4.8" 0.8" 

Figure 3. Surface Hot-Wire Configuration 

IV. RESULTS: 

In this section typical experimental data are presented and compared 

with analytical results. These data include lift and drag data, wake 

geometry, and airfoil surface velocities. It should be noted that a 

large body of data was obtained as part of this work and that the data 

presented herein are only representative samples. 

A. Lift and Drag. 

Lift and drag data are shown in Figure 4 for s NACA 0012 

airfoil pitching up from a zero angle of attack at a non-dimensional 

pitching rate K of 0.089. The results from the simple analysis given by 

Equation 7 are seen to agree with the experimental lift data very well 

up to and s little beyond the stall angle which is approximately 10 

degrees fcr the present case. The non-zero lift coefficient at zero 

angle of attack Is due to the so-called "pitch circulation." The slope 

of the lift curve In this substall region can be seen to be considerably 
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Figure A. Lift and Drag Coefficient for a NACA 0012 Airfoil 
Pitching up at Constant a About the 31.7 Percent Chord for Re-77,700 
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less than for the steady case due to the downwash on the airfoil 

produced by the vortex sheet springing from the trailing edge. The 

USTAR2 analysis is seen to predict both lift and drag coefficients 

reasonably well below an angle of attack equal to about 30 degrees. The 

snail» abrupt jumps observed in the USTAR2 results can be attributed to 

the tendency for the boundary layer separation point to Nlock lnN on 

surface panel edges. This problem can be corrected in subsequent 

versions of ÜSTAR2 by making minor changes in the procedures for 

Introducing "edge velocities'* into the boundary layer subroutine. The 

lack of agreement at high angles of attack is thought to be due to 

discrete wake vortex core growths which are excessively large in the 

USTAR2 analysis. This reduces the effect of the large scale vortex 

which grows on the suction side of the airfoil. The core growth 

parameter was arbitrarily selected in the past and should be reduced to 

represent more realistic growth rates. Examination of pressure 

coefficient data bears out the fact that the Influence of the vortex 

ftl moving over the airfoil Is too weak in the USTAR2 analysis. 

B. Wake Geometry» 

The wake geometry obtained from the USTAR2 analysis is compared 

in Figure S to flow visualization data. The vortex sheets obtained in 

the U3TAR2 analysis basically represent "streakllnes" in that most of 

the fluid particles which make up these sheets were either Injected into 

the flow at the leading or trailing edge. While exact comparisons 

between visual and calculated results are difficult to make, It does 

appear that the predicted large scale vortex is not as tightly rolled up 

(vi as that Indicated by flow visualisation. This again indicates that the 

discrete wake vortex cores are growing at excessive rates in the USTAJL2 

analysis. 

C. Airfoil Surface Velocities. 

Velocities obtained from three of the seven surface mounted 

hot-wire probes are shown for a particular case In Figure 6. Near the 

nose of the airfoil (7X chord) the velocity measured by the probe rises 

until the probe becomes Immersed in the separated boundary layer. A 

significant region of reversed flow first appears at an angle of attack 

of about 25 to 30 degreea somewhat downstream of the nose (20Z chord). 
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Figure 5. Wake Caoaatrlts Obtained Froa Flov Visualisation and 
USTAR2 ( a • 45°, K • 0.109, U  - 62,500, Pivot Point - 0.25 Chord, 

MACA 0015) 
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For this particular case the magnitude of the reversed flow reaches a 

maximum at about the 60Z chord and has a value of 1.5 times the freest ream 

velocity. Further downstream (87X chord), the reverse flow due to the 

Initial large scale vortex passage Is reduced and occurs at a higher angle 

of attack. 

While no direct comparisons have been made between the hot-wire results 

and USTAR2, It Is apparent from examination of pressure coefficient data 

obtained from USTAR2 that the relatively large magnitude of the reverse 

flow are not being predicted. This again emphasizes the need to reduce the 

discrete vortex core growth rate In the USTAR2 model to produce a more 

energetic large scale vortical structure. 

V. RECOMMENDATIONS; 

In general, the greatest need is to continue to expand the experimental 

data base. Some minor changes In experimental methodology may also be 

appropriate In order to Improve the quality and ease of taking data. It Is 

also apparent that the analytical model U8TAR2 may be improved on the basis 

of the experimental data already obtained. 

A. Experimental. 

In order to complete the data base for the current set of runs 

(constant & starting from zero angle of attack) surface pressure data 

should be obtained in addition to those obtained by Francis» et. al. • 

After those data are taken the effect of a non-zero initial angle of attack 

should be studied. Other pitching schedules such as constant 5 should 

also be run. In order to improve the flow visualisation methodology, a 

high speed movie earners should be used in place of the present 35 mm 

camera. In addition, a more powerful pitching mechanism may be required to 

run some of the desired cases. Finally, it is recommended that a series of 

tests be run with much larger values of the non-dimensional pitching rate 

K. These high values of K can be obtained in the tow tank facility at 

Texas Tech University. This recommended work will be the subject of a 

I'inl-grant proposal by the author. 
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B. Analytical. 

The ÜSTAR2 analysis which Is presently being developed at Texas 

Tech University under a contract from Sandla Laboratories, Albuquerque, New 

Mexico, should be improved on the basis of the experimental data already 

obtained. In particular, a systematic study of the discrete vortex core 

growth parameter should be undertaken to yield better agreement with data. 

The boundary layer prediction scheme should also be Improved with regard to 

Improved numerical procedures. 
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EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF 

NEGATIVE ION-POLAR MOLECULE REACTIONS 

by 

Timothy C. K. Su 

ABSTRACT 

The rate constants for proton-transfer reactions of OH , NH  and 

o" with HCN and CH CNand for the displacement reactions of OH~ and o" 

with methyl halides have been measured in the gas phase in the tempera- 

ture range 200K-500K using a selected ion flow tube. Rate constants 

of the fastest reactions are very close to the collision rate constants 

predicted by the trajectory method. It was observed that the reaction 

efficiency decreases as exothermicity decreases and the reaction proba- 

bility of S 2 reactions decreases as temperature increases. A trajec- 

tory calculation is also developed for the kinetic energy dependence 

of ion-polar molecule collision rate constants. 
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I.  INTRODUCTION; 

Ion-molecule reactions are important in atmosphere chemistry, 

combustion systems and gas discharges. Ion-chemistry has been a fast 

growing field in the past couple of decades.  Numerous reactions have 

been studied involving both positive and negative ions. Much theore- 
2 

tical work has also been done.  Although many negative ion molecule 

reactions ha /e been studied, temperature dependence experiments have 

not been performed for most of the reactions. Temperature dependence 

investigations are of importance in studying reaction mechanisms and 

the properties of reaction complexes. 

The present project is concerned with the temperature dependence 

of the reactions of the following ion-polar molecule systems: the 

reactions of OH , 0 and NH  with HCN and CH.CN, and the reactions 

of OH and 0 with methyl halides. These reactions, except that of 
- 4 5 6 

0 with CH-CN, have been studied by Böhme and coworkers ' ' using 

the flowing afterglow technique at room temperature. Here we report 

the reaction rate constants and branching ratios in the temperature 

range 200K-500K. Reactions of 0H~ and 0* with HCN and CH-CN are 

chosen because these ions and neutrals were found in the earth's atmos- 
7.8 

phere   and because the neutrals heve very high dipole moments. 

These reactions are suitable for studying the dipole effects. Reac- 

tions of NH " with these neutrals were also studied because their 

large rate constants can add further test on the temperature depen- 
9 10 

dence trajectory treatment of ion-polar molecule interactions ' 

which is used in this project as a diagnostic tool to study reaction 

mechanisms. Reactions of 0 and OH with methyl halides were chosen 

because they involve 3 2 reactions which require a specific site of 
N 

attack for the reaction to occur. We are interested in studying the 

effect of restricted reaction site on the reaction efficiency. 

Another aspect of this project is to develop trajectory calcula- 

tions of kinetic energy dependence of ion-polar molecule collision 

rate constants. Temperature dependence trajectory calculations men- 
9 10 

tioned abovehave been developed and parameterized.   In these 
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calculations, the ion is treated as a point charge and the polar mole- 

cule as a two-dimensional rigid rotor. The system Hamiltonian is given 

by 

V r 
2y 2ur 21 

+ V(r, 9), (1) 

where P is the radial momentum of the collision partners, u is the 

reduced nass and L is their orbital angular momentum. The angular 

momentum and moment of inertia of the rotor are given by J and I, res- 

pectively. V(r, 0) is the ion-dipole potential which is a function of 

the ion-molecule separation, r, and the angle formed by r and the di- 

pole, 0. The capture rate constant, k  (E), at a total energy, E, 
cap 

is given by 

cap 
F„.JE>/P<E> cap 

(2) 

where F  (E) is the microcanonical capture flux and p(E) is the total 
cap 

density of states per unit volume of the collision partners at infinite 

separation. The trajectories were begun at the capture radius, r - 
2   k 

(aq /2E) , and were integrated to a large ion-molecule separation. The 

thermal capture rate constant was obtained by averaging k  (E) over a 
cap 

five dimensional Boltzmann energy distribution. During   recent years, 

due to the advance of experimental techniques, numerous experimental 

works were performed to examine the kinetic energy dependence of ion- 

molecule reactions.   In these experiments, while the ion-reactant 

kinetic energy may be varied, the rotational energy of the reactant 

neutral remains at room temperature or at a specific temperature. Con- 

sequently, there is a growing need for a collision theory that describes 

the kinetic energy dependence of rate constants when the neutral remains 

at thermal energy. 

II. OBJECTIVES 

The objectives of this project were: 

(1) To determine experimentally the reaction rate constants and 

branching ratios (if any) of the negative ion-polar molecule 

reaction systems mentioned above at different temperatures. 

(2) To study the kinetics of these reactions by comparing experimental 
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results with theoretical models at different temperatures. 

(3)  To develop trajectory calculations for the kinetic energy depen- 

dence of ion-polar molecule collision rate constants. 

III. EXPERIMENTAL APPARATUS 

The rate constant measurements were carried out using a selected 

ion flow tube (SIFT). The SIFT is similar to that described by Adams 
12 

and Smith.   Briefly, the reactant ions are generated in an appro- 

priate source, mass-selected, and injected into the flow tube through 

a venturi-type aspirator inlet, whence they are carried downstream 

past the reactant-molecule inlet and are detected by a mass spectro- 

meter sampling system. The total rate coefficient for the selected 

ion-molecule reaction is determined from the decline of the ion signal 

as a function of neutral gas addition. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Reactions of NH~, 0H~ and o" with HCN and CH3CN 

Figure 1 compares experimental rate constants of reactions (a), 

(b) and (c) with theoretical collision rate constants calculated by 
9 10 

the trajectory method '  in the temperature range 300K-500K. Figure 

2 gives the similar comparison for reactions (d), (e) and (f). 

AH(kcal/mole) 

-54 (a) 

-41 (b) 

0" + HCN •* CN  + OH -32 (c) 

NH2  + CH3CN -► CH2CN  + NH3        -29 (d) 

OH* + CH CN +    CH CN~ + H20        -16 (e) 

0" + CH3CN -► CH2CN~ + OH -9 (f) 

The ordinate of these figures is the ratio of rate constant to the 
13 4 5 

Langevin rate constant, k  . Experimental values measured by Böhme ' 

at room temperature are also included in the figures. The rate con- 

stants of reactions (a), (b) and (d) are very close to the collision 

rate constants throughout the temperature range studied. Since these 

reactions are some of those very fast icn-pol&r molecule proton transfer 

NH2 +    HCN    -►    CN *    OT3 
OH" +    HCN    •*    CN* *    H20 
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reactions compared to the Langevin theory, it is reasonable to believe 

that, their reaction efficiencies are very close to unity. The results 

here give a positive support to the theoretical model. Rate constants 

cf reactions (c), (e) and (f) are somewhat less than the collision 

rate constants. It appears that in both sets of iCao
fbns, the reac- 

tion efficiency decreases as the exothermicity • ecreases. A second 

product ion, CNO , is also observed in reaction (c). This corresponds 

to the reaction 0 + HCN -► CNO" + H. The amount of CNO" formation was 

about 10% of the total product formation throughout the temperature 

range studied. For those reactions with reaction efficiency less than 

unity, the shapes of the reaction rate constant vs. temperature curves 

are not much different from those of the collision rate constants. The 

below unity reaction efficiency is probably a result of the backward 

dissociation of the ion-molecule complex to the reactants. The rela- 

tive probability of this backward dissociation is expected to increase 

as the exothermicity decreases. 

B. Reactions of 0H~ and 0~ with methyl halides 

Figure 3 gives the comparison of the total rate constants of reac- 

tions (g), (h) and (i) with theoretical collision rate constants. 

AH(kcal/mole) 

OH" + CH Br ♦ Br~ + O^OH -57       (g) 

OH* + CH3C1 + Cl" + CH30H -50       (h) 

OH" + CH.F ♦ r" + CH OH -18       (i) 
6 

Experimental rate constants measured by Bohne at room temperature are 

^* also included in the figure. Except for reaction (g), the results of 

this work agree well with Böhme1s results at room temperature. Note 

that the experimental data of reaction (i) shown in Figure 3 are the 

rate constants multiplied by 100. Although the major reaction channel 

(the S 2 channel) of reactions (g) and (h) are quite exothermic, their 
N 

reaction rate constants are significantly lower than the collision 

rate constants and they also appear to decrease at higher temperatures. 

The below unity reaction efficiencies are probably a result of the 

restricted reaction site in SM2 reactions. The exothermicity of 
N 
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reaction (i) is much lower. The reaction efficiency is also much 

lower and decreases drastically as temperature increases. It is rea- 

sonable to believe that the reaction efficiency of S 2 reactions would N 
increase as the lifetime of the ion-molecule complex increases. As 

temperature increases, both the relative kinetic energy of the ion- 

molecule partners and the rotational energy of the polar molecule 

increases. The complex lifetime would probably decrease leading to a 

lower S 2 reaction efficiency. 
N 
A small amount of CH-Br and CH Cl were observed as product ions 

in the reactions of OH with CH-Br and CH-Cl, respectively. Since the 

reactions OH* + CH Br -► CH Br~+ HO and OH* + C^Cl * ^o01' + H2° are 

predicted to be quite endothermic, they are not expected to be observed 

in the temperature range studied. A possibility of the formation of 

CH Y"(where Y ■ Br or CD in these experiments is that some impurities, 

maybe CH.CH.Y, are present in the CH.Y gas samples leading   the reac- 

tions of the type 0H~ + CH3
CH2Y * CH2Y" + ^i01* to ^PP«11- 

Figure 4 gives the comparison of the total reaction rate constants 

of reactions (j), Oc) and (£) with collision rate constants. 

AHfkcal/mole) 

-66 (jl) 

-8 (j2) 

I—► Br  + CH 0 

♦ CH3Br ■ j  »OH  + CHjBr 

CHBr + HO -20 (estimate) tj3) 

♦ CH3C1 

+ CH30 

OH* ♦ CH2C1 

CHCl"  + CH 0 

-59 (kl) 

-10 (k2) 

-20 (estimate)   (k3) 

+ CH3P 

F 

. CHF 

+ CH30 

+ CH2F 

♦ H20 

-27 (11) 

-10 (12) 

-10 (estimate) (i3) 

Results from Böhme are also included in the figure. Rate constants 

measured in this work at room temperature agree well with those obtained 

by Bohne for reactions (k) and (i). However, similar to reaction (g) , the 
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if 

rate constant of reaction (j) measured in this work at room tempera- 

ture is substantially higher than that measured by Böhme. This dis- 

crepancy is not understood. 

Figures 5, 6 and 7 show the branching ratios (in product percen- 

tages) of reactions (j), (k) and (£) respectively. Similar to the 

reactions of 0H~, the total reaction efficiencies of reactions of 0~ 

with methyl halides are: CH3Br > CHjCl > CH3F. This has the same 

trend as that of the exothermicity of the S 2 channel, the most exo- 

thermic channel of each system. The shapes of the temperature depen- 

dence curves of the total reaction rate constants are similar to those 

of the collision rate constants. However, the branching ratios shown 

in Figures 5 to 7 deserve more discussion. Figures 5 to 7 are obtained 

by measuring the relative ion signals at a constant neutral gas addi- 

tion as a function of temperature. As pointed out by Böhme, there art 

uncertainties in determining the branching ratios of these reactions 

because of the uncertainties associated with sampling and detection 

sensitivities and the further reactions of CHX~ (where x *  Br, Cl or F) 

and OH with CH X. However, these results are at least semiquantitative 

especially the change of the branching ratios with temperature. Let's 

first take a look, at Figure 7. Although the most exothermic channel is 

the formation of F~ IS 2 reaction), the formation of 0H~ is clearly the 

dominant channel. This is probably why the total reaction efficiency of 

reaction (I)  is much higher than that of reaction (i) where F" is the 

only observable product. This also implies that the 5 2 reaction is 
N 

relatively less likely   to occur despite the higher exothermicity. 

Reaction (13) also has low reaction probability because of the low 

exothermicity and the relatively more complex process cf transferring 

two H atoms. 

Figures S and 6 show similar branching ratios as a function of 

temperature for reactions (j) and (k). In each case the S 2 reaction 
N 

channel is the dominant one at low temperatures but its production 

probability decreases as temperature increases, indicating that the 

Su2 process becomes less likely to occur at higher temperatures as N 

fcf 
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suggested previously. The increase in reaction probability of reac- 

tions (j_), (j3) , (k2) and (k3) suggests that there may be an energy 

barrier in the exit channel of each of these reactions. 

V.   TRAJECTORY TREATMENT OF KINETIC ENERGY DEPENDENCE OF ION-POLAR 

MOLECULE COLLISION RATE CONSTANTS 

The approach in this calculation is similar to that for thermal 
9 10 

energy ion-polar molecule collisions. '   The trajectories, however, 

are integrated inwardly from ca. 65 A ion-mclecule separation toward 

the capture separation, r . The capture rate constant, k  (E^T) at 
o cap t 

a given relative kinetic energy, E , and temperature, T, is given by 

k  (E ,T) = F   (E ,T)/p(E.), (3) 
cap t     cap t     t 

where F  (E^) is the total capture flux considering the thermal dis- 
cap t 

tribution of the two dimensional rotational energy, E , of the neutral 

and p(E ) is the translational density of states per unit volume of 

the colliding partners at infinite separation. Thus Equation (3) 

becomes 

kcap(EtT)   VM2y)3/2E 1/2 Xr{p.q><äY.dY22MLexp(-ErABT)dEr 

*     / (4) 

where k^ is the Boltzmann constant, y.  and y    are Euler angles. 

X {p»q) is the characteristic function which labels the trajectory 

with initial condition (p,q) on r as reactive or nonreactive. If the 

trajectory returns to 65 A, then x ■ 0 for that trajectory. Tf the 

trajectory reached r , then x ■ !• Figure 8 shows the calculated 

collision rate constant as a function of E for the ion-polar molecule 

system OH + HCN at 300K using 1000 trajectories for each given E . 

This leads to an error of <10%. Collision rate constants of other 

systems can be calculated in the same way. As pointed out in the pre- 
9 10 

vious work, '  to get more accurate r< 

are needed for a given kinetic energy. 

9 10 
vious work, '  to get more accurate results, about 3000 trajectories 
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0.2 0.3 

Relative Kinetic Energy (eV) 

Figure 8. Kinetic Energy Dependence of Collision Rate Constant. 

VI.   RECOMMENDATIONS 

There are at least a couple of theoretical treatments that can be 

performed to provide better understanding of the mechanisms of the 

ion-polar molecule reactions studied in this project. 

(1) As mentioned previously, the reaction probability of S 2 reac- 
N 

tions may depend on the lifetime of the ion-molecule collision complex. 

The lifetime of ion-molecule complexes can be estimated by using the 

method of the thermal energy trajectory calculations with the trajec- 

tories integrated inwardly from large ion-molecule separations. The 

time that each trajectory spends within the capture radius or an 

assigned ion-molecule separation will be recorded. The relative life- 

time of the ion-molecule complex at a given temperature can be approxi- 

mated by the average time of all captured trajectories spend within this 

assigned separation. This can be done for different ion-molecule 

systems at different temperatures to grin more incight into ion-polar 

molecule interactions. 

(2) A statistical theoretical treatment can be perform««* to study 

the branching ratios of the reactions of OH* and o" with methyl halides. 
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14 15 
We suggest that the transition state switching model '  be employed. 

This model recognizes that there are at least two transition states, a 

tight transition state close to the unimolecular reactant (or ion- 

molecule complex) and an orbiting transition state close to the separated 

products. The transition state switching model requires that the best 

transition state to use at each energy and angular momentum is the one 

of minimum flux. By comparing theoretical model with experimental 

results, information of the structure of the complex and potential 

energy surface of oie reaction paths can be deduced. 

Finally, further development in trajectory calculations of ion- 

polar molecule interactions are desirable in both the temperature depen- 

dence and the kinetic energy dependence of collision rate constants. 

For example, other potential energies such as the induced dipole-induced 

dipole potential and the ion-quadrupole potential can be added. The 

size of the particles and the three dimensional rotational motion of 

non-linear molecules can also be considered in the calculations. 
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A DYNAMIC MINI-MODEL 

FOR SPACE TECHNOLOGY RESOURCE ALLOCATION 

by 

Patrick J. Sweeney 
Stephen C, Cooley 

ABSTRACT 

The report outline! a retion«le end methodology thet cen be used to 

allocate resources in the Air Force Research an' Developement Space 

Program. The results of allocations are shown bot'\ graphically and in 

tabular form. The report addresses mission priorities and work unit 

(research projects) selection and shows how each can affect the overall 

mission accomplishment. That work unit subjective probability of 

success estimates have traditionally been overly optimistic is elso 

sddressed and a potential solution is discussed. The dynamic model 

developed can easily be utilised to search out best overall solutions 

and for exercising "what if opportunities. An extensive bibliography 

of resource allocation model evaluations is included. 
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I.      INTRODUCTION 

Knowing which technology to fund when, and at what level of effort, 

hat plagued research organizations for years. The risk associated with 

pushing technology at the leading edge, at the expense of more 

convential technologies, is high indeed. Similarly, if the leading edge 

research program is successful it results in great payoff. 

The di/ug companies must expend vast sums of money on basic research 

that they hope will result in a marketable product. In a like manner 

the Defenae Department must fund a multitude of research efforts in 

hopes that this basic research will assist in mission accomplishment 

fifteen to fifty years hence. The Air Force Space Mission has been 

defined for the 1990's and today's research must answer those questions 

necessary to put the best hardware into space. 

Limited budgets are a fact of life with the Air Force Space 

Program. Therefore, it is absolutely essential that the Air Force 

support those research efforts that lead most directly LO mission 

accomplishment. Anything less than this is an inefficient expenditure 

of funds and may potentially lead to non-mission accomplishement. When 

the cost of losing is to jeopardise national aecurity, the pressure to 

assure an optimum research program is invaluable. 

This report addresses the key risks associated with research 

funding and suggests a dynamic simulation as a methodology for selecting 

the most favorable research projeet portfolio. All allocations are 

based upon the accomplishment of the Air Force Space Mission in the 

nineties, the risks associated with new technologies and the priorities 

of various missions are all included in the modeling effort. 
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II. OBJECTIVE 

The objective of this report was to determine the feasibility of 

designing en improved research and development work unit selection model 

for use by the Space Applications Major Thrust (SAMT) group. 

The model should address the six identified space technology goals» 

include the 34 major tasks, be relatively simple but inclusive of all 

significant variables, be interactive if possible, provide a visual 

result, and select the appropriate work units to "optimise" an overall 

SAMT time varying measure of effectiveness. 

The authors have a combined total of over 24 years of military 

service and therefore, began with a general understanding of the inter- 

workings of the current I & D project (work units in this case) 

Ej* selection methodology. A computerised literature search and comprehen- 

sive review were used as background for the modeling that followed. It 

was agreed upon early in this work that the potential value of a 

computer simulation model was very high. This modeling technique can 

include probabilities, risk, large numbers of work units, sensitivity 

analysis, and excellent (easy to understend) graphics. 

ni. HUMTffll «YIP* 

An initial search of the current literature addressing tesearch 

and Development (I and D) investment strategies yielded en abundance of 

individual t and D "project selection" models. It is estimated by one 

prominent euthor in this field that literally hundreds of models have 

been developed to accomplish this task . In response to a profusion of 

previously developed models; the decision was made to aeek out model 

comparaisoa  articles   which  might   provide  some   insights   into  the 
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strength! and weaknesses of currently available R and D selection models 

and identify which approaches have previously been explored. The 

following is a short history of the comparative literature in the field 

of R and D project selection modeling. 

The article which appears to be the baseline for most of the 

current comparative R and D project selection work done was published in 

1964 by N. R. Baker and V. E, Pound. Appropriately entitled "R and D 

project Selection: Where We Stand, Baker and Pound discuss in fair 

detail three separate models which they believed were representative of 

the models in existence at the time. These classifications and their 

brief descriptions are provided below: 

a) Decision Theory Approach: Represented by the Matt ley-Newton 

model. This approach involves rating each project 

subjectively with respect to a number of important criteria 

such as: 1) promise of technical success, 2) duration of 

project, 3) estimated cost etc. A projects decision score is 

then calculated as the product of these individual scores. 

Those with the highest product are considered most desirable. 

b) Economic Analysis Approach: Represented by the Disman model. 

This approach involves the calculations of a maximum expendi- 

ture justified (MEJ) for each project. This project MEJ is 

equal to the product of the discounted net value of the 

project and the project probability of success. The MEJ 

divided by the cost of the project then provides s relative 

"benefits to cost1* ratio to which other projects can be 

compared. 
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c)      Operations Research Approach:    Represented by the unique Hess 

model.    This approach involves the application of sophisti- 

cated mathematics to the project selection problem.    Estimates 

are required of the benefit value of each project as of the 

nth period of time prior to success, aod the probability of 

success   in  each  period.     Selectiou   is   accomplished   by 

maximising   the   expected  value   mathematically.     Data 

requirements for this model are restrictive. 

These three basic model types were an initial attempt to model what 

Baker and Pound realised was  "a relatively unstructured problem."    The 

approaches mere for the most part derivatives of previous Operation 

Research-Kanagcment Science techniques and the authors further realised 

Jfl that the problem required more study before the validity of any of these 

approaches could be ascertained. 

Following the approach of the Baker/Pound article vas a model 

comparison artiele published by Cetron, Martino, and Roepske . This 

article expanded the number of models considered to 30 with the bulk of 

the new models falling into one of the three categories previously 

establiahed by Baker/Pound. Bach of these models is then judged against 

a fixed set of 26 requirements such as sensitivity to small input 

changes, time constraints, etc. The end result is a series of charts 

which provide at least a rudimentory overview of the then current 

modeling capabilities. 

An interesting side-note in the Cetroe/Nartiao/Pound article is 

their mention of several models intended for Defense Department use. 

Representative of these models is Ssch's PATTERN model which attempts to 
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prtdict ttchnology requirements necessary to support future national 

•acurity objactivat and than diract the R&D optimization efforts into 

filling the predicted shortfalls. This appears to be a significant 

refinement over previous approaches. 

In 1975 R. Ä. Baker with co-author J. Freeland published a very 

significant follow-on article to Baker's initial 1964 report3. This 

article summarised some of the significant work which had been accom- 

plished during the previous decade, including some very sorely needed 

quantitative modal evaluation techniques which allowed for more accurate 

comparisons of the expanding number of 1 U project selection models. 

This topic will ba discussed in greater detail later in this paper. 

In a departure from previous model classification procedures, Baker 

and Freeland grouped competing models under two major categories; namely 

benefit measurement models and project selection/resource allocation 

modale. Benefit measurement models are those which attempt to measure 

the contribution which individual projects or a combination of projects 

make in aatiafying aatabliahad research goals. The authors point out 

that the use of a benefit measurement type model allows for an 

interactive portfolio analysis procedure which may have inherently more 

meaning than the evaluation of iaolated projects. They also point out 

that an interactive benefit contribution model can also supply its user 

with a valuable form of sensitivity analysis which allows the operator 

to "test" economic end portfolio changes. 

On the topic of benefit contribution models, it is worthwhile to 

note that in their 1976 assessment of military I i D project selection 

models for Project BAUD    S.S. Ojdaaa and J.F. Veyant strongly favored 
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btntfit contribution models over other types for this application. The 

primary reason cited by these authors is apparently organisational 

compatibility. "The use of benefit contribution models appears better 

suited to the needs of the Air Force (and the DOD) becauae these 

departments now juatify R&D projects on the basis of mission 

requirements or goala." 

Finally, the most current model compariaon articlea provide a final 

update on current modeling techniques. In his 197$ article, V. I, 

Souder discusses several modeling concepts which could have utility in 

future R&D project selection models . One of these techniques 

involves risk analysis which allows the decision maker to more 

accurately input his/her chosen investment strategiea into the project 

selection proceas. Unfortunately risk analysis requires a substantial 

amount of additional subjective estimating of future project character« 

isties which may negate some of its benefits, A second technique known 

as frontier modeling may function as a acreening device to eliminate 

unacceptable projects prior to entry into the general model. Frontier 

modeling establiahea a graphical acceptance region based on estimated 

project risk and return criterion which allows for quick indentifieation 

of unsuitable projecta. Also diaeuaaed in Soudcr's article are project 

profiling proeedurea and Q-sort technique which may also be of some 

value. 

Attempting to model a problem as unstructured end complex aa R and D 

project aelection hea generated an abundance of modela each with 

different capabilities and limitations. V. g. Souder has developed a 

systematic methodology for analytically scoring perspective models baaed 
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upon a fixed set of criteria which seems to have gained some acceptance 

by other authors in the fieldJ» . This model may provide a much needed 

comparison methodology by which the utility of new models may be 

measured. Before discussing this system in more detail a basic modeling 

assumption shall also be addressed. 

Inherent in almost any of the modeling forms in current existance 

is the requirement for some sort of project "probability of technical 

success" estimate, usually provided by the project manager or sponsor. 

This subjective probability estimate has been pointed out by a number of 

authors as a source of error. In his 1979 review of the literature A. 

Schnarch concluded "Some of the optimism in forecasting costs and 

completion times may be — according to the literature — due to 

deliberate manipulation on part of R & D management with the aim of 

making projects look attractive."6 W.E. Souder also accomplished a 

preliminary study in this field and concluded that in the absence of 

organisational pressure project managers are capable of providing 

meaningful project probability estimates even for preliminary research 

projects'. Since these subjective probability estimates usually provide 

the "underpinnings" upon which the subsequent project selection model is 

built, it is essential that some efforts should be made to eliminate 

organisational bias. 

This organisational and individual bias or over optimism can be 

controlled by using the following technique. Advise each work unit 

manager that he will be making probability estimates concerning his work 

units from start to finish on each project and that the relative 

accuracj   of   those   estimates   will  be  factored   into  future  funding 
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■ exercises.  In other words the better his estimates the higher the 

0; probability that his future estimates will be accepted at: face value. 

"•J The better he estimates now, the higher his future credibility will be 

and thus the better his chances of future funding. Figure 1 shows a 

typical work unit that was managed to success. The vertical axis is the 

probability of success. In this case the manager's optimism was a 

continually growing (higher probability of success) estimate with 

passing time. The summation of the area beneth the curve is equal to 

80Z. Figure 2 shows a similar optimistic view, however this time the 

project failed. The area above the curve was 20X, In the first case 

the manager was "801: correct and in the second only "202". These 

percentages would then be used to off-set over optimism in future work- 

unit forecasts. 

IV. THE MODEL 

Modeling of the SAMT resource allocation (project selection) 

problem must be attacked realistically from both the top (SAMT goals) 

and the bottom (work units) simultaneously. The SAMT goals art 

established by high level DOD personal, whereas the work unit resources 

required for success must be determined at the project sngineer level, 

see Figure 3. 

The dynamic computer simulation techniques applied for this effort 

!>} is   Systems   Dynamics   and   uses   the   DYNAMO   Compiler.      In  order   to 

demonstrate  the  capabilities of dynamic simulation a  small mini-model 

was designed and executed.    Figure 4 is a schematic of this model.    Dr. 

Robert  Barthelemy,   AFVAL/ML provided the data for this test edition of 
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Figure 1 - Accuracy of Probability 
Estimates over Time 
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Figure 2 - Accuracy of Probability 
Estimates over Time 
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91-12 



-'    > 

an. H um » ctf«tarr 
7 ten« im 

. wi * temt * 
awrr 

I.0000 
a.oooo 
3.0000 
4.0000 
9.0000 
*.0000 
7.0000 
9.0000 
*. 0000 
10.0000 
II.0000 
12.0000 
13.0000 
I«. 0000 
19.0000 
u.oooo 
17.0000 
18.0000 
I*. 0000 
20.0000 
21.0000 
it.0000 
23.0000 
2*. 0000 
29.0000 
20.0000 
27.0000 
29.0000 
2*. 0000 
30.0000 
31.0000 
32.0000 
ij.0000 
J4. 0000 
39.Ö0ÖO 
3«.0000 
37.0000 
38.0000 
3*.0000 
44.0000 
«4.0000 
42.0000 
«a.oooo 
4*. oooo 
49.0000 
<*.0000 
47.0000 
«0.0000 
4». 0000 
90.0000 

«OTBX 
nOTt> 
«0TB> 
«on* 
nan» 
«an* 
«an«» 
NOT»» 
«on* 

Figur« 4 - Schematic of the Model 

««SOUftCft ALUJOWIOW «CD1L 

mis «WCY ntno* OF mi «ODCL wmus THI 
US» TQ T1ST TMC «—1CTS OF FFIOFIYV. FUFtB!«*» TUB 
TtMLXnCSS OF TH* FUffBIH« UFO* TM« CQftTFIBUTIO» 0» 
•*€» ****** **9 TMC OVBJMU. 4FK4L COKTOBUTIO». 

*m9mm*mmmmw*i 

FFIOFITY mjittim BUF*rio*<ST»»T> 
NOT*-» i>**-*t SOLA* CBLLS      3 9 7««t> 
nOTI«» 2>r*l-«B IftTOFItS 2 9 9«*3> 
nCTt*» 3>HVFt 1 I* *<*3> 
NQT9>w *>SOL4F COHOPWefB» 9 * 9««*> 
WgTf—> 9>29 KW F.S. 4 19 J«B9> 

u K.M*9c.j«eT<Kii.jii«4C!a.jM<^cia.jii«»ci4«jii«#ci9.jR> 
«on pc—u**m CFFFBIUTY 
ft FC-0 
» •CIt.RL«a.J^<0*PC!.li*lKl.llp9>«MHIPl.K«*CTI.N 

pcii-m» »en incwHft OF FC CAUSBB BV peoteee i. 
FCl AK# FClf «•» m« FFCTOBt TNFW  DBFI*e TH« C0MH BUM 0* 
OF MOü»i i.    neu« TMt *um*w c**miLir* IKNMI 
CAUSBB Bv »»otMn i.   nci» Ans neu consTiTun TH» TMK 
FUPCT1D*. 

*■ »ei.»«$nP"i»c!t.M»ftis> 
4- !»Cl».»*T«tH.(TKl»»(nhe.H«*CTl.fc>-<lS»u.»*-**» 
T rPCll«0^9 
C I1B-0 
«on BIB-TH» geuw m cnenne FFOBF*» I M©» :TA»T TI«B. 
* 4CTi.««TeiMLirficTt.»eri.H*o*200»ioo> 
«On flCTl«*CTlV!TY L*VCL OF P*Ut*** MOM».     THS   IS  TIM 
«on n TACTI A*B IF cor»TPOjura BV BF^TI. 
T TACT!«0'!'I.9 
4 F»IOFl.»*T|lvF4M 
c nw-io 
C F»l«3 
«on «M04i.»«-TMe p»io»fTv OF me MOBAA» <M«^ IS «OQB>. 
4 BFFTI.E^TABML«TIPPTI»AUHB1.*»0»10»I0> 
«On B*»Tt-BB»0»T  trt ABFCSMTABe OF FLAf«BB BFFOFT.   «OF**. 
«on mva. OF BFFOB* is too. 
«on mis is 4 T4BM. FUNCTION *** IS COFTFOUJ» BV H»«DI. 
r n»*ri«o^2oo 
4 P»J«Bl.li«T4BH.<TFU«BI»440Bl.K»-.9..9..1> 
T TFUHBI«9'9/9'9'9>9'9'9'9'9'* 

Figure 5 - The SAKTM0D Computer Program 

91-13 

.v. % m ' 
ft *  * 

m 

hr& 

***** 

%» 

'.V. «\» . • . * * ■ v' « * • * • 'A'V ".* \ 4a\ft>W - ' *- V   »      ' •.**-•* 
^v >;^»/ 



ft 
ü 

u si 

* N 
rf><U 

• \ ä 

• flit- 

ptu > 

*2 ►- • 

of 

I 
Üt 

►- ■■ 

si if 

fiHI 
fc*.SR 

ala „ lui 
1*5 

5^ 

R 

* 

**»-u*»-* 
tSBZ&fsifKgSRissgR:: 

Id 

1 .5 R 

Ulli 

*z»i * 

§ 
UL. 

9 
M — 

Utl* 
Uilh 

\ 9  ■• 

2 I I « 

•»90999 
©•©«»•©©©©<*• *©c©* 
••©©•••©©•••©••©© 

> 00 ©00 0 9 
> ©9 ©o e© * 
>••e De•« ►©•ec3*9 

999999 
* »• «■ « © 
©©©•©• 
©©©«•• 

9©©*©©©©© 
999 9©9 e e c 
©©e©*©©©© 
• ©•999 »9© 

T3 
a; 
-o 
3 

u 
c 
o 
u 

u 

2 r 
* 
n 

Slj ITI fHSi.fttl* Ij: I 
*.**5riSirsjj|i8ii«*.«:R?^nRTe 

**< 
•00000©00999C90©©00©0©©©©©»0© 
0000©0©00©©©0©©©©»©©©**©»C»*© 
•••©••••••»••••••••«O©«©«©«»» 
999©9©9999999»99©99»©9©99»©9© 

? r r* * P in *♦ * r * 3 * • © * * * * *'» ™ »• »• •• *• • • K». *.! • * * « * ♦ < 

»9 9999 
t«9 9 9 9 
f©0999 

c••©c• 
©•••«• 
• * » • a e • « « © c • 

••©»•©•© •«e©*©s* 
«•»»«©•a 
S ©• • S » © S 

9 © * 9 © 
esses s s * e s 
• e © * 9 

;*?n;mt:s'jsj 

91-14 

^iiLi ^^^-^^^:^-.-.v:^ v :^ •:;•>: %:^^ 



the model, see lines 16-20 of Figure 5, The Model Program. This test 

simulation can shov the effects of varying priorities, funding levels 

and timeliness upon the overall (five projects) effectiveness in 

reducing the projected overall technology deficiency. 

V.  RESULTS AMD CONCLUSIONS 

Figure 6 is the mini-model basic run. The difference between the 

desired capability and the planned, is shown by the cross hatched area. 

The period shortfall ranges from 3700 to 100 units. The accumulative 

difference is 230 units. 

Figure 7 shows the effects of beginning program #5 early. The 

total differences vary from 3600 to 300. This shows an obvious improve- 

ment in overall measure of effectiveness (MOE). Starting this program 

early helps improve MOE. 

Figure 8 shows a reduced funding on program #3. The total differ- 

ence increases to 2S0 and the period difference from 3700 to 1100. 

tedueing funds on program #5 reduces the MOB. 

Figure 9 shows the affects of increased priority. The total 

difference is 193 and the period difference varies from 3700 to minus 

1500 (more than required). The MOE is significantly altered by priority 

change. Tabular data can be produced by the model, but was omitted, due 

to space limitations. 

The model responds appropriately. The results are easily seen and 

understood. This small mini-modal demonstrates the capabilities of 

dynamic modeling. 

This modeling technique given good mission priorities and work unit 

probabilities can be a significant aid to research fund allocation. 
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VI.    RECOMMENDATIONS 

The importance of funding the research that best accomplishes the 

£ Air Force Space Mission is self-evident.   This report outlines a method- 

ology that vill accomplish this funding allocation. The methodology is 

straight forward, simple, and easy to understand. All of this enhances 

the probability that the results vill be used by Air Force decision 

makers. 

This work should continue. The authors recommend that an actual 

Space Mission Model be completed as soon as possible. This should then 

be validated and evaluated. There appears to be no reason why this 

methodology could not be expanded to the AFVAL Missions the Air Force 

Missions, and subsequently to the Defense Department Mission. 

Research in the area of resource allocation is critical if the 

Defense Department is to get the "most bang for the buck" possible. 
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EARLY PERFORMANCE OF THE GALLIUM ARSENIDE 

PHOTOVOLTAIC ARRAY ON THE LIVING PLUME SHIELD 

(LIPS) SATELLITE 

by 

PAUL P. SZYDLIK 

ABSTRACT 

The electrical characteristics of an array of gallium arsenide 

photovoltaic cells In earth orbit on the Living Plume Shield (LIPS) 

satellite are studied as a function of time in orbit. A theoretical 

solar cell model and least-squares methods sre used to extract those 

characteristics from current vs. voltage data corrected to one sun 

and 28*C. The decrease in electrical output of the array is related 

to the equivalent 1 MeV electron fluence required to produce the 

observed decrease. Results for the first 172 days in orbit show 

either thst deterlorstion of the array based on the anticipated 

radiation environment is greater than expected cr that the equivalent 

I MeV electron fluence for the orbit Is about an order of magnitude 

greater than predicted. 
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I.  INTRODUCTION; 

As a result of its use in a wide variety of semi-conductor devices, 

the technology of silicon is well developed and solar cells of this 

material have proven to be effective and reliable. Photovoltaic arrays 

of silicon solar cells have been a primary energy source for satellites 

for years. However, if cells of higher efficiency and greater proton 

and electron radiation resistance could be developed, the weight of a 

photovoltaic array required to supply a given power at the end of mission 

life would be reduced with a decrease in required payload and an associated 

cost savings. 

Gallium arsenide (GaAs) solar cells are known to have theoretical 

and attainable efficiencies substantially greater than those of silicon. 

Recent terrestrial radiation experiments with 1 MeV electrons indicate 

that at least up to fluences approaching 10 , the resistance of GaAs 

cells to radiation damage is better than that of planar silicon. 

Gallium arsenide solar cell technology is virtually untested in 

2 
space. A limited study on the Navigational Technology Satellite-2 

(NTS-2) of a single passive 5-cell module of GaAs cells (with an AlGaAs 

window) bore out these expectations to some extent. However, the initial 

efficiency of these cells was in itself low (13.61), in the same range 

as that of silicon and considerably below the efficiencies which have 

been attained in limited laboratory production of GaAs cells. Addition- 

ally» the lifetime characteristics and ability to operate in a particular 

radiation environment in space did not match those of certain textured 

silicon solar cells» for example. 

An array of 300 GaAs solar cells was launched with the Living Plume 

Shield (LIPS) satellite under the auspices of the Naval Research Labora- 

tory. This array can provide 1/6 of the electrical energy to the power bus 
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of this satellite. Sufficient data are acquired to generate a reasonably 

accurate current-voltage (I-V) curve. The active nature of the array 

coupled with the detailed knowledge of the voltage and current charac- 

teristics should provide the most comprehensive data to date on the per- 

formance of GaAs solar cells in space. 

II.  OBJECTIVES 

The broad purpose of this study is to determine the performance in 

space of a GaAs photovoltaic array and ultimately to compare this per- 

formance to similar arrays of silicon cells. The performance of these 

arrays is measured through the variation of their electrical characteristics 

with time in orbit. Specifically the objectives are: 

1) From current vs. voltage data for the LIPS GaAs array supplied 

by the Naval Research Laboratory to compute the open-circuit 

voltage (V ), the short circuit current (I ), maximum power 
oc sc 

(P  ), voltage (V ) and current (I ) at maximum power and the 
max mp mp 

fill factor; 

2) tn  develop computational tools (specifically interactive com- 

puter programs) to facilitate computation of the array's electrical 

characteristics in view of the large volume of data which must 

be analyzed; 

3) from variation of the array's electrical characteristics to 

assess the effects of electron and proton radiation damage; to 

compare these results to expectations based on terrestrial 

experiments. 

Since the radiation environment to which the array is subjected is 

uncertain, estimates will be made of the equivalent 1 MeV electron 

fluence which produces the observed degradation in performance. 
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These estimates will be compared to the expected fluence for the given 

orbit. 

III. CHARACTERISTICS OF THE LIPS GaAs PHOTOVOLTAIC ARRAY 

The GaAs photovoltaic array consists of 300 2 cm x 2 cm (nominal) 

cells. Electrically these are connected in 12 parallel banks of 25 

cells in series. Open circuit voltage of the array approaches 25 volts, 

short circuit current at air mass zero is 1.2 amperes and maximum power 

at the beginning of life is about 23 watts. Cells are Hughes Liquid 

Phase Epitaxy with a junction depth r^f 0.5 micron. The cells have a 

single-layer Ta^O, anti-reflective coating and a UV filter. They are 

bonded to a 10 mil fused silica coverglass using Dow-Corning DC 93-500 

adhesive. 

IV. TELEMETRY DATA AND CORRECTIONS 

The raw telemetry data consist of information from which the sun 

angle with respect to the normal to the plane of the array can be de- 

termined , the array's temperature, plup current and voltage data. Pro- 

vision is made for measuring the projections (OfandjS) of the sun angle 

on two perpendicular planes which in turn are perpendicular tc the plane 

of the array. The sun angle can then be computed from these projections. 

Temperature is measured using a thermistor attached to the back of the 

aluminum honeycomb skin on which the GaAs calls are mounted. Sufficient 

current-voltage pairs are measured, particularly near t..e "knee" of £be 1-V 

curve, from which a complete I-V curve can be generated reliably using 

a suitable solar cell model. 

92-6 

•.**.'"*.•"•.• V*\.*\**» *'• **••/« ■"••*• - v *•'■*. •'.*''*. •'."■' 

. . . *v 



Corrections are made to the intensity for sun angle and (solar) 

orbital position to reduce all data to air mass zero. Appropriate 

-3 -5 
temperature coefficients (-2.04 x 10  volts/C°/cell and + 3.01 x 10 

amperes/?0/cell) are used to correct the voltage and current data to 

28°C. 

The data were scrutinized to determine under what sun angle condi- 

tions shading of the array occurs. There is serious shading whenever 

angle a > 30° for positive Q£ . Minor shadowing effects occur whenever 

fl£<£ -40°. There may be shading whenever oC and y^ are both negative, 

but the effect is not pronounced. There are a few cases where the short- 

circuit current is anomalously high.  It is not clear whether this is 

the result of an enhancement of the solar intensity because of reflec- 

tions or just an unreliable measurement.  Such results were isolated 

and ignored In the data analysis as were the cases where shading of the 

array was probable. 

Recommendations for modification of the data corrections will be 

made in the final section of this report. 

V.  DATA ANALYSIS-PRIMARY ELECTRICAL CHARACTERISTICS OF THE GaAs ARRAY 

The quality of the performance of the LIPS GaAs array is determined 

from the variation of the electrical characteristics with time in orbit. 

The characteristics to be monitored include the open circuit voltage, 

short circuit current, maximum power, fill factor and the voltage and 

current at maximum power. While the open-circuit voltage is measured 

directly and an excellent measure of the short circuit current can be 

obtained from the corrected telemetry data, further analysis is necessary 

to determine the other quantities.  Even for a series of current and 
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voltage measurements during the same orbit there are variations and 
V, 

V, 

V some averaging or fitting procedure is required.  The analysis is 

performed using all the corrected data acquired in a particular orbit. 

Since data can only be obtained in real time when the satellite is in 

range of the receiving station a series of measurements is taken in 

only a few minutes.  Using a simple solar cell model, a least-squares 

fit is made to all these current-voltage data.  From this least-squares 

fit, the required electrical parameters are easily computed. 

VI.  SOLAR CELL MODEL 

An equation which describes realistically the relation between 

3 
current and voltage for a solar ceil is 

I = IL - IQ (exp [q (V + IRs)/nKT] ~ 1) - (V + IRs)/RgH       (D 

where I is the current, 

V is the voltage, 

q is the charge of the current carriers, 

I  is the light-generated current, 

I_ is an effective saturation current, 

n is a constant sometimes referred to as the "curve" or 

"quality" factor, 

k is Boltzmann's constant, 

T is the Kelvin temperature, 

R is the series resistance and 

R_H is the shunt resistance. 

For our purposes the shunt resistance and series resistance are neglected. 

The actual equation used to fit the LIPS data then has the form 

I = Pj - P2 (exp (P3V)-1) (2) 

where P. and P, are the same as 1  and IQ, respectively and P^ = q/nKT. 
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Here the P., are made free parameters. These are adjusted to obtain 

the best fit to the current-voltage data as will be described in more 

detail in the following section. 

Note that P. is the short-circuit current. The open-circuit voltage 

is obtained from equation (2) for 1=0 

V oc HH (3) 

The power is obtained as the product of equation (2) and the voltage. 

Maximum power is determined by taking the derivative of the power equa- 

tion with respect to V setting the result equal to zero and solving 

for the voltage at maximum power. The result is: 

V  = 1 . mp  — In (H (4) 

P, V  +1 
3 mp 

which is easily solved by iteration. Equation (2) is used to find the 

current at maximum power and the maximum power itself is simply V I 

VII.  LEAST-SQUARES FIT TO THE EXPERIMENTAL DATA 

Equation (2) if non-linear in parameter P^. As a result» special 

fitting techniques using an iterative approach with initial parameter 

estimates are required.  It is especially important to have a good 

Initial estimate of P. because of the exponential dependence. Gradient 

or steepest descent procedures move rapidly toward a best fit, but do 

poorly in "fine-tuning" the parameters near optimum. An optimum fit 

Is defined •»  a chi-squared minimum, where chi-squared is a measure 

of the deviations between the experimental and computed currents. 

Linearisation methods involving a Taylor expansion of the fitting 

function work well close to a chi-squared minimum, but they can fail 

completely If initial parameter estimates are poor. 
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The Levenberg-Marquardt algorithm attempts to combine the best 

features of both methods. The changes in the parameters to move to a 

chi-squared minimum are determined from both the gradient and lineari- 

zation procedures. A larger proportion of the former is used when far 

from a chi-squared minimum. Of course the reverse is true as an optimum 

fit is approached. 

Subroutine packages are available for performing the required fits, 

b:.C they tend to be cumbersome in their application. Simpler procedures 

and programs were adapted from Bevington . 

A typical fit to experimental data from the LIPS array is shown in 

Figure 1. The quality of the fit is quite good. There is one minor 

flaw in the analysis. Since the procedure minimized deviations in the 

current, it tends to weight more heavily the data closer to V  where 
oc 

a small error in voltage will produce a relatively large current change. 

As a result» the short circuit current is often lower than any measured 

value by 5-10 mA. 

The tic on the figure marks the maximum power point. This and all 

other required electrical characteristics of the array are computed 

from the fitted curve and displayed In the output. 

VIII.  ELECTRICAL PROPERTIES OF THE LIPS GaAs ARRAY VS. TIME IN ORBIT 

Figure 2 illustrates the variation of the short-circuit current and 

maximum power with time in orbit for the LIPS GaAs array. The open 

circuit voltage la not plotted since fluctuations mask any observable 

trend. The same is true for the fill factor. These values are 24.4 ± 

0.1 volts and 0.773 ± 0.006, respectively. The quoted uncertainties 

are standard deviations from the mean. The variations in the voltage 
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and current at maximum power tend to exhibit the same behavior as the 

open circuit voltage and short-circuit current, respectively. Unfortu- 

nately the satellite was not in range of the receiving station while in 

the sunlight early after launch. Hence there are no data until 40 days 

in orbit. For similar reasons» there are no data from about day 80 to 

day 120. (Actually data were acquired from day 100 to day 120, but the 

array always experienced some shading during this period.) 

While it may be hazardous to extrapolate the data to zero time, this 

is necessary to assess the effects of radiation damage. This extrapola- 

tion gives a zero time short-circuit current of about 1.24 amperes and 

a maximum power of 23.6 watts. Beginning of life (BOL) laboratory 

measured values are 1.28 amperes and more than 24.5 watts. On day 172, 

the short circuit current is 1.134 amperes and the maximum power is 21.3 

watts. The drop in short circuit current is about 8.5% and that in the 

maximum power is about 9.7Z. The estimated effect of adhesive darkening 

for the time in orbit (about 4000 hours) is 2.5X for the short-circuit 

current.  (The effect on the maximum power should be approximately the 

tame.) It will be assumed that the residual deterioration in the 

electrical properties (about 62 for the short-circuit current and 7X 

for the maximum power) is caused by direct radiation damage to the cell. 

The 1 HeV electron fluence to produce this damage as determined in terres- 

1 14 2 
trial experiments is  ^1.5 x 10  electrons/cm . While cover glasses 

on the ^aAs cells used in these experiments were 12 mils thick, whereas 

those on LIPS were 10 mils, this difference should not alter substantially 

the interpretation of the results. 

The LIPS orbit is 600 tun circular Inclined at 63*. The equivalent 

1 MeV electron fluence for 172 days in this orbit assuming infinite back- 

13 2 
shielding and a 10 mil cover glass is 1.9 x 10  electrons/cm for P 

max 

and 1.2 x 101* electrons/cm2 for I    This is about an order of magni- 
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tude smaller than that determined from the deterioration in P   and max 

1 .  Several factors should be kept in mind in comparing these fluence sc 

estimates. Virtually all the damage in orbit is the result of proton bom- 

bardment. The equivalent 1 MeV electron fluences given in Reference 7 are 

for silicon, not gallium arsenide. The terrestrial measurements of radia- 

tion damage used 1 MeV electrons and fluences of 10  , 10  and 10 /* 

2 •* electrons/cm • Experiments were performed at each fluence using tempera- v- 

tures ranging from -20°C to 200°C. There is evidence that annealing of ..- 

the radiation damage begins to occur at 200 C. Thus, these terrestrial ,[■ 

experiments may underestimate the damage occurring at a particular electron fl 

fluence. 

From the deterioration of silicon cell properties Reference 2 estimates 

the annual fluence in a 20,000 km circular orbit inclined at 63° to be £ 
fa 

14 2 2 x 10  electrons/cm a factor of five higher than that given in Reference 

7. While this is a vastly higher orbit than that for LIPS and the radiation 

consists mainly of electrons, possibly similar discrepancies may exist in 

the effects of proton radiation for the lower orbit. 

The data trends in Figure 2, particularly for the short-circuit current 

are of some concern. The data drop rapidly with time until day 80 when the 

satellite is no longer in a position to transmit reliable daytime data. 

There is an apparent leveling off between days SO and 120 with the decrease 

continuing at virtually the same rate after day 120. There is no reason 

to believe that between days 80 and 120 any known damage mechanism has 

been suppressed nor that inordinately high temperatures and associated 

annealing occurred. 

It may be argued that the scale on which the data are plotted is quite 

fine (each major division is only about 2X  of the values) and that the 

apparent trends may still result from scatter in the data. This does 
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not appear likely for the short-circuit current. Additional data later 

in satellite life may resolve this difficulty. 

IX.  RECOMMENDATIONS 

Some improvement in the reliability of the analysis presented here 

could be obtained by improving the analytical tools and the ingredients 
{ 

of those tools. A detailed study of the BOL current data suggests that 

the temperature coefficient for the current is low. This study indicates 

that a coefficient of 3.9 (+0.4) x 10~ amperes/cell/C0 is more consistent 

with BOL data than the value presently in use.  Intensity corrections 

to the voltage are not often made since the logarithmic dependence is 

deemed not to be significant. However, on the high side of the knee 

of the I-V curve small voltage variations produce large current changes. 

The correction can make a difference of a few tenths of volts in the open 

circuit (and other) voltages similar in magnitude to the observed fluctua- 

tions. The suggested intensity correction to voltage derived from our 

solar cell model and BOL data is 

AV - -2.05 x 10"4 T In (H) 

where AV is the voltage correction in volts/cell, 

T is the Kelvin temperature and 

H it the solar Intensity in suns, resulting from the effects of the 

sun angle and the earth's position In solar orbit. 

This correction is in good agreement with BOL experimentally measured 

values in Reference 1. These corrections are to be made to raw data 

acquired at the Naval Research Laboratory. 

The series resistance has been neglected in the solar cell model 

used here. This can be Included without difficulty if voltage rather 

than current Is made the independent variable. The series resistance 

is expected to Increase with increasing radiation damage. 
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Little Is known of the effects of proton radiation in GaAs cells. 

Experiments to determine the variation of macroscopic cell properties 

and microscopic damage which occurs as a result of proton irradiation 

would be extremely helpful in assessing the performance of GaAs cells 

in the radiation environment of space. 

The LIPS satellite uses 5 silicon photovoltaic arrays. If data are 

available, the variation in the properties of these Si arrays should also 

be studied. Radiation damage effects for Si are better known than for 

GaAs. By comparison the effects in Si could shed light on the character 

of the radiation to which the GaAs array is subjected and on the reasons 

for the degradation in the characteristics of the GaAs cells. 
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FIGURES 

1. Figure 1 - Representative current vs. voltage data for the LIPS gallium 
arsenide photovoltaic array and least-squares fit. 

2. Figure 2 - Short circuit current and maximum power vs. time in orbit for 
the LIPS gallium arsenide photovoltaic array. 
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Building a Multiple Regression Equation 

When Many Variables Are Available 

by 

Enoch C« Temple 

ABSTRACT 

This paper summarizes some of the problems encountered when a linear 

model is constructed from a large set of potential regressor 

variables. Limitations imposed on the multiple regression coef- 

ficient by survey data are discussed. The problem of multicol 

linearity is reviewed. A method of selecting a set of regressor 

variables and simultaneously identifying multlcollinearitles is pre- 

sented through an example. 
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I.  INTRODUCTION 

The research applications staff of the Leadership and 

Management Development Center (LMDC) at Maxwell Air Force Base, 

Alabama, is charged with the task of statistical analysis which 

identifies trends, relations and differences among many of the 

variables that are connected to the ultimate goals of the United 

States Air Force (USAF). This task is in direct support of the 

ultimate goal of the Air University which is to enhance USAF 

leadership and management effectiveness* 

For the purpose of achieving its objectives, LMDC has developed 

several Instruments (survey tools)* Among these are the 

Organization Assessment Package (OAP), Supplemental Survey #1 (Combat 

Motivation) and Supplemental Survey #2 (Spouse Views). The OAP con- 

tains 109 items, Supplemental Survey #1 contains 56 items and 

Supplemental Survey #2 contains 73 items. For each survey tool, 

each nondemographic response Item is limited to a choice of one out 

of seven possible* LMDC has a large data base on each survey tool, 

the largest being on the OAP. 

In order for the research staff to make sound recommendations 

through an appropriate analysis of the available data base, it is 

necessary to identify and analyze relationships among the variables 

on which data has been collected* Specifically, there is an 

Interest In the development of a best possible linear model. Such a 

model should contain the variables that have the greatest influence 

on a particular target variable. Also, when assessing this 

influence, comments in this paper are expected to serve as a 

reminder of limitations Imposed on the statistical evaluation of the 

model by the data set. Additionally, one should be aware of pre- 

cautions that should be taken in order to ensure that standard sta- 

tistical procedures used to evaluate the model are not misused or 

misinterpreted* For example, one of the criteria used to evaluate 

the quality of a prediction equation Is the value of the multiple 

regression coefficient R or its square, R2. It is known that the R2 

value Is Inflated when one attempts to apply a stepwlse variable 

selection procedure to a regression problem where the sample size Is 
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smaller than the number of potential variables.  Rencher and Pun 

(1980) observed this property and also evaluated some distribution * 

properties of R2. ^~ 

It is also known that data collected by survey tools tend to *\- 

have a large number of repeats.  (i*e., one variable constant while \- 

the other variable varies.)  These repeats impose restrictions on £j 

the value of R2.  Thus any large R2 value obtained from a data set >i 

with a large number of repeats should be suspect* :
r. 

At this stage of the linear model construction at LMDC, p% 

researchers have identified several dependent variables for which C\ 

they would like to identify good predictor variables.  For each of /} 

the dependent variables, they also have a good idea as to which p 

variables may be good predictors.  However, when the number of 
>,\ 

variables is large, one always wonders if perhaps some Important '/■ 
', < 

variable has been left out.  Furthermore, often times a set of '.* 

regres8or variables may be highly intercorrelated (a situation known B 

as multicollinearlty). Even if pairwise correlations are not large, 

multlcollinearity may still exist among the variables* 

When multlcollinearity is present, the classical method of ^ 

multiple regression is unreliable. That is, regression coefficients U 
IM 

are   unstable   from  sample   to   sample*      For  example,   one  sample  may *s 

generate a regression coefficient whose  value  is  negative     and yet ."! 

another   sample   may   produce   a   positive   value   for   that   same   coef- .*. 

ficlent.       Any   model   exhibiting   this   behavior   is   useless*       In % 

fact,   It  is  highly   possible   that   the   presence   and   ill-effects   of p 

multlcollinearity   (if   not   checked)   may   go   completely   unnoticed* 'y 

Hence,   as   an  intermediate   step   for   the   construction   of   a   linear V 

model   from  a   large   set   of   potential   variables,   it   Is   recommended .. 

that   exploratory   tools   be   applied   to   a   preliminary   sample*      The * 

application of such tools  allows  the  researcher to select  predictor \ 

variables and simultaneously Identify multlcollinearltles. [[ 

Finally, a few words of caution Is In order here. First, 

exploratory tools should not be allowed to replace a researcher's 

insight nor any well established statistical tools. Instead, they 

are to serve as an auxiliary  t> existing tools  and  the researcher's 
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knowledge. As pointed out by Hawkins (1973) and Baskerville and 

Toogood (1982), an exploratory method will expose the underlying 

structure of all variables involved in an investigation, thus, per- 

mitting the construction of a best possible linear model. 

Secondly, since survey research never completely satisfies the 

assumptions of the linear model, statistical inference should be 

interpreted with care. Nonetheless, the study of linear rela- 

tionships, even for survey data, is a very effective way of allowing 

the researcher to understand patterns and trends in the data. 

II. OBJECTIVES 

Procedures for estimating the regression coefficients in a 

multiple regression problem are well established« As pointed out In 

the introduction, sample size, repeats in the data and multicolli- 

nearity may inhibit the effectiveness of the application of 

established regression procedures. Therefore, specific objectives 

for this project are to: 

(1) Identify the best technique, based on the available data, 

for constructing a multiple regression model. 

(2) Provide theoretical support for the technique recommended 

in objective (1). 

(3) Recommend a variable selection technique. 

III. THE GENERAL LINEAR MODEL 

Basic Properties of a Linear Model 

For the purpose of conciseness, completeness and convenience, 

the basic properties of the linear model will be presented through 

the use of vectors and matrices. Furthermore, a global picture of 

multicoUinearity can be better presented through the matrix repre- 

sentation than through any alternate approach. 

To develop the essential properties of the linear model, we let 

y be the dependent variable and xXl %1 xp be the independent 

variables. (Independent variables, regressor variables and predic- 

tors will be use«, interchangeably.) It is assumed that a linear 

relationship exists between the variable y and the variables xj,, x2 

• »••, Xp. The mathematical form of this assumption is 
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y - b0 + bixi + ... + bpxp (1) 

where bQ Is the constant term and b± (i>o) is the numerical coef- 

ficient of X£. At the outset of the construction, the values of b0, 
Dl»   •••» bp are unknown and must be estimated from sample data« 

Let   us   also   assume    that    there   are   n   observations    on   the 

variables y, xj_, X2,   ...,Xp.     Substituting these n observations into 

the assumed model in (1),  one gets 

observation 1 y^ « b0 + b]xn + 

observation 2 y2 - b0 + bix2l + 

+ bpxip 

+ bpxip 

(2) 

+ bpxnp observation n yn • b0 + bixni + 

An alternate matrix/vector representation of  the above  observations 

is 

n 
V2 

yn 
k      a 

xil 

X21 ... 

.. xip 

X2p 

bo 

bl 

(3) 

1      xnp  ... xnp bp 

Where Y - 

yi 

yn 

is the nxl vector of observations 

on the dependent variable y, 

1      xu ... xip 

x2i  ... X2P is the nxp matrix of 

l      Uni  ••• xnp 
observations on the Independent  variables xi,  x2t   . ••, Xp and 
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B - 
*1 

is the vector of 

LbPJ 
coefficients to be estimated from the observed data.    When Y, X and 

B_ are substituted into equation (3),  it becomes 

Y - XB (4) 

For the purpose of any inferential statistical analysis, the set-up 

in (1) is represented by 
vi - b0 + bixu + ... bpXpi + E± (5) 

where E^ represents the random error in the 1th observation and 
hence the corresponding set-up in (4) becomes 

Y-XB+E (6) 

fEll 

where E 

E2 

is an nxl error 

,Et 
vector. When (6) is used, it is also often assumed that the 

variance of E is 
var (E) - o 2i (7) 

where I is an nxn Identity matrix, £ has the multivarlate normal 

distribution and o2 is positive. However, these additional assump- 

tions are necessary only if we are interested In the development of 

statistical distributions. This paper does not focus In that direc- 

tion. 

It is also worthwhile to remark here that many users will stand- 

ardise the values in both vector Y and matrix X. Under standard- 

isation, the column of ones in matrix X will disappear. The 

column of ones disappears because under standardisation, the 

constant term b0 in (I) disappears. Nevertheless, whether the 

observations are standardised or not,  the basic set-up in (4) or (6) 
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remains the same. That is, if the observations are not standardized, 

Y and matrix X contain the original observations. If the obser- 

vations are standardized, the vector Y and matrix X contain the 

standardized observations with vector £ being J^1 * [b^, D2t . ..,bp] 

in case of standardization. (B1 represents the transpose of vector 

B). 

For the actual computation of the values in vector B, we refer 

to equation (5) or (6). From (6), we see that E; ■ Y - XB and 

£*£ " £ " XB)1 £ - XB) (8) 

which is the sum of the squared error in the dependent variable y. 

The computed values of jB are the values that will minimize (8). The 

application of partial differentiation to (8) [See Graybill, (1976) 

for theoretical details] shows that (8) is minimized when * - 

(X*X)-1 X*Y. For the purpose of clarity, we call iB the unknown 

values of the coefficients and £ the estimate of !B. Therefore, IB 

is the actual vector of values computed from the observed values in 

vector Y and matrix X. 

Hence, fi - (Xlx)~l X*Y (9) 

Additional expression» In the matrix notation are as followsJ 

[See Graybill (1976) for details.] 

Variance of the components of £ - (Xlx)~lo 2 (10) 

Vector of estimated values of y • $ * XB (11) 

Sum of squares due to regression * B*XlY (12) 

Total sum of squares - Y*Y 

Residual sum of squares - Y*Y - BWY (13) 

Expressions   (9)   throughout  (13) are  included  for easy  reference  In 

later developments. 

Objectives of the Linear Model 

The general linear model and its theory are used to justify a 

large class of statistical tools. For example, tools of analysis of 

variance, covarlance analysis, path analysis, among others are 

justified through the theory of the linear model. Although the 

linear model can be applied to a large class of problems. Draper and 

Smith (1981,  page 412) have Identified three major types of aathema- 
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tical models. They are: ^ 

(1) The functional model *v] 

(2) The control model Ü 

(3) The predictor model fr« 

Of these three, Draper and Smith raised doubt as to whether models \y* 

(1) and (2) can be achieved through regression alone. Nevertheless, 

we will identify the above as three major objectives of the linear 

model. In fact, researchers at LMDC have expressed interest in the 

best possible model so that testable hypotheses can be formulated on 

the degree of control one may exercise over the dependent variable 

by manipulating the independent variable(a). 

Influence of Repeat Runs on R^. 

To evaluate the Influence of repeat observations on R2, we use 

an approach presented by Draper and Smith (1981). Suppose we are 

interested in establishing a simple regression equation of y on x. 

Let there be n observations on variables y and x. Of the a obser- 

vations on x, suppose that only m (<n) of them are distinct. That 

is, for the distinct x value 

*1, there are n\  observations on y; 

X2» there are 03 observations on y; 

xj, there are nj observations on yt 

xa, there are % observations on y. 

In general, for each distinct xj, there are nj different obser- 

vations on y and hence we say that the data set contains repeats at 

xj and nj - n. 
Let vjk " repeat observations at XJ where k ■ 1, 2, ..., nj* 

The residual at any XJ is yjk * yj where yj is the estimated value 

of y at Xj and yjK is the observed value.  By adding yj - yj the 

residual at Xj becomes 

yjfc - *j - (yjk - yj) - (5j - yj). o*> 

where yj is the mean of the repeats at xj. 

Squaring both sides of (14) and applying the appropriate summations, 

we get 

II <yjk - yj)2 - n<yjk - yj)2 + ^j(yj - yj)2 cw 
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The left side of (15) is the residual sum of squares and the two 

terms on the right side partition the residual sum of squares into 

pure error sum of squares (PSSE) and a lack of fit sum of squares 

(LFSS). That is, PSSE - ££(ylk - yj)2 and LFSS - Vnj (yj - y-j)2 is 

the error for which no model, be it linear or otherwise, can 

account. Therefore, when repeats exist in a data set, the maximum 

value of R2 - 1 cannot be attained.    That is, 

R2 - i - PSSE + LFSS (16) 
TSS 

where TSS - total sum of squares. 

If PSSE j» 0,  no matter the value of LFSS,  R2 < 1.    Hence an R2 of 1 

cannot be achieved if the data set contains repeats. 

In a regression analysis where repeats appear, it may be help- 

ful to know the value of the maximum attainable R2 value, denoted 

max R2,  for a particular data set. 

To compute this max R2 value, recall that PSSE remains unchanged no 

matter what model is fitted to the data.    Therefore, 

Max R2 - TSS " PSSE • (17) 
TSS 

It should be kept in mind that the max R2 value is data dependent* 

If there are no repeats, PSSE - 0 and max R2 - 1. However, for the 

LMDC data, repeats are almost assured after the seventh observation 

on any pair of variables. 

Since    the    R2    value    of     (16)    was    computed    for    a    simple 

regression,   ihe  absolute  value   of   the  correlation  for  the  x and y 

variables    is    (R2)V2.       Hence    the   absolute   value   of    the   maximum 

achievable  correlation between two variables is  (max R2)^ where max 

R2 is given in (17). 

The reader may have observed that the partition in (15) is 

somewhat similar to the partition for the total sum of squares in a 

one-way analysis of variance. Actually, If one is Interested In 

computing max R2 for a simple regression of y on x where x has m 

distinct values and repeats are available, variable x can be thought 

of as a single factor with m levels. (For LMDC data a<7*) Thus the 

analysis   of   variance   set-nip  gives   PSSE  as   the  within  cell   sum of 
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squares« Therefore, from a one-way ANOVA table, max R2 is easily 

computed. 

In a similar manner, max R2 for the multiple regression problem 

can be computed* For example, suppose one is Interested in com- 

puting a max R2 for the multiple linear regression of y on variables 

X}, X2 and X3. 

The values TSS and PSSE are easily computed by a computer statistics 

package,   say  SPSS,   by  using  a  three-way  ANOVA where  xj,  X2 and  X3 

are the factors and each of the factors has m levels. 
Here max R2 - TSS - PSSE where PSSE la the po0ie<i within cell sum of 

TSS squares• 

It is worthwhile to remark he  ° that the ratio (actual value of 

R2)/(max R2) gives some measure of how well the model fits when com- 

pared to its potential.    Hex R2 is its max potential. 

The Problem of Multlcolllncarlty* 

The symptoms of multlcollinearlty may take many forms. Some 

are listed in Nie et.al (1975). However, one may use a systematic 

approach to determine the existence of colllnearlty in a set of 

variables. 

The first look at the concept of multlcollinearlty will be pre- 

sented   through   the   use   of   a   four   Independent   and   one   dependent 

variable regression problem*    That is, consider the linear equation: 

y - b0 ♦ bixi + b2X2 + 03x3 + 04x4. (18) 
Furthermore, suppose it is known that %i + 2*3 + *5*4 " 0« In this 

case we say that there is an exact colllnearlty involving the inde- 

pendent variables «2» *3 and x4 and hence one variable can be 

expressed as a linear combination of the other two. This mean:» that 

at least one of variables *2»  «3 or X4 can be eliminated. 

When exact colllnearity exists, from a msthematlcal point of 

vlr-7, it makes no difference which variable is removed. However, 

the researcher may have a preference as to which variable should be 

removed. For example, since it is known that «2 +2x3 + .5x4 * 0, we 

get x2 - -2x3 -•***• 

Hence the    equal for    %2 C4n    replace    »2 in    equation (IS).      After 
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substitution and simplification, equation (18) becomes 

y " co + clxl + C3X3 + cb*4 where c0, ci, C3 and C4 are the new 

coefficients obtained by the substitution process« The reader 

should observe that either variable X3 or X4 also could have been 

eliminated. 

In most applied problems, it is unusual for exact multicolli- 

nearlty to exist* That is, Instead of exact colllnearlty, a case of 

"near colllnearltyM exists. From the example in (18), we may say 

that a near colllnearlty exists between variables X2, x3 and x* if. 

■ay» x2 + 2x3 + .5x4 *• ne*r sero. When it is determined that this 

linear combination is near zero, we may say that colllnearlty exists 

and at least one variable can be eliminated by equating the linear 

combination to zero and proceeding as though an actual exact colll- 

nearlty «sifts* Here again, mathematically, the elimination process 

is straight forward but the actual identification of a colllnearlty 

may not be clear-cut. 

The mechanics of identifying variables Involved in a multi- 

col linearity can be more compactly presented through matrices. This 

is particularly true when a large number of potential regresaor 

variables are involved. This treatment Is provided in the next sec- 

tion. 

How to Detect Maltlcollinearity 

A researcher using regression analysis needs methods of deter- 

mining when multlcollinearity is present. By using the matrix nota- 

tion given in III.I, we recall that (X^X)! - X^ or B - (X*X)-lx*Y. 

Alao recall that If the original data set t* standardized, XlX is 

the correlation matrix for the independent variables. For the 

sequel that follows,   it is assumed Chat the data Is standardised. 

To determine if multirolilnea:lty Is present, one may examine 

the diagonal of (X*X)~i. If there Is a large element on the diago- 

nal of (XU)'* then this is an Indication that the associated 

variable Is involved in a multlcollinearity. Alternately, matrix XlX 

can be factored such that 

X*X - Tl AT (19) 

where   T   is   a   matrix   of   eigenvectors,   A is   a   diagonal   matrix   con- 
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taining the eigenvalues of X*X along Its diagonal and T1 denotes the 

transpose of matrix T. Let vector t^ be the ith eigenvector of X*X 

(ith column of T) and let X i be the associated eigenvalue. 

According to Massey (1965), the linear combination t^x where x is 

some vector of the independent variables, represents a raulticolli- 

nearity if Xt is small. (Criteria for judging smallness will be 

given in section IV). 

Another alternate indicator of the presence of multicolli- 

nearity is the determinant of matrix X*X, denoted det (X^-X). If det 

(X*X) is small, then there is a possibility of collinearlty. 

However, the reader should be reminded that in equation (9), it is 

implicitly assumed that n > p, where n is the number of observations 

and p is number of variables. If n < p, then det (X*X) is exactly 

zero and hence (X^X)"1 does not exist. Thus, when attempting to 

estimate regression coefficients, we should be certain that the 

number of observations is sufficiently large. Anderson (1958) has 

recommended 3 to 4 observations per variable when attempting an ini- 

tial Investigation of a linear relationship* For example, if ten 

variables are Involved in the investigation, then 30 to 40 obser- 

vations should be used. 

Solutions for Multicollinearlty 

Several solutions for the problem of multicollinearlty have 

been proposed. Among them are ridge regression Introduced by Uoerl 

and Kennard (1970)» principal components regression discussed by 

Massey (1965) and latent root regression proposed by Webster et.al 

(1973). All three of the above methods rely on an alteration of the 

eigenvalues of the matrix (X*X) to achieve their results. These 

methods carry the general label of biased regression. For speci- 

fics, the reader may consult the above refrences. Also a paper by 

Hocking (1976) gives an excellent overview of the methods mentioned 

here as well as of two additional methods* The theoretical Justifi- 

cation for the recommended approach suggested by this paper is given 

in the next section. This approach allows the researcher to select 

good regressor variables and simultaneously identify collinear!ties. 
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IV.    RECOMMENDED METHOD 

The recommended method here follows the method proposed by 

Hawkins (1973). The set-up consists of a vector x_* ■ (xj, X2, 

.♦.,Xp) of Independent variables and the dependent variable y. 

Augment vector x by adding variable y to obtain vector Z* ■ (y, xj_, 

..., Xp) and assume that all variables in vector z_are standardized. 

Let R be the (p + 1) by (p + 1) correlation matrix of Z_ where R is 

assumed to be nonsingular. 

The problem of multiple regression consists of finding a vector 

so that the hyperplane 

y - bjxi - b2x2 - ... - bpXp (20) 

is close to the data in the y-norm. That is, so that the mean 

squared deviation along the y-axis is minimized. Denote the y-norm 

by s2 and denote the vertical norm (mean squared deviation along a 

normal to the hyperplane) by X • From vector analysis it is known 

that If Z ■ (y, xi, ..., xp) is any vector in the (p + 1) diraen- 

["•£' sional space,  then 

y - blXi - ... - bpxp    ^ (21) v 

'■.- 

where 1 - (1 + b^ + .., + bp
2)^ is the vertical distance between Z 

and the hyperplane in (20).  An application of trigonometry gives 

the equation 

s2 - 12 . (22) 

Rewriting the left hand side of equation (21) we get 

y . bi*i .     . bD 
-            ■"      -E«p. (23) 
11 1 

Now for each hyperplane t^ determined by the eigenvector tj of 

matrix R, t is the corresponding vertical norm. Simply stated, i 

is the 1th eigenvalue of R. 

An expansion of tljZ gives 

ill " toy + cl*l + ••• + tpxp (24) 

Equating coefficients of y in (23) and  (24) and solving  for 1 we get 
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hence we now have a situation where 1 and \ are known for equation 

(22). By substituting L for 1 and Xi for x in equation (22), we get 

2  X1 

Since the original objective was to minimize s2, it is now clear 

that s2 is minimized when Xi is small and t0 is large. The reader 

should note that \&\<1 because t0 is the first component of an 

eigenvector of R. Also note that S2 is small if t0
2 is large. 

TT 
A convenient representation of the ratio t0

2 can be obtained by 

rescaling the matrix of eigenvectors« That is, by rescaling matrix 

T where R * T1A T, T contains the eigenvector of R in its columns 

and is the eigenvalue diagonal matrix. Let matrix D «A~^2 xl. Here 

iJ " —ii where tjj is the jth element of the ith eigenvector. 
Xl^2 

The D matrix provides guidelines for determining which variables are 

likely to be good predictors of the dependent valrable y. First 

note two results from Hawkins. Let d^ - (d±0* ^il» •••» dip) t0 *• the 

ith row of matrix D. Then 
fl) 1     is the mean squared error for the regression 

of all independent variables of y. 

(2)      1     Is the mean squared error of a regression 

using the variables provided by row 1 of 

matrix D. 

(Some elements in row 1 may be 2eros. Thus, this row shows a subset 

of variables that are suitable regressors.) 

By using result (2), it can be aeen that the best subset of 

variables for predicting y is Indicated by the row of matrix D having 
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the largest value In column zero (the 1st column). The best subset 

of regressor variables will be those Independent variables 

corresponding to the largest d-values In that row. 

If there are two or more such rows in matrix D, then this is an 

indication that there are two or more clusters of variables that are 

good predictors of y. Furthermore, if dio is near zero, then the 

independent variables loading most heavily on this row are involved 

in a multlcolllnearity. The following example is illustrative of 

the above description. 

V. EXAMPLE 

A sample run of the subprogram named FACTOR from the SPSS 

package is shown below. The objective of the run was to obtain the 

D matrix for the 93 nondemographic variables in the OAP. The 

variables are denoted by Vx> V2, ... V93 aruj variable V93 is the 

dependent variable. A sample of size 116 was used to determine the 

correlation matrix. (This sample size is small but sufficient for 

illustrative purposes.) Because of a limitation on space, the 93 by 

93 correlation matrix is not printed here. Also, only an abbre- 

viation of certain rows of the rotated D matrix is printed in table 

1. Row 1 contains a partial list of the 93 variables with variable 

93 being the dependent variable. Rows 2, 3 and 4 provide some 

information about the relationship between the variables. Row 2 is 

printed because, of all 93 rows of matrix D, it contains the largest 

value In the column associated with variable 93 and row 3 contains 

the second largest value in that column. Row 4 contains a small 

value (rounded to zero) In the first column. 

93 3 11  32  38 42 

TABLE 1 

59 61 64 66 72 80 85  86 91 

3.9 -.3 -.1   0  .2 -.8 - .3 -.7 .8 - .4  .2 .9 -.4 1.0 .9 

-1.3 -1.3 4.3 -1.4 -3.0 1.2  .6 .8 -.3 - .2 -.6 -.6 1.4  .2 0 

0 -.1 -.2  .5 -.1  .1 -1.1 1.0  0 -1.2 3.7 .8 -.5 .4 .3 

From row 2, variables 42, 64, 80, 86 and 91 have the largest d- 

values for this row. Hence they represent a cluster of five good 
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predictors for V93. Row 3 Indicates that variables 3, 11, 32, 38 

and 85 is a second cluster of good predictors for V93. Since row 4 

contains a very small value in the first column, the regressor 

variables corresponding to the largest d-values in this row are 

involved in a collinearity. That Is, variables 59, 61, 66, 72 and 

80 are near collinear. However, the collinearity as defined by row 

4 does not affect the regressor variables identified in rows 2 and 3 

because the identified regressor variables there do not contain any 

of the collinear variables. If the collinear variables were 

involved with the Identified regressor variables, it would be 

possible to delete the collinearity by using the deletion method 

given in section II. 

In general, from a set of 93 variables, it Is expected that 

more than five Regressor variable will be identified* No matter 

what number of variables are Identified from matrix D, this paper 

recommends that a stepwlse regression then applied to the identified 

variables to get the actual regression equation. 

VI. COMMENTS AND CONCLUSIONS 

In this paper we have presented a method for constructing a 

linear prediction equation when a large number of variables Is 

available. Emphasis was placed on the limitations Imposed on simple 

correlation coefficients and the R2 value because of the likelihood 

for repeat observations. Also, It vas suggested that regressor 

variables be identified through an inspection of a D matrix* This 

inspection allows the user to Identify one or more subsets of 

regressor variables as well as any collinearities that may exist. 

It Is worthwhile to point out that if the researcher is 

Interested in treating any variable of £ • (y»*l» •**» *p) as a 

dependent variable, a set of good regressor variables can be 

obtained by inspecting matrix D. For example, suppose we are 

Interested In treating x* as a dependent variable to be regressed on 

variables y, xj, ... x^-i, Xfc+i, ... xp. We first locate the column 

in D that is associated with x^ and the largest value in this column 

identifies the row of D that will identify the variables that are 

*.:-<* 
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good predictors of x^. Thus, matrix D may allow the researcher the 

versatility of detecting good predictors of any variable in Z_ 

through a single preliminary analysis* 

Matrix D can be obtained in its rotated form by using the 

principal factoring method followed by a varimax rotation. These 

methods are available in the SPSS subprogram FACTOR. 

Further applications of exploratory tools to the various types 

of linear models are possible. Also, the Influence of an oblique 

rotation, with respect to regression, on the D matrix should be 

investigated. Because of the necessary shortness of this research 

period, these problems were not addressed« These are good can* 

dldates for a follow-on research project. 
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A PRELIMINARY INVESTIGATION OF THE UTILITY OF LINEAR 
DIGITAL FILTERS FOR ANALYZING ECONOMIC SYSTEM 

PERFORMANCE DATA 

by 

William Robert Terry, Ph.D. 

ABSTRACT 

The utility of linear digital filter (LDF) methods 

for analyzing performance data for economic systems was 

investigated.  LDF methods typically used for analyzing 

physical systems were found to be not well suited for 

analyzing economic systems.  Alternative methods for 

analyzing economic systems were identified.  Data series 

from a number of economic systems of interest to the Air 

Force were identified and LDF models were fitted to each 

series and selected pairs of series.  Analysis of the 

>!• models fitted to the individual series indicated that the 

assumption of independent errors was nüt usually 

appropriate and that LDF methods could be used to account 

for such dependencies.  Analysis of the simultaneous 

behavior of selected pairs of series indicated that 

feedback relationships could exist between certain pairs of 

series and that multivariate LDF models could be 

appropriate.  The analysis of attempts to model certain 

pairs of series also indicated that a non-linear digital 

filter method could be needed. 
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I• INIBQOUGIIQN 
In this report any organization which contributes to 

the production of goods or services will be referred to as 

an economic system.  Two different types of feedback can be 

j»{ used in controlling such a system.  Negative feedback (NF) 

assumes that a desired level of performance has been 

established and that the goal is to maintain performance at 

this level.  NF involves comoaring the actual performance 

with that desired and then adjusting the inputs to the 

system so as to eliminate the difference between actual and 

desired performance.  In contrast positive feedback (PF) 

assumes that the goal is to improve the performance of the 

system. PF  involves changing the inputs to the system on 
an experimental basis, observing the impact on performance, 

retaining those changes which improve performance and 

discarding the remainder. 

Economic systems mrm  almost invariably found to be 
operating in environments which complicate the process of 

exercising either NF or PF  control.  In such environments 
it is not usually possible to observe and control all of 

the causal factors which can influence the performance of 

the system.  These unobservablr or uncontrollable causal 

factors can cause the actual performance of the system to 

fluctuate in mn  unexplained fashion.  In such environments 
there mrw  usually a number of factors which introduce 
errors into system performance measurements.  Both 

unexplained fluctuation* in actual system performance and 

errors made in measuring the performance of a system are 

referred to as noise. 

The presence of such noise can increase the risk that 

^n  inappropriate control action will be taken.  When the. 

system is operating in the NF mode, noise can cause a 

system which in actuality does not require corrective 

action to look like one which does.  It can also cause a 
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system which in actuality needs corrective action to look 

like one which does not.  Also when the system is operating 

in a PF mode, noise can cause a change which in actuality 

had a positive impact on performance to look like one 

which had a negative or neutral impact.  Conversely, it can 

also cause a change which in actuality produced a negative 

impact to look like one which produced a positive impact. 

In many situations existing knowledge of system 

behavior is not sufficient for specifying how changes in 

system inputs will affect system performance.  In such 

situations it is often necessary to use historical 

performance measurement data to infer a relationship 

between input and performance.  Unfortunately, the presence 

of noise can obscure the relationship between inputs and 

performance.  In particular noise can create the illusion 

of a relationship between inputs and performance which is 

quite different from the one which exists in reality. 

Using such an illusionary " slationship as the basis for 

control actions could produce results which are opposite to 

those which are desired and expected. 

The risk of taking an inappropriate control action 

could be reduced if there were a method for extracting the 

signal which describes the true behavior of a system from 

the noise which tends to obscure it.  This problem is 

similar in  some respects to one which arises in the control 

of physical systems.  In such situations linear digital 

filter <LDF) methods are often used to separate the signal 

from the noue. 

However, LDF methods typically used in controiling 

physical systems ar&  not directly applicable to economic 

systems.  In applying IDF methods to physical systems, the 

first step is to utilise existing theoretical l-nowledge to 

specify the general form of «* mathematical model which 

describe» the behavior of the physical system.  Unfortunately 
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the equivalent theoretical knowledge for an economic system 

is not generally available. 

Conventional statistical methods such as linear 

regression analysis are based on the assumption of 

independent errors.  Unfortunately, there are a number of 

unobservable and uncontrollable factors which could cause 

an economic system to behave in such a manner that the 

errors which would result from fitting a linear regression 

model would not be independent.  Examples of such factors 

include the learning effect, the deterioration of 

equipment, seasonal effects, and alternating relationships 

in which a high value in one period tends to be followed by 

a low value in the next and vice versa. 

11.  QBjZKIiyK-QF_IH£_Rg§£ARQH_gFFQ£I 
The primary objective of this research was to 

determine the utility of LDF methods for analyzing 

performance data for economic systems.  This objective was 

decomposed into three subobjectives which represented 

specific tasks necessary for the accomplishment of the 

primary objective.  The first subobjective was to identify 

a LDF method which could be suitable for analyzing perfor- 

mance data for an economic system.  The second subobjective 

was to identify potential applications of LDF's which could 

be of value to the Air Force.  The third subobjective was 

to actually use LDF methods to analyze performance data for 

selected economic systems. 

HI.  IB6NIIFigAIIQN.QF^§giIAgUg^l,ßF^MgTHQÖ 
The task of identifying A suitable LDF method which 

could be used for analyzing performance data for an 

economic system began with a review of the engineering 

literature in which LDF methods had been used to analyze 

the behavior of physical systems.  This review revealed 

that the basic approach for developing mn  LDF model of a 

physical system involved two phases.  The purpose of the 
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first phase was to specify the general form of a 

mathematical model for describing the behavior of the 

physical system.  In the second phase the purpose was to 

estimate the unknown values of the parameters of the 

mathematical model specified in the first phase.  The basic 

process for identifying the general form of the mathemati- 

cal model consisted of using a knowledge of the basic 

relationships between the various components in the system 

and the laws of physics to specify a system of equations 

for describing the behavior of the physical system.  In the 

second phase the basic process was to use historical data 

on the systems performance to estimate the values of the 

unknown parameters in the mathematical model specified in 

the first phase. 

The utility of an LOF model of any system will be 

crucially dependent on the adequacy of the general form of 

the mathematical model of the system's behavior.  Failure 

to specify an adequate form for this model could result in 

an LOF model which is not capable of adequately fitting 

historical data.  Alternatively, it could result in a model 

which fits past data well, but which forecasts the future 

poorly. 

Economic systems tend to be more complex than most 

physical systems.  As a result the processes governing the 

behavior of such systems Mrm  not understood as well as 

those which govern the behavior of physical systems.  In 

particular verifiable laws which govern the behavior of 

economic systems have yet to be developed, whereas well 

established laws of physics are available for describing 

the behavior of physical systems,  tack of such laws 

suggested the nmmd  for an alternative approach for 

determining the general form of a mathematical model for 

describing the behavior of Mn  economic system.  This 

prompted a search of the engineering and statistics 
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literature -for approaches which could be used for 

determining the general form of such a model. 

This search revealed two approaches which were 

considered to be potentially useful.  One was developed by 

Pandit (1973) and the other by Akaike (1976).  Both of 

these approaches are similar in two important ways.  First, 

each utilize a highly general family of models each oc 

which possesses sufficient flexibility to adequately model 

the behavior of many systems found in practice.  Second, 

each has a theoretically sensible system for determining 

which members of its family of flexible models could be 

appropriate for modeling the behavior of a particular 

system. 

In spite of the similarities, these approaches also 

differ in several important ways.  First, they differ with 

respect to the structure of the family of flexible models 

which is assumed.  The Pandit approach employs the auto- 

regressive moving average (ARMA) representation advocated 

by Box and Jenkins (1976), while the Akaike approach 

employs the Markovian state vector (MSV) representation 

traditionally used by systems engineers.  The ARMA and MSV 

representations differ primarily with respect to the 

information which they store and utilize for forecasting 

the future.  Basically the ARMA representation stores as 

historical values of the observed data for a number of 

prior periods, whereas the MSV/ approach stores forecasts 

for future periods made during the preceding period.  Thus 

the ARMA representation stores "look back" information 

whereas the MSV representation stores "look ahead" 

information. 

The second way in which the Pandit and Aka.ke 

approaches differ is in the process used to determine which 

member of the flexible family of models is most appropriate 

for modeling the behavior of a particular system.  In 
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particular the Pandit approach employs a statistically 

based criterion for selecting an appropriate model, whereas 

the Akaike approach employs a criterion based on the 

concept of entropy. 

The availability of two alternative approaches which 

could be used for developing LDF models for economic 

systems prompted the question as to which approach might 

be most effective.  A search of both the engineering and 

statistics literature for investigations which could be 

useful in answering this question revealed that none had 

been reported.  Given this situation the Akaike approach 

was selected on the basis that software for implementing it 

was immediately available, whereas software for 

implementing the Pandit approach would have required 

further development. 

IV.  IDENIIFICAIIQN.QF^POIgNIIAL^LBE-öEeUICÖIIQWS 
Personnel in a number of organizational units within 

AFLC and ASO were contacted and interviewed for the purpose 

of identifying potential LDF applications.  The particular 

AFLC units contacted were: (1) Directorate Organization 

Resources and Management-Financial Management and Produc- 

tivity Analysis Division (MAJA)| (2) Directorate Industrial 

Maintenance Process Control (MAO), and (3) Directorate 

Facilities Production Engineering (MAX).  The ASD units 

contacted werei (1) Directorate Cost Analysis-Research Cost 

Division (ACCR) and (2) Directorate Manufacturing Quality 

Assurance-Manufacturing Support Air Vehicle Planning 

Division (YPMG).  The potential projects which were 

identified as a result of these interviews arm  briefly 

described in the next subsection. 

ÖEUQ^ÖSintSQsnsf.PrQöuctiyity-ÖMIUCffDfQtj. The MAJA 
unit is currently in the process of developing *  system for 

measuring the productivity of AFLC maintenance operations. 

Their basic goal is to develop a measure which! (l) is 
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IV comprehensive in that it considers all input and outputs; 
IT» 

(2) is not affected by factors not related to the 

efficiency and effectiveness with which maintenance 

operations are performed; and (3) describes how well a unit 

is doing in relation to how well they should be doing. 

It is almost inevitable that any measure developed 

will yield productivity measurements in which the true 

value of productivity is contaminated by noise.  To 

l< illustrate how such noise might corrupt the data it will be 
K 1r\ helpful to consider an example.  Suppose the measure of 

productivity is defined to be the ratio of the average cost 

of units serviced during a base period divided by the 

average cost of units serviced during the current period. 

M There are a number of factors which could change and 

thereby cause the above ratio to yield an inaccurate 

measure of productivity.  First, inflation or deflation in 

the cost of inputs could give a false signal of a change in 

productivity.  In particular an increase in the cost of 

inputs could give the illusion of a productivity decrease, 

whereas a decrease in input costs could give the illusion 

of an increase.  Second, a change in the workload mix could 

also give a false signal of a change in productivity.  A 

change in the workload mix in which units with high service 

costs ^r»  replaced by those with low service costs could 
give the illusion of a productivity increase.  Conversely, 

a change in which low service cost units *rm  replaced by 
high service cost units could give the illusion of a 

productivity decrease. 

Part of the distortions created by inflation/ 

deflation and changes in the workload mix can be removed by 

relatively simple means.  The effects of inflation/ 

deflation might ' -? partially accounted for by expressing 

the cost of all inputs in constant dollars.  Also the 

effects of workload mix changes might be partially 
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accounted for by including in the ratio only those units 

>!• which were serviced in both the base period and the current 

period. However, the process of making these corrections 

for inflation and changes in the workload mix could causi? 

the resulting measurements to be contaminated with noise. 

Noise could be introduced by the inflation adjustment 

process if the rate of inflation for the inputs differ from 

the rate of inflation in the price index used to convert 

■S current cost to constant dollar equivalents.  Noise could 

\) also be introduced by the process of correcting for the 
# workload mix if the average productivities for the units 

serviced in the base period and the current period differ. 

There are a number of additional factors which could 

cause the productivity measure tn be distorted,  (i) Over« 

charging for the depreciation for a new facility could 

cause the productivity measure to be falsely depressed, 

whereas undercharging could cause it to be falsely 

inflated.  (2) The amount of service required is likely to 

increase as the average age of units in the field 

increases.  Failure to correctly adjust for this phenomena 

could give a false picture of productivity.  <3) Changes in 

the quality of materials used in the repair process could 

influence the amount of labor required and could thereby 

cause the measure of productivity to be distorted.  (4> An 

increase in the workload which requires the use of exces- 

sive amounts of overtime could cause the efficiency of 

labor to fail which could in turn cause productivity 

measures to be depressed. In addition a change in the 

workload which creates excessive amounts of idle time could 

also cause productivity measure to be depressed.  <3) A 

failure to correctly account for the cost of disruptions in 

customer organizations, caused by low quality service or 

late deliveries could cause the productivity measure to be 

distorted.  True productivity would be overstated if such 
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costs were underestimated and vice versa. \\ 
From the above it can be seen that there are a large ;V 

number of factors which could distort productivity p 

measurements. Furthermore it will be virtually impossible '*\ 

to identify and correctly adjust for all of these factors. ly 
Thus it is highly likely that any series of productivity 

measures are likely to be contaminated by noise. |t 

Stimulating productivity growth is one of thu Im- 

potent ial benefits which could result from a system for »v 

measuring productivity.  In order for this potential to be *'. 
»*, 

fully realized it will be necessary for those responsible £- 
m 

for productivity to be able to discriminate between real 

changes in productivity and distortions in the productivity 

measure caused by noise. 

eSBzElI^IfiCb-Mgd.PrQgrißj^lfliaitt^  In order to 

stimulate productivity growth the Air Force has established 

a program to encourage firms in the aerospace industry to 

modernize their facilities.  This program which is known as 

the technology modernization (TECH MOD) program utilizes 

various types of financial incentives to stimulate 

investment in new technologies which will hopefully 

increase productivity. 

The TECH MOD program requires firms which participate 

to collect data to verify that the projected cost reduc- 

tions have been achieved. Unfortunately, this performance 

data is typically contaminated by noise.  In order to 

correctly assess the impact of a TECH MOD project it will 

be necessary to separate the signal, which represents the 

true productivity gain, from the noise which almost 

invariably contaminates production cost data.  LDF methods 

could be used to accomplish the above separation, 

v. Aß6-öyöUX5IS-.QE-PSBEÖBöANGi.DÖIA 

etC£öC2»10«-D*i*«5titS;itÖ-£fiC^6Q*l5i:iii-  Two sources 
of performance data were identified as a result a4  the 
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jv< interview» described in the preceding section.  First the 

interviews with the YPMG unit in ASD resulted in receiving 

permission to use data collected internally by General 

Dynamics, Fort Worth, for the purpose of assessing the 

impact of F-16 TECH MOD projects on direct labor cost. 

This data consists of the direct labor hours charged to 

each production run of a number of products which had been 

produced both before and after the implementation of a F-16 

TECH MOD project.  Second, the interviews with the MAJA and 

the MAQ units in AFLC were successful in locating a number 

of data series which were currently being used to monitor 

the productivity of maintenance activities at each Air 

Logistics Center. 

The AFLC data was immediately available, whereas the 

F-16 TECH MOD data, which had to be obtained from General 

Dynamics Fort Worth, was not.  The lack of immediate 

K availability of the F-16 TECH MOD data combined with the 

v£. limited time available for completing this project made it 

necessary to give priority to the analysis of the AFLC 

productivity data. 

etwni-Qi-tUiAfiE.oniiy.iJLi.  The Akaike method for 

developing LDF models was used to analyze the AFLC produc- 

tivity data*  There were two key questions which motivated 

the analysis of this data.  The first was whether or not 

standard statistical methods, which assume statistically 

independent errors, would be appropriate for analyzing such 

data.  The second was to determine if non-linear digital 

filters (NLDF) might be needed to obtain an appropriate 

model for the system which generated the data. 

The strategy for answering the first question 

involved a two phase approach.  In the first phase Akaike's 

approach was used to determine the most appropriate LDF 

model.  In the second phase the basic structure of the 

fitted LDF model was analyzed to determine whether or not 

IN" 

^ 
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it was consistent with the assumption of statistically 

independent errors. 

The strategy for obtaining a preliminary indication 

of the answer to the second question also involved two 

phases.  The first ohase consisted of applying Akaike's 

method for developing a LOF model to the data.  The second 

phases consisted of analyzing the results of the first 

phase model building effort to determine if there is 

evidence which suggest that a NLDF model might be 

appropriate. 

The results obtained from utilizing Akakie's approach 

to developing LDF models for each of the AFLC productivity 

data series mrm  summarized in Table I.  This table also 

indicates whether or not the fitted model is consistent 

with the assumption of independent errors made in standard 

statistical methods.  If a model is not consistent with the 

assumption, then the model is classified according to the 

nature of the dependency which it implies.  This classifi- 

cation of the dependence which the model implies is based 

on the recognition that there are two classical ways in 

which a system can recover from mn  exogoneous shock.  One 

way is for the system to gradually recover from the shock 

over sn  extended period of time»  The other is for the 
system to suffer from the full effect of the shock for a 

finite period of time and to then abruptly recover. 

Systems which gradually recover are said to possess a 

gradual recovery mechanism, while those that abruptly 

recover are said to possess an abrupt recovery mechanism. 

In practice there is nothing to prevent a system from 

utilizing both the gradual and the abrupt recovery 

mechanisms.  Such systems *r*  said to possess a hybrid 
recovery mechanism. 

Table I also describes the fitted models in terms of 

tne number of steps into the future with which it is 
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TABLE I 
UNIVARIATE ANALYSIS OF AFLC PRODUCTIVITY DATA 

^ 

Location Variable # Step ~Inde-~ Type 
.„Name  Ahead -BSQÖ4L- .-CtecQd*. 

Ogden Direct Labor Effic. 0 No Gradual 
Indirect Labor Effic. 0 No Gradual 
Direct Labor Hour» 11 No Hybrid 
Indirect Labor Hours 1 No Hybrid 
Overtime Direct Labor 2 No Hybrid 
Overtime Indirect Lab. 1 No Hybrid 
Output Index 0 No Gradual 

Productivity Index 0 No Gradual 
Okla. City Direct 1 *bor E-ffic. 0 No Gradual 

Indirect Labor E-ffic. 0 No Gradual 
Hybrid 

Indirect Labor Hours 8 No Hybrid 
Overtime Direct Labor 1 No Hybrid 
Overtime Indirect Lab. 0 No Gradual 
Output Index 0 No Gradual 
Input Index 1 No Hybrid 
Productivity Index 0 No Gradual 

Sacramento Direct Labor Ef-fic. 1 No Hybrid 
Indirect Labor Effic. 1 No Hybrid 
Direct Labor Hours 9 No Hybrid 
Indirect Labor Hours 7 No Hybrid 
Overtime Direct Labor 2 No Hybrid 
Overtime Indirect Lab. 1 No Hybrid 
Output Index 0 No Gradual 
Input Index 0 No Gradual 
Productivity Index 0 No Gradual 

San Antonio Direct Labor Effic. 4 No Hybrid 
Indirect Labor Effic. 0 No Gradual 
Direct Labor Hours 11 No Hybrid 
Indirect Labor Hours 12 No Hybrid 
Overtime Direct Labor 2 No Hybrid 
Overtime Indirect Lab. 0 No Gradual 
Output Index 0 No Gradual 
Input Index 0 No Gradual 
Productivity Index 0 No Gradual 

Warner Direct Labor Etlic. 3 No Hybrid 
Robins Indirect Labor Effic. 0 Yes NA 

Direct Labor Hours 9 No Hybrid 
Indirect Labor Hour- 7 No Hybrid 
Overtime Direct Labor 3 No Hybrid 
Overtime Indirect Lab. 0 No Gradual 
Output Index 0 No Gradual 
Input Index 1 NO Hybrid 

„££&0u&uyUx-Iadt>i   Ö  —Wfi  .-SCitJyftl 

§ 
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necessary to -forecast in order to adequately characterize 

the dynamic behavior of the system.  The forecast for one 

step into the future can be used to account for the 

^yj velocity of the system, whereas the forecast for two steps 

into the future can be used to account for the acceleration 

of the system.  Forecasts for more distant steps can be 

used to account for seasonal changes in the behavior of the 

system. 

£•*. Table II contains results obtained from analyzing the 

behavior of two variables simultaneously.  These tables 

indicate whether or not the model of the variables behave 

in a pairwise independent fashion.  If they mre  not inde- 
pendent, it describes the nature of the pairwise depend- 

ency which exists between the variables. 

An examination of Table I indicated that the pro- 

ductivity data are likely to be pairwise dependent and that 

LOF methods should be used to analyze such data. 

An examination of Table II revealed that feedback 

relationships could exist between the output and the input 

indices and also between the indirect labor and direct 

i*< labor efficiencies. It also indicated that a nonlinear 

/■' relationship could exist between (1) direct labor overtime 

'.*- hours and direct labor efficiency and also between (2) 

indirect labor overtime hours and indirect labor effi- 

ciency.  If true this could suggest that nonlinear digital 

filter methods might be needed to develop adequate models 

of such relationships. 

VI.  RECOMMENDATIONS 

The above results suggest that the performance data 

for most economic systems »rm  not likely to satisfy the 
assumption of independence made by standard statistical 

techniques such as regression analysis, analysis of 

variance and Shewhart control charts.  The consequences of 

incorrectly assuming independence can cause the estimated 

variance to be badly distorted.  The potential magnitude 

V. 
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TABLE II 
BIVARIATE ANALYSIS OF AFLC PRODUCTIVITY DATA 

Location 

Ogden 

Variables 

Direct Labor Effic. & 
Indir. Labor Effic. 

Overtime Direct Labor 
it  Dir. Libor Effic. 

Overtime Indirect Lab. 
& Indir. Lab. Effic. 

Output & Input Index 

Okla. City  Direct Labor Effic. & 
Indir. Labor Effic. 

Overtime Direct Labor 
& Dir. Labor Effic. 

Overtime Indirect Lab. 
& Indir. Lab. Effic. 

Output * Input Index 

Sacramento  Direct Labor Effic. & 
Indir. Labor Effic. 

Overtime Direct Labor 
* Dir. Labor Effic. 

Overtime Indirect Lab. 
tc Indir. Lab. Effic. 

Output it  Input Index 

Pairwise Type    Evid. 
-iGdgBt 5*Bfndi.—NSQiiOr 

No  Feedback    No 
indi^.to dir. 

?       ?       Ye« 

Yes NA 

Yes 

No 

San Antonio Direct Labor Effic. & 
Indir. Labor Effic. 

Overtime Direct Labor 
* Dir. Labor Effic, 

Overtime Indirect Labor 
* Indir. Labor Effic. 

Output it  Input Index 
Warner      Direct Labor Effic. * 
Robins      Indir. Labor Effic. 

Overtime Direct Labor 
It Dir. Labor Effic. 

Overtime Indirect Labor 
9*  Indir. Labor Effic. 

Output it  Input Index 

No Feedback 
indir.to dir. 

? 

No 

Yes 

? ? Yes 

No 

? 

Feedback 
out to in 

No 

Yes 

? ? Yes 

? ? Yes 

No 

? 

Feedback 
out to in 

? 

No 

Yes 

? ? Yes 

? ? Yes 

Yes 
? 

NA 
? 

No 
Yes 

? ? Yes 

? ? Yes 

Yes NA No 

V \ 
'•> .V 

- * * • • * 
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o-f such distortions is demonstrated by an example in Box, 

Hunter, and Hunter (1978) which demonstrates that failure 

to satisfy the assumption of independence may cause the 

variance of the mean in a sample of size 10 to change by a 

factor of 19. 

In the past the high cost of storing the data or of 

performing the necessary calculations would have made the 

use of LDF methods prohibitively expensive for many 

applications.  Fortunately, the advent of microcomputers 

have reduced costs to the point where this is no longer the 

case.  However, the lack of the availability of software 

which could be utilized by non-experts on a microcomputer 

is a factor which could limit the extent to which LDF 

eethods are applied. 

This suggests that the next task in this research 

area should be to develop user friendly LDF software which 

could be used by non-experts on a microcomputer.  One 

danger with this approach is that such software could be 

used in situations in which it is ill-suited.  The risk of 

such misuse could be greatly reduced by performing 

simulation experiments to gain a better understanding of 

the characteristics of data for which LDF methods should 

not be used.  In particular such simulation experiments are 

needed to determine how well LDF methods can cope with 

systems which behave in a non-linear fashion. 

The results in the preceding section also indicate 

that some of the economic systems analysed could behave in 

a non-linear fashion.  In addition the System Dynamics 

paradigm developed by Forrester U96U suggests that this 

could be the case.  These considerations suggest that the 

user friendly software should be capable o** identifying 

when LDF methods are not appropriate.  To be complete the 

software should be capable of fitting non-linear filter 

models when LDF methods are not deemed to be appropriate. 

m 
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Shallow Donor Impurity Binding Energies 

in Asymmetric Quantum Wells 

by 

John Thomchick 

ABSTRACT 

The energy of an electron bound by a donor impurity center inside a 

GaAs/AlGaAs layered structure has been investigated.  In the present 

study the donor impurity atom was assumed to he  located at an arbitrary 

site inside a GaAs layer sandwiched between two GaAlAs layers with 

differing Al concentrations. The different Al concentrations cause 

different potential energy barrier heights on the two sides of the GaAs 

layer resulting in an asymmetric quantum well. The calculation was 

formulated so that the binding energies could be obtained as a function 

of the ratio of the barrier heights at the two interfaces, as a function 

of the location of the impurity atom inside the GaAs layer, and as a 

function of the width of the GaAs layer. 
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M 

I.  INTRODUCTION 

Ihe Electronic Research Branch of the Avionics Laboratory has for a 

number of years been interested in the use of GaAs for application to 

device technology.1 The specific interest in this material has resulted 

because GaAs possesses certain advantages over other semiconductors such 

as Si or Ge in the areas of opto-electronics, high frequency microwave 

devices, and high speed logic.2 A closely related semiconductor 

AlxGai_x As in which a certain fraction x of Al atoms (usually x * 0.4) 

replace GB,  atoms in the crystal lattice also has application in the 

above areas and has been studied extensively in other laboratories. 

More recently, crystal growth techniques such as  molecular beam 

epitaxy^ (MBE) and metal-organic chemical vapor deposition^ (MOVCD) have 

held promise for vast improvements in semiconductor technology in the 

area of man-made tailoring of structures for specific device 

applications.3»6 With MBE it is possible to grow single-crystal 

semiconductor films having smooth surfaces and finely defined film 

thicknesses. To date one of the smoothest and most highly controlled 

MBE grown structures has been the GaAs/AlxGaj-xAs multilayers in which 

alternating layers of GaAs and AlxGaj-xAs are grown into a 

"superlattice" configuration.  Because of these developments and because 

of its on-going interest in GaAs research, it has been natural for the 

Electronic Research Branch to undertake a program to study the growth 

%nd  characterisation of the new multilayer structures. 

Included in the characterisation program has been a systematic 

theoretical study?'? of the binding energies due to shallow donor 
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impurity atoms and Wannier excitons inside quantum wells formed when a 

GaAs layer is sandwiched between layers of AlxGaj.xAs.  It has been 

customary both to grow and to investigate theoretically systems in which 

AlxGa|_xAs layers have had the same fraction x of Al, and thus the same 

physical properties, on both sides of the GaAs layer. This leads to a 

quantum well structure known as a "square well." However, it has become 

apparent that for certain applications structures where the Al 

concentration on the two sides of the GaAs layer is different may be 

useful^; such a structure would lead to an "asymmetric quantum well." 

It is expected that the properties of various physical systems such as 

shallow impurity atoms and Wannier excitons in asymmetric wells could 

differ significantly from those in a square well.  It is the study of 

the binding energy of shallow donor impurity atoms in an asymmetric 

quantum well with which the present report is concerned. 

II. OBJECTIVES 

The objectives for the summer program were tc investigate 

electronic properties associated with GaAa/AlxGaj-xAa quantum well 

structures. Specific objectives that developed with regard to the 

asymmetric quantum well problem are »B  follows: 

(1) obtain an expression for the subband level energies in an 

asymmetric quantum well; 

(2) obtain a criterion for the existence of bound solutions in an 

■symmetric quantum well; 

(3) obtain an expression for the binding energy of a shallow donor 

impurity atom in an asymmetric quantum well as a function of 
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the ratio of the potential barriers on the two sides of the 

veil and as a function of the total width of the veil, and 

incorporate into the calculation the possibility of locating 

the donor impurity atom at an arbitrary site inside the well« 

III.  THE ASYMMETRIC QUANTUM WELL PROBLEM 

The one-dimensional asymmetric quantum well potential energy 

functici V^(c) is defined by the following mathematical relation: 

s" 

W.' 

-V. 

VAM 

r 
V, 

- Va < * < % 

* < -hi. 

(i) 

In the präsent work the origin of coordinates is taken to be at the 

canter of the well and the behavior of the electron in the x-y plane is 

assumed to follow that for plane wave motion. In Eq. (1) Vj and V2 are 

uniform potential energy values such that Vj f-  V2 and L is the total 

width of the well» The interval s > L/2 vill be referred to as region 

I, -L/2 < t < L/2 as region II and z  < - L/2 as region III. The above 

potential energy function would exist physically in a layered structure 

if region I consisted of a layer of AlxC*i_xA§, region II of GaAs, and 

region III of AlyGaj.yAs, such that xi*y. For a large majority of 

applications one keeps x,y £ 0.4 because AlGaAs remains a direct band 

gap semiconductor for these values.  It should be clear that if x-y, 
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then VJäV2, and the asymmetric quantum well potential reduces Co the 

special limiting case of the square quantum well potential. 

To find the subband energy levels corresponding to the potential 

V^(z) one needs to obtain the solutions to the Schrodinger equation^ 

(2) 

' V" 

where f(«) is the wavefunction to:  an electron in the potential V\(s), ui 

is the effective mass associated with the conduction band in GaAs (for 

GaAs, a » 0.067me; this same value is assumed for the AlGaAs layers) and 

EQ refers to the energy of the n
th subband.  In the present work we are 

interested only in the energy of the lowest subband Ej. 

In what follows it will be convenient to describe all lengths in 

terms of an effective Bohr radius given by 

L - 
yyj e* (3) 

where €0 i* the dielectric constant for GaAs (for GaAs, £u ■ 12.5; this 

same value is assumed for the AlGaAs layers) and e is the electronic 

charge, and to describe all energies in terms of the effective Rydberg 

R^ 
2 6o to (4) 

One finds for GaAs that b0 - 98.7A and R - 5.83 meV.  In these units the 

Schrodinger equation becomes 

- j£lf(»)  + VA(z)f(*)   =r En   f(*) (5) 
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with V^(c) and EQ now dimensionleas. 

The solution of Kq. (5) differs in two significant respects from 

that for the square veil problem. First because of the asymmetry of the 

potential V^(z) the solutions f(z) cannot be divided into even and odd 

parity solutions. Secondly, although at least one bound solution exists 

for all non-zero values of the potential barriers in the square veil 

problem, bound solutions do not alvays exist for the asymmetric quantum 

veil problem; the condition for the existence of solutions in this 

latter case vill be given below. 

The solution of Kq. (5) proceeds by taking vavefunctions 

appropriate to the various regions of the one-dimensional coordinate 

space and imposing matching conditions on these functions and their 

first derivatives at the sides of the veil (t ■ ± L/2). The 

vavefunction chosen in the present situation is 

r 
A,e 

~K,t 
,     I  >   L/2. 

vhere k^t  A] and A2 are normalization factors, 

and 

K,    =  ( V,  ~ £n ) 

A  =   £^ 

(7) 

I 
,*-*„V, 
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V 

■> 

and where f>  is a phase factor required due to the asymmetry of V^(z). 

The matching conditions at z ■ 1 L/2 lead to the condition on ^ , 

(f) =   j-JkLi-   TW' 

and to the energy eigenvalue equation 

)17T - *L = w (4-; * *«- (-&). 

(8) 

(9) 

In Eqa. (8) and (9) the principle values of tan"* are to be taken and 

the integer n takes on the values, n - 1, 2, 3, . . .  . Equation (9) 

is a transcendental equation for the energy eigenvalues En and is most 

conveniently solved either graphically or numerically« 

The condition for the existence of bound state solutions is most 

easily obtained by rearranging Eq. (9) to read 

»V - KL ? ~  <OvvC'lf   V- W (^Ctt ^) 
(10) 

where 

and Oo 7T   -    ( K/l/i ) 
'/*. 

(ID 

IT 

•v 

.». 

and where,  A»  for  tan"*,   the principle values   for  sin"*  are  to be  taken. 
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The left hand aide of Eq. (10) is a series of straight lines with 

respect to the variable jf* (one for each value of n) and for a solution 

to exist the straight lines must intersect the function of T* on the 

right hand side of Eq. (10). Since the principle values of sin~* are 

involved, one must have f^l '<  I ; physically this condition implies that 

for a bound state to exist the energy En must b* mealier than or equal 

to the smaller of the potential barriers Vj or V2 (in deriving Eq. (10) 

it vas assumed that V\ <  V2). Substituting P ■ 1 into Eq. (10) leads 

to the condition for the number n of bound state eigenvalues 

KL   5-    (>»-/) 7T ■+■  T . (12) 

'A 
If this condition is not obeyed for n"l, then there are no  bound state 

solutions; thus, there are no bound state solutions if KL < 2T,  or 

V*L    <   Crf* (^MS* . 
(13) 

IV SHALLOW DOgOR IMPURITY ATOM IN AM ASYMMETRIC QUANTUM WELL 

To obtain the energy E of an electron bound to a hydrogenic donor 

atom associsted with the first subband in a GaAs asymmetric quantum veil 

one must consider the Schrodinger equation Hf ■ Ef with 

1-1=2-- Jrl   +   l/,(z) 
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The first term in Che Hamiltonian operator H is the kinetic energy of 

the electron in the effective mass approximation whore, as before« m is 

the electron effective mass associated with the lowest subband. The 

last two terms in H are» respectively, the attractive Coulomb potential 

due to the donor ion and the asymmetric quantum well potential discussed 

in Section III. As indicated in Section III, it will be assumed in the 

present work that the mass m and the dielectric constant €0 are constant 

across the interfaces between the GaAs and AlGaAs layers. This 

approximation is probably good as long as the donor atom is near the 

center of the quantum well and less good when the donor atom is near the 

interface regions. Expressing the momentum p in terms of its equivalent 

operator form (in cylindrical coordinates) and using the dimensionless 

units b0 and R introduced in Eqs. (3) and (4), one finds that H can be 

written in the form 

H = 
_LJ_rJL  + i z o>01 J 

2>V    lfxt(*'lj] ,tl'/i 
+ VA*) (15) 

>y 

In this last expression *{ is the arbitrary position of the donor atom 

inside the well. 
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Since it appears unlikely that: an exact solution of the Schrodinger 

equation is possible with H given by Eq. (15), a variational approach 

was taken. The trial wavefunction $  used is of the product form 

s? = -fc*)gCrj0/*-*O , (16) 

where f(s) is the wavefunction corresponding to the solutions of the 

asymmetric quantum well problem and where 

ä(f>0>*-M= 2a,^Cf^,*-*j      (17) 

&r- 

5 1 

with the gQ having the for« 

In Eqs. (17) and (18) the aQ and o( are variational parameters to be 

determined. Mote from Eq. (18) that the exponential factor is that 

appropriate for the ground state of the hydrogen atom problem. 

In terms of the product wavefunction Eq. (16), the Schrodinger 

equation can be written as 

(18) 

«r 

[TX +Tt +]/e f. v,](^) - £>({$), 
(19) 

where 

I j- off if + 
(19a) 
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T,= 
(I9b) 

Vr    = 
2. 

Lf* * fE-«t)5 '/z    J 
Ü9c) 

and where V^ is given by Eq. (1). One finds that 

T, Cfg) - 3 (T,f)-z |£ ff-WfT-i§). 
(20) 

' v 

C* 

However, (Ts ♦ V^)f - E^f since f is the solution of the «symmetric 

quantua well problea. This leads to the result 

^T*+*)S ' *&$ ~ £ Ü Ü a <^)% on 

It is really (£-£4) that we wish to calculate. The quantity (£-£4) i« 

the total energy minus the energy of the first subband *nd  so this tens 

represents the binding energy of an electron to the donor ion; we will 

denote this binding energy by Eg. 
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To evaluate this energy it it necessary to take the quantum 

■echanical expectation values of the terms in Eq. (21). This leads to 

the result 

r- 
0© 
r 

J* <lfl rdr J      J     t 
frcT^K)i3r 

-i*iYcr.a)-z(f*HWH)] (22) 

00 

= E ö 

rs      r 
27T * 

d^ r*i\s\x\$\\ 
-o* 

The last two terms on the left hand side of this expression can be 

combined into a single term through a Green's theorem type 

transformation and by invoking the physical condition that the 

wavefunction must vanish at large distances fr%*. the center of the 

quantum well. The integral on the right hand side of Eq. (22) is just a 

normalisation integral which will be denoted by H. Taking these 

considerations into account one obtains for the binding energy the 

expression 

-    r     r 

** mh^(.j^^n^(^f] 
=   tzRN 

Analytic work on  these   integrals which was   fairly  tedious  has  been 

completed during the course of  the summer program;  due  to space 

(23) 
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'.V " 

9Ü-1; 

"* .% . 



limitations the results of these calculations cannot be given in the 

present report. 

The final step in finding values for Eg is to vary the results 

obtained from Eq. (23) with respect to the variational parameters an and 

0( for each value of L, z£ and the ratio Vj/V^ that is of interest. 

This is an exceedingly formidable task to perform analytically and 

instead will be carried out numerically. This part of the calculation 

will be completed after the summer program and will be discussed briefly 

in the section on recommendations. The numerical evaluation required 

may be simplified somewhat by setting up the calculation in the 

following determinantal form as illustrated for the case where 

8 * «080 + *i5l; 

t00~
£e^oo ElorBBNo, 

E,r£B^o        £«-E8^ 

=  o   J       <«> 

where I0o is a shorthand notation for the result of the integration of 

the left hand side of Eq. (23) for only the termc involving the 

wavefu tion g0> E0j involves only g0* and g|, and so forth; in a 

similar way N00 is a normalisation term involving only g0, etc. For our 

calculation E0j ■ EJQ and N0j * NJQ.  By performing the calculation in 

this manner (taking the lowest value for Eg from Eq. (24)) the variation 
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with respect to a0 and aj is automatically taken into account with only 

the variation with respect to cV remaining to be performed numerically* 

> 

$ 

V RECOMMENDATIONS 

In completing the numerical calculations associated with the work 

described in this report, it is anticipated that plots will be obtained 

for the binding energy Eg versus the width L of the GaAs quantum well 

layer for various constant values of the ratio ^\f^2  an<* ^or various 

constant positions Z£ of the donor ion inside the well. In addition, a 

■ore detailed investigation of the relationship between Eg and Vj/V2 for 

constant L and t.t and between Eg and z± for constant Vj/V2 and L will be 

made« Each of uhese relationships will aid in understanding and 

characterizing the subband utructure in GaAs multilayers for the case of 

an asymmetric quantum well configuration. 

As a consequence of this calculation one  can also obtain, by simply 

forcing Vj * V2, the binding energy for a shallow donor in a square 

quantum well as a function of arbitrary position Z£ of the impurity ion. 

Although the binding energy as a function of position s{ has been 

calculated for the case where both potential barriers V£ and V2 are 

infinite^, and also for the case of finite square barriers when the 

impurity ion is located at the edge of the well** (z£ - + L/2), to our 

knowledge Eg has not been calculated for a square quantum well for 

arbitrary Z£. 

A number of offshoots stemming from the calculation presented in 

this report seem feasible. Perhaps the most immediate in terms of 

further characterisation of these layered structures it the 
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determination of the binding energy of a Wannier exciton in the 

asymmetric quantum well« An exciton is an electron and hole bound by 

their mutual Coulombic attraction and such entities play an important 

role in the understanding of absorption spectra from these systems. 

This calculation would proceed in a fashion similar to that for the 

donor impurity case except that a wavefunction incorporating the 

presence of both an electron and a hole must be utilized. 

Other aspects that can be studied in relation to the present 

calculation are the effects on the binding energy due to the 

non-parabolicity of the conduction band or due to the inclusion of a 

magnetic field; also the calculation of excited state energies could be 

attempted. Results from calculations such as these would provide a more 

detailed and more comprehensive characterization of the multilayer 

structure. 

Iv 
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STATISTICAL SIMULATION AMD CORRELATION STUDIES OF GAAS MESFETS 

by 

Arthur R. Thorbjornsen 

ABSTRACT 

A method for the statistical simulation of GaAs MESFETs has been 

tested by comparing simulated device data wrth measured device data. 

The Kolmogorov-Smirnov two-sample goodness of fit test indicated that 

the simulated and measured parameter values have the same distribution 

in about 70Z of the cases tested. The MESFET model used produces 

correlation coefficients between parameter values that have realistic 

values for all except one device parameter. Overall, the simulation 

method seems to produce results that are adequate for design purposes. 

A statistical test on measured device data indicates that the distance 

separating two GaAs 'JESFETs has no effect on correlation. 
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I.   INTRODUCTION 

The USAF Avionics Laboratory at Wright-Patterson Air Force Base has 

been engaged in research on GaAs (gallium arsenide) MESFETs (metal- 

semiconductor field-effect transistors) for a number of years. The 

reason for this interest is the potential that GaAs devices have for 

high speed operation. GaAs has an electron mobility that is about 5.5 

times higher than that of silicon at relatively low levels of electric 

field strength [1]. A GaAs device should then be theoretically capable 

of operating at speeds 5.5 times greater than an equivalent silicon 

% device.   GaAs MESFET logic gates have been constructed which have gate 

delay times on the order of 100 picoseconds or less. 

GaAs MESFETs are constructed in a manner similar to silicon JFETs, 

with the main difference being the method of formation of the gate 

junction. The silicon JFET gate junction is formed by diffusion while 

the GaAs MESFET gate junction is actually a Schottky barrier diode 

formed by depositing a metal film (Cr-Pt-Au) directly on the GaAs 

material [2]. 

In order to increase the operating speed of the GaAs MESFET the 

gate is made with a very small length and a very great width. For 

example, some gate structures are 1.0 micrometers long and 50 micro- 

meters wide. Producing patterns 1.0 micrometers in sice is near the 

limit of the capabilities of optical lithography, and as a result, one 

would expect a large variability in the values of electrical device 

parameters which are dependent on gate length. Measured device data 

obtained at the Avionics Laboratory show a very large variability for 

practically all parameters. Other causes of large parameter variability 

lie with the relatively immature status of GaAs device fabrication 

technology. 

Because of the large variabilities present in GaAs devices, a 

statistical approach to GaAs circuit design should be used. Of the 

methods used in statistical design, Monte Carlo analysis produces the 

most accurate and complete information. 

One requirement of statistical analysis and design of electronic 

circuits is the capability to statistically simulate electronic devices. 
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In other words, one must be able to generate sets of device parameter 

values that have realistic joist probability density functions. This 

means that each set of generated parameter values should have a properly 

shaped distribution and that the correlation coefficients between the 9\-* 

various parameters should be in the proper ranges. ['/.-] 
• L w « » m • 

II. OBJECTIVES OF THE RESEARCH EFFORT v\ _^ 

The author has previously developed a method for the statistical # 

simulation of GaAs MESFETs [3].   One object of this SFRF research v j 

effort, therefore, was to assess the adequacy of the above method of "■ "- 

simulation.   This assessment was to be done by generating simulated v.v 

device data and comparing it with measured device data using statistical JX 

teats. If required, the mathematical device model used in the 

simulation would be revised in order to produce more satisfactory 

results. 

Another research objective was to try to determine if the 

correlation coefficients between the parameters of different GaAs 

MESFETs on a single chip was dependent on the distance between the 

devices. When simulating groups of devices it is necessary to know 

whether or not relative device location must be an input parameter. 

III. THE GAAS MESFET MODEL 

Because of the way that electron mobility varies with applied 

electric field intensity in GaAs, a two-region equation has been 

developed by Pucel, Haua, and Stats to model the electrical behavior of 

an intrinsic GaAs MESFET [4,5]. In one region of the device, where the 

electric field is relatively weak, the mobility is assumed to be 

constant. In the other region the velocity of electrons is assumed to 

be at the constant saturation value. The dividing line between the two 

regions will depend on the applied terminal voltages. The two-region 

mathematical equations describing intrinsic GaAs MESFET behavior are: 

V.3 =Vf{K-".
l)+^ ^[li^J]} ,      (!) 
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L, «3t[K-"f)-|(^-^)]/('-«0   >        u) 

•»d        ID '^^ v* * W ('-M0   y (3) 

•here      VP = % Nd ±2/2 €s      , 

u, s [(vn*vbi)/vp]'/z , C« 

«nd 3  s^Vp/v, L   . 

Alto, v- it the saturated velocity in region 2, L is the total channel 

length, V it the gate width, uc it the normalized depletion layer width 

at the boundary between regiont 1 and 2, t is the thickness of the 

active GaAs layer, Nj is the concentration of donor electrons in the 

GaAt layer, €, it the permitivity of GaAs, V^ it the built-in potential 

of the gate junction, un it the electron mobility in GaAt, L( it the 

channel length of region 1, and q it the magnitude of the charge of an 

electron. 

The intrintic device model doet not account for parasitic source and 

drain retittancet which are included in the extrinsic device model shown 

in Figure 1. The parasitic source retittance it given by 

R, 
■AS 

*V" ,t w 
The tecond term in the expression for R is the contact resistance [6]. 

l^t is the distance from the channel to the source contact and Lcs is the 

length of the source contact. A similar equation is used for R . The 

extrinsic equations are 

•ad 

V*s = ~ V32 ♦ loR* 

(5) 

(6) 

Given a pair of values for V  and V  and initial estimate for u , the 
63 
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"^ standard Nevton-Raphson method is used to solve equations (1) through 

-\ (6) for the drain current Ip [7]. 

IV. STATISTICAL SIMULATION 

Equations (1) through (6) are in terms of physical constants or 

material or dimensional variables. These variables will be referred to 

as the input physical parameters. A good assumption to make is that the 

input physical parameters are normally distributed random variables. 

With the exception of dimensional pairs LftJ ,l^p and LCJ,Lc0 all of the 

input physical parameters are assumed to be independent, or 

noncorrelated. Sets of values for the input physical parameters vith 

any desired means, standard deviations, and correlation coefficients can 

easily be computed in seconds using a standard random number generating 

subroutine. 

Once sets of values for the input physical parameters are obtained, 

than the nonlinear equations can be solved using each set of input 

parameters for Ip provided that \^t and Vpi are specified. An alternate 

solution is for ^ , given values of ID and V $. 

!y It is desired to simulate the measurement of standard electrical 
. J» 

device parameters for the GaAs MESFET. A set of measured parameters 

that is routinely used in the Avionics Lab consists of the following 

parameters: 

Ipgg * the saturation drain current vith \s
m  2.5v and V^-Ov, 

VT  • the pincboff voltage, or the value of VÄS at which 

ID -0.01xlpfs. 

RLIW * the drain-to-source resistance in the linear region, 

RQ^ * the drein-to-source resistance in saturation, 

Rp  - the parasitic drain resistance, 

and   Rf  - the parasitic source resistance. 

The above parameters are illustrated in Figure 2, Other parameters are 

measured, such as the tiansconductance and the knee voltage, but the six 

listed above are sufficient to compute the parameters of the Curtice 

model of the CaAs KESFET [SJ. 

If the model equations accurately represent the device electrical 
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behavior, then the computed electrical parameter values should have the 

same distributions and correlation coefficients as measured parameter 

values. 

V.  COMPARISON OF MEASURED AND SIMULATED RESULTS 

Measured data were obtained for about 50 samples of each of five 

GaAS MESFETs that vere fabricated and tested in the Integrated Circuits 

facility at the Avionics Lab. A program was written that computes the 

means, standard deviations, correlation coefficients, and other 

statistics for the measured parameters. The program also plots 

frequency histograms, vhich allow one to see the shape of the parameter 

distributions, and the scatter diagrams, which show if the correlation 

between two parameters is linear or nonlinear. All of the statistics 

and plots were generated for the measured data. 

Previously, another computer program had been written to perform 

the statistical simulation referred to earlier. A trial and error 

procedure was used in order to determine the values of the input 

physical parameters that gave the best fit for each of the five devices. 

These values are listed in Table i. 

Using the best fit input parameters the statistical simulation 

program was run and produced the same type of data, statistics, and 

plots as for the measured data. The Kolmogorov-Smirnov two-sample 

goodness-of-fit test [9,10] was performed in order to compare the 

simulated and measured parameter distributions. The results of the K-S 

test are listed in Table 2, where it is seen that 46.7Z of the test 

statistics are less than the critical value at a level of significance 

of 0.9*. This means that for those cases the hypothesis that the 

measured and simulsted distributions are the same cannot be rejected. 

Figure 3 shows two superimposed frequency histograms for which the 

K-8 statistic is 0.33. From a practical point of view, aad with a small 

sample site, the two distributions seem to have as acceptable match. 

Using 0.33 as a critical value we see that 76.71 of the parameters in 

Table 2 then have an acceptable match between measured and timulated 

distributions. 

•tc 
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In Table 3 are listed the computed correlation coefficient« for the 

simulated and measured device parameters. Although no statistical test 

was performed, one can see that the correlation coefficients match quite 

well. There is one exception in the case of parameter K^m, for which 

the measured and simulsted correlation coefficients have the opposite 

signs. It is believed that this discrepancy is due to the two-region 

GaA* MKSFET model not being perfectly descriptive of device behavior. 

There are many assumptions and simplifications in the derivations of 

equations (1) through (6). 

VI. TESTING FOR THE DISTANCE EFFECT ON PARAMETER CORRELATIONS 

When simulating groups of devices, as when performing a Mcnte Carlo 

analysis of an integrated circuit, we will have to account for the 

correlation between parameters of different devices as well as for the 

correlation between parameters within a single device. Previous work 

has indicated that the cloaer together two devices are placed on a chip 

or substrate, the more highly correlated their parameters will be 

[11,12]. 

The correlation coefficients between like parameters on the various 

devices (e.g., between I^M and Ipuf) were computed and the linear 

distances separating the device centers were measured. These values are 

shown in Table 4(a). Since it is difficult to determine behavioral 

trends with such large variations as are shown, a linear regression line 

was computed for each correlation coefficient. A statistical test [13] 

was then performed to see if the slope of the line is not significantly 

different from aero, or in other words, that there is no distance 

effect. The results of the "tN test are also listed Table 4(a). The 

test results show that there is no test statistic greater than the 

critical value of 1.66 at a level of significance of 0.95. Therefore, 

it is concluded that we cannot reject the hypothesis that the slope of 

the regression line is equal to sero. 

This test was repeated for the identical devices on a second wafer. 

These results are listed in Table 4(b). It is seen that in only one 

case can we reject the hypothesis that the slope is equal to aero. 
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VII, CONCLUSIONS 

The  results of statistical tests on simulated and measured 

parameter data for GaAs MESFETs indicate that the method of statistical 

simulation employing the two-region model produces an acceptable 

simulation for practical use. The simulation is not an exact one and 

one parameter, R_^, does not have the correct correlation with respect 

to the other parameters. 

A test of measured data from two wafers indicates that the 

correlation between parameters of two devices is not dependent on how 

closely the two devices are placed together. This result may be due to 

the very large variabilities present in GaAs MESFET parameters. If this 

result is true, then the task of simulating groups of devices will be 

simplified. 

VIII. RECOMMENDATIONS 

Although the method of statistical simulation of GaAs MESFETs 

V appears to be acceptable from a practical point of view, there are some 

deficiencies in the method, particularly the correlation of KQN with the 

other parameters. Follow-on research should include a search for and 

trial of other MESFET mathematical models in the statistical simulation 

method. 

The simulation method used in this effort simulates individual GaAs 

MESFET devices. When performing Monte Carlo analyses of integrated 

circuits it is necessary to simulate groups of devices with correlation 

between the parameters of different devices. The statistical simulation 

method should be extended to simulate groups of devices and then should 

be coupled with a circuit analysis program, such as SPICE2, to produce 

Monte Carlo analyses. 

Further research can make use of the above mentioned Monte Carlo 

analysis program to study GaAs circuit designs and to develop Monte 

Carlo analysis as a circuit design tool. 

i V 
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Figure 1. The extrinsic GaAi MESFST model. 
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Figure 2. Measured MESFET parameters. 
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Figure 3. Frequency histograms for tvo distributions which have a test 
statistic of 0.33 . 
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Table 1. Best fit input parameters for statistical simulation 

Device 1          Nd 
1     (cm-3) 

vs 
I   (cm/sec) 

t 
(cm) (volts) 

A 1 0.78xl017 1 1.3xl07 0.25xl(f4 0.8 

B 1 0.73xl0<7 1  1.6xl07 it it 

C 1 0.65xl0'7 1  1.7xl07 it tt 

D 1  0.78xl017 1  1.3X10-1 it it 

E 1 0.78xl0*7 1  1.3xl07 

1 
ti :i 

Table 2. Results of the Kolmogorov-Smirnov test on simulated and 
measured device parameter data. 

K-S test statistic value 
Parameter A B C D           J E 

XOSS 0.272** 0.12S* 0.225* 0.199* 0.169* 

ROtf 0.530 0.211* 0.110* 0.220* 0.272** 

Ät|M 0.287** 0.198* 0.437 0.514 0.546 

*0 0.296** 0.237** 0.232 0.204* 0.589 

*s 0.309** 0.229** 0.211 0.361 0.384 

VT 1    0.275** 0.128* 0.175* 0.249** 0.15** 
Critical 
Value 0.233 0.225 0.241 0.232 0.22? 

* Less than critical value. 
** Less than the acceptable value of 0.33 . 
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Table 3. Computed parameter correlation coeffients. The upper number 
in each box was computed from measured data and the lover from 
simulated data. 

3 
V 

1     Ip5s    1    RLIM    1       K0N    1       RD      1       Rs 

RU»     I  -0-956   f                 1                 II 
1  -0.967   1                 1                 1                 1 

Rw     1    0.629   I                 j                 1                 1 
1  -0.969   1                 i                 1                 1 

Rp        1 -0.455  I    0.535   1 -0.142   1                 1 
1 -0.818  I    0.809   1    0.797   1                 1 

Rs        I -0.921   |    0.913   1  -0.549   1    0.256   1 
1 -0.895  1    0.877   1    0.893   1    0.556   1 

V_        |    0.993   1                 1                 I -0.498  1 -0.892 
1    0.993   I                 1                 I -0.845   1 -0.869 
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Table 4. Correlation coefficients vs. distance for interdevice 
parameters, (a) Results for wafer I. (b) Summary of 
results for wafer II. 

, v. 

W 

' v" 

Distance 
(mils) 

Correlat ion Coefficient 
Device 
Pair 

rIDSS rRLIN rR0N rRD rRS rVT rGM 

D-E 11.3 0.895 0.803 0.519 0.386 0.544 0.901 0.532 

A-B 14.3 0.913 0.909 0.542 0.781 0.906 0.906 0.759 

C-E 32.0 0.886 0.840 0.420 0.459 0.492 0.895 0.443 

A-C 37.3 0.927 0.923 0.595 0.720 0.933 0.907 0.807 

B-C 37.7 0.914 0.915 0.435 0.881 0.931 0.908 0.819 

C-D 42.0 0.900 0.855 0.605 0.788 0.932 0.900 0.682 

B-E 58.8 0.910 0.859 0.378 0.422 0.510 0.911 0.540 

A-B 66.7 0.889 0.820 0.481 0.404 0.520 0.907 0.554 

B-D 70.3 0.893 0.843 0.289 0.825 0.907 0.905 0.667 

A-D 75.7 0.944 0.946 0.600 0.783 0.928 0.942 0.780 
Slope 

(mils"4) 
1.72 

xlO"4 
2.83 

xlO"4 
-1.30 

xlCT3 
1.16 m 

xlO-* 
8.58 

xlO*4 
3.30 

xl0~4 
4.08 

xlO-4 

V ttttJ »fftit 0.076 0.130 -o.?? 0.72 0.44 0.15 0,2? 

(a) 
t(critical)-1.86 § 0.95 level of significance 

Slope        I  -1.19    1.13      -3.81    -2.33    -5.43 -3.66    -2.67 
(mils'1) I      xlO'*   xlO*'       xKTJ     xlCT1     xlO"4   xlO~4     xlO~* 

I 
V fwifti*  I  -PT?7    0T64      -3t?6*    -1.51 -0.30    -0.1?    -^.70 

* critical value exceeded 
(b) 
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DELIVERY ACCURACY 

by 

JON W. TOLLE 

ABSTRACT 

The Delivery Accuracy Working Group (DAWS) has recently begun to 

produce delivery accuracy figures for unguided air-to-surface bombs 

launched by high performance aircraft. This report contains a description 

and a critical study of the aethodology behind the production of these 

figures. In addition, the predicted range errors are compared to aotual 

errors observed in training tests for the Fill A/E aircraft. 

Reco—endatlons are put forth for improvements in delivery accuracy 

analysis. 
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I.  INTRODUCTION: 

The ability to correctly predict the accuracy with which unguided 

bombs can be delivered from high performance aircraft under a variety of 

;v conditions plays an important role in both the development of weapons 

£v systems and their implementation in combat situations. Clearly the 

accuracy of projected weapons systems should be a significant factor in 

making procurement decisions. In combat, the level of accuracy of 

various weapons systems is an essential ingredient in determining bomb 

loads and numbers of sorties against prescribed targets. 

Although the study of bomb Impact patterns is almost as old as 

bombing itself, technological developments have made these traditional 

studies inapplicable to the weapons delivery systems in modern 

aircraft. For instance the development of advanced computer-guided 

tracking and release equipment has decreased and/or changed the role of 

the aircrew in weapons delivery. In addition, the presence of highly 

sophisticated defensive firepower in target areas has made the usual 

constant flight path deliveries extremely hazardous, if not impossible. 

Consequently, there is a trend towards deliveries in which the aircraft 

performs complicated maneuvers relatively far from the target and the 

bombs are released automatically when the aircraft reaches a computer* 

designated state. 

The analysis of delivery accuracy in such settings is a complex 

undertaking. Initially It Involves a study of the trajectory of a given 

weapon to determine the appropriate launch parameters required for the 

weapon to strike the target (for a given aircraft maneuver). Next the 

components of an entire delivery proce.-i must be analyzed in order to 

identify those sources of error in the realization of these ideal 

parameters. These errors are both mechanical and pilot-Induced in 

nature and may be affected by external factors such as the quality of 

the radar image of the target, the stress under which the aircrew is 

operating, or the wind conditions. Having identified these sources of 

error, the analyst must attempt to quantify them and deduce their 

combined effects on the trajectory of the weapon. The final step in the 

accuracy analysis is to compare the theoretical accuracy with data on 
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weapons accuracy gathered from actual combat or training records. This 

comparison is usually greatly complicated by the poor quality of such 

records. 

In sum, the problem of establishing delivery accuracy is both 

important and difficult. Because of its difficulty there has been a 

tendency in the past to shy away from fully exploring the technical 

Issues and, instead, to rely on the experimental data to establish 

accuracy figures. But the lack of combat experience with the newer 

equipment and the often prohibitively high cost of obtaining sufficient 

training data suggest that the technical analysis will have to be 

carried out if realistic delivery accuracy figures are to be obtained. 

XI. OBJECTIVES Of THE RESEARCH EFFORT: 

An intraservlce group, the Delivery Accuracy Working Group (DAHG), 

is charged with establishing delivery accuracy estimates for aircraft 

weapons systems as part of their task of updating the Joint Munitions 

Effectiveness Manual on Delivery Accuracy for air-to-surface weapons. 

DAHG is now in the final stages of producing the estimates for ungulded 

bombs which will be included in the revised manual. 

Mr Dan Mclnnis, a member of DAWG and my research colleajrje, 

suggested that I evaluate these proposed delivery accuracy figures. The 

basic objectives of this effort were: 

(1) to determine if the approach being used by DAWC was valid; 

(ii) to statistically compare, to the extent possible, the DAUG 

estimates with whatever relevant training and test data that could be 

found; 

(Hi) to make recommendations suggesting new or dif»rent 

avenues of approach which would improve the analysis of delivery 

accuracy and would be applicable to future developments in the weapons 

delivery field. 
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III. CDRRBNT METHODS OF COMPUTING DELIVERY ACCURACY: 

In order to define delivery accuracy for unguided bombs four 

categories of information must be specified: The particular aircraft 

and its equipment, the flight path, relevant external factors, and the 

br„<*b type. Aircraft equipment includes the specific measuring devices 

used to locate the aircraft both absolutely and relative to the target 

as well as the means by which the target is designated and bomb release 

commanded. The flight path refers to the exact description of the 

aircraft trajectory and configuration prior to and at bomb release. 

External factors which affect accuracy Include such conditions as type 

of target, the amount of stress on the aircrew, and wind conditions. 

Finally, the bomb type refers to the ballistic propertiej of the bomb. 

A specification of all of this information will hereafter be called the 

launch condition. 

A standard theoretical approach to the accuracy problem can be 

formulated as follows for a given launch condition. First the 

trajectory is computed under the assumption that the launch condition is 

satisfied exactly. Then each measurement device in the system 

(including pilot/navigator judgements) which could cause a deviation 

from the desired launch condition through an incorrect reading Is 

identified. For convenience we index these error sources by 1,1*1, 

. .,n and denote the reading given by device i as /j. and the true 

value of the quantity being measured as %-%.  Given the lanuch parameter 

values *,,*..jX^i the bomb impact point can be theoretically computed 

as a two-dimensional vector-valued function 

which gives the coordinates in the ground plane. These two coordinates 

are usually taken to be the range (along-track) and deflection 

(cross-track) components. Vhen the readings are all correct i.e. 

V:M; ,it 1...,*  the value 

yields the nominal Impact point for the given specifications (which we 

call the target). 

lit:* 
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The values \ can be thought of as random variables with means Mi 

and variances 0^ , Then the distribution of the two-dimensional random 

variable 

* = ^(*.»...»*0 - ^U.«.,A«) (I) 
represents the theoretical error distribution for the prescribed launch 

condition. It is important to note that the distribution of the X{ 

will depend on the specified launch condition. As examples, the error 

in the altimeter will depend on '.he altitude while the magnitude of 

error in the radar reading for range to target will depend upon the type 

of target. In any case the determination of the distribution of 2* or, 

more realistically, the estimation of its parameters is the core of the 

theoretical study of delivery accuracy. 

As an example (relevant to the DAWG approach), if it is assumed 

that the Xj are independent random variables then the assumption that o^ 

is a linear function of the X-(» i.e., 

GO 

where the &■  are two-dimensional vectors, results in 

where the u^ can be calculated directly by 
fti - ^f{ ^^^^♦^^»^-^tMtr-i^i.  iO 

Thus, if the oj are known, the means and standard deviations of 2. can 

be obtained by computing vt trajectories, each corresponding to the 

inclusion of a single error source. 

There are a variety of error sources which comprise the X- . 

Omitting ballistic error due to the bomb itself, they can be divided 

into three classes; sensor errors, pilot errors, and post-release 

errors. Sensor errors represent errors in the navigational and 

targeting equipment such as altimeter and radar range finder. Pilot 

errors are Judgement errors of the aircrew. For example a pilot may 

have the hud plpper slightly off target when the bomb is released. Post- 
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release errors represent errors in the mechanisms which release the bomb 

yy from the aircraft. Examples include time delays in release and ejection 

velocity errors. 

The determination of the properties of the distribution of ir 

depends upon the Joint distribution of the X^ . It is traditional to 

assume that the X^ are independently normally distributed. There is 

little hard evidence available to Justify this assumption however.  For 

the sensor and post-release errors, the values of the (T^ are often 

estimated from test data on the equipment or from manufacturer's 

specifications. For pilot errors the estimation is not at all simple. 

In some cases, such as parallax effects, errors can be estimated from 

the geometry. In other cases, as for instance in time-to«reaction 

errors, there is no clear theory available and estimates are often 

worst-case assumptions. 

The DAWG approach to approximating the distribution parameters for 

£ is based on the following basic assumptions. 

(i) The Xj are independently distributed normal variables, and 

(il) The function ^LUIV>*0 is well-approximated by a linear 

function of the X^. 

With these assumptions and given estimated values for the OJ, the 

estimates of the parameters of £ important to delivery accuracy can be 

obtained through the use of equations U\ - lO. The evaluation of the Q> 

in (J0)   requires obtaining the terms on the right-hand side of that 

equation. The vehicle for obtaining these values is the weapons 

delivery routine of the Avionics Evaluation Program (AEP) (see reference 

2). This routine integrates the equations of motion of the aircraft and 

bomb under the hypothesized condition to evaluate <jA>*i*--»^0» Then 

^l^n-iMi^r« ,-,-JO *8 evaluated either by integrating the equations of 

motion for the perturbed system or by estimating the value of using a 

linear approximation of the geometry of the delivery configuration. 

In order to obtain values for the OJ , DAWG has investigated 

specifications for the equipment, looked at test results, and talked to 

aircrews and engineering personnel. Synthesizing this soft data they 

have come up with sets of values of the cr.  which reflect flight path 

, *. 
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conditions and given external factors. Any confidence in the figures in 

the DAWG delivery accuracy tables reflects a confidence in the validity 

of these estimates for the 0^- . 

One other special error included in the DAWG approach should be 

mentioned here. Because the AEP subroutine makes some simplifying 

assumptions in the calculations of trajectories there are some errors in 

the calculated values of the components of 1. The DAWG approach is to 

allow for the effect of this error by adding a general term to the value 

of 0"^ .  This is called the bomb fall algorithum error and is discussed 

further in Section VI. 

IV. Fill DATA BASE: 

One objeotive of this research effort was to compare the DAWG 

figurs with actual test data for different aircraft systems and launch 

conditions. Unfortunately there is a paucity of such data. The only 

usable data was a record of training runs for P111 A/E aircraft at various 

ranges during 1979 and 1980. 

This data, in its raw form, consisted of report sheets filled out 

by the aircrews. In many cases the reports were incomplete and 

sometimes they were unintelligible. This data was compiled and tabulated 

by tha Oklahoma State University station at Eglin AFB and placed on a 

computer file« The resulting file consists of the records of 

approximately 3000 individual bombs drops. Host of the records contains 

the altitude and dive angle at which the bomb was released as well as the 

radial miss distance and the deflection angle of the impact-point. In 

addition, the records included the tactic used in each run. The tactic 

encompassed the mode of delivery (radar or visual), the maneuver (constant 

flight path angle or loft), and the bomb type (high or low drag).      ■* 

Prom this data base, a set of launch conditions were chosen such 

that for each condition there were enough completely reported runs to 

justify a statistical analysis of the results. This set is displayed in 

Table 1. In that table Rsradar, V= visual, Csconstant flight path 

angle, LB loft, HD*high drag, and LDzlow drag. The dive angle is given 
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LV. 

in degrees measured counterclockwise from the horizontal and the 

altitudes are measured in feet. 

Tactic # Mode Maneuver Bomb Angle Altitudes 

11 V C HD 0 200,500 

13 V C LD -10 750 

14 R c HD 0 200,400,500,1000 

16 R L LD 20 500 

Table 1. Launch Conditions Analyzed 

pv' 

In Table 2 the number of runs, the sample mean, X, and the sample 

standard deviation,S , of the range component of the miss for the 

various launch conditions are presented. Only the range errors are 

studied in this report. Generally the deflection errors are muoh 

smaller than the range errors and hence the statistical fluctuations are 

less. It was felt that any differences between the DAWG figures and the 

training data would be more easily detected in the range errors. 

v. 

Tactic # Altitude Sample Size X 5 

11 200 156 -25 196 

11 500 27 -100 382 

13 750 130 9 171 

14 200 81 -17 243 

14 400 107 -38 235 

14 500 101 55 320 

14» 400-500 208 6 282 

14 1000 59 105 332 

16 500 42 -77 737 

Table 2. Sample Data 
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It should be emphasized that this data is refined from poorly 

recorded aircrew observations. Thus, the recorded altitudes and dive 

angles at release are not to be taken as exact* In the starred entry in 

Table 2, the results of runs at 400 and 500 feet altitudes for tactic 

14 have been combined as a further aid in analysis. A missing factor in 

the above data is the airspeed of the aircraft at delivery. Although 

not reoorded on the aircrew sheets all the deliveries were reported to 

be executed at "about 500 knots". As will be seent  this omission is 

compensated for by condering theoretical deliveries in the range of 

450-550 knots. 

It Is generally assumed that a normal distribution fits bomb data 

reasonably well. Accordingly, simple chi-square tests were performed 

for each of the launch conditions to determine if the data could be 

assumed to be taken from a normal distribution with mean 0. No reason 

was found to reject that hypothesis. 

V.  COMPARISON OF DAWG FIGURES AND F-111 DATA: 

(This section is classified) 

VI. CONCLUSIONS AND RECOfrMENDATIONS: 

A. Comments on the DAWG figures 

As was observed in the preceding section there is little 

agreement between the DAWG predicted accuracy and the accuracy 

represented by the F111 training data. Unfortunately, it is difficult 

to tell which, if either, of the sets of data reflects the actual 

delivery accuracy of the F111 A/B aircraft. 

On the one hand, the training data was culled from very sketchy 

reports written by the aircrews on completion of their runs. Inspection 

of those sheets leads one to question whether even the tabluated data 

oan be taken seriously. As an example of the discrepancies, some crews 

had reported miss distances in the wrong units and although some of 

these mistakes were caught It is readily conceivable that many were 

not. This exercise illustrates the folly of trying to do delivery 

accuracy analysis on the basic of tests not designed for that purpose. 
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The more relevant question for this report is the validity of the 

DAWG figures. There is much that is praiseworthy in the derivation of 

these figures. DAWG has done a good job of tracking down the sources of 

error in the delivery systems and in ascertaining the dependence of 

these errors on the launch conditions. Moreover, they have made a start 

in the more complex task of isolating possible pilot errors in the 

system. These investigations are, to my knowledge, the first studies 

undertaken along these lines and they suggest a methodology for 

standardizing ;he analysis of delivery accuracy. (See the 

recommendations below). 

It is the translation of this analysis of error sources into 

quantitative form that, in my opinion, puts the DAWG results on shaky 

ground. There are two primary reasons for my skepticism concerning the 

DAWG figures. First, in attempting to distill the contribution of each 

error source into a single number (in the absence of any data from tests 

designed to provide this information) they are potentially injecting 

a large error into the calculations. As seen in Section V, the total 

error is often very sensitive to a few specific errors. Second, the 

assumptions of normality, independence, and linearity (described in 

Section III) required by the use of the AEP program are probably 

unwarranted. In fact, the procedure implicitly recognizes the 

nonlinearity of one part of the process by including an absolute error, 

called the bomb fall algorithum error, to compensate for the fact that 

the linearized computations of the AEP program are not accurate. 

B. Recommendations 

1.    The use of the AEP program for delivery accuracy analysis 

should be discontinued.    A new model should be developed which will: 

(a) make full use of modern computer software technology;   (b) provide an 

adequate simulation procedure for analyzing the effect of all errors; 

and (c) allow three-dimensional flight-paths. 

The AEP program is at least 10 years old and therefore does not 

take advantage of the many imnprovements in computer technology which 

would enable a quicker and more accurate anlaysis of aircraft and weapons 

trajectories.    Moreover,  the limitation caused by the 
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•jy one-error-at-a-time calculations of AEP precludes good statistical 

|%£ analysis of the delivery accuracy. Finally the AEP package is severely 

restricted in the type of flight paths it will accept. Loft deliveries 

are permitted only by ad hoc additions to the program and 

three-dimensional flight paths are not possible. In the future it is 

likely that these more complex flight paths will become common. (See, 

for example, references 3 and 4). 

2. The effects of equipment errors and aircrew errors should 

be analyzed separately. That is, a detailed error analysis should be 

oarried out for each launch condition assuming that the aircrew 

performs faultlessly.  A separate analysis should then be done 

incorporating only aircrew errors. 

The advantages of this approach are two-fold. First, it is quite 

reasonable to expect that a very accurate statistical analysis can be 

done where only equipment errors are included. It should be possible, 

say, by oomparlng on-board equipment readings with highly accurate 

ground radar or laser fixes, to obtain good sample estimates of the 

parameters of the distribution of the errors  in the instrument readings. 
This would Include determination of the dependence of the instrument errors 

on the flight path characteristics as well as the correlation, or lack 

thereof, among the individual errors.   Given this data it would be 
possible, using an appropriate simulation program (as envisioned in 

recommendation 1), to obtain good sample estimates for the distribution of 

impact errors as well as confidence intervals for these estimates. A 

second advantage of this approach is that it would result in an optimal 

system accuracy standard. That is, the resulting impact error distribution 

would represent the best attainable given the equipment used. The skill 

and stress performance of the aircrew would not be a factor. 

As suggested above, aircrew errors could be studied separately. 

Using the DAWG analysis as a starting point, further research could be 

done on obtaining statistical measures of these errors as, for example, a 

function of training. It would seem plausible to study these errors on 

airoraft simulators. Once these aircrew errors were quantified it would 
be an relatively simple matter to superimpose them on the instrument 
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errors and use the simulation program to obtain overall accuracy 

figures. 

3. As a final recommendation, I would reiterate a suggestion 

that has been implicit in all of the foregoing. Namely, that tests of 

aircraft instruments and pilot skills be designed and carried out 

specifically for delivery accuracy analyses.   The impression I have 

gained in my research is that delivery accuracy data is obtained only as 

a byproduct of other missions, e.g. aircrew training, bomb damage, etc. 

Since weapons effectiveness ultimately depends on delivery accuracy, it 

makes good sense to undertake a serious effort to obtain meaningful 

figures. 

*•*• 
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AN INTRODUCTORY DYNAMICAL THEORY FOR 

FULLY COMPRESSIBLE TURBULENCE 

by 

George Trevino 

ABSTRACT 

A stochastic theory for use in the study of the dynamics of fully 

compressible turbulence is presented for the case where the turbulence 

is isotropic.  It is shown that the time-decay of all correlation ten- 

sors encountered in this theory is dependent upon the equations of both 

continuity and Navier-Stokes; the qualitative implication of this kine- 

matic-kinetical "coupling" is that in the formulation of an appropriate 

"closure", kinematics (and kinematical constraints) must be explicitly 

included in the closure scheme. A closure is formulated by adapting the 

method of "modified tensor invariants". 

98-2 

■^m^s^timm^mm^mimsmi 



ACKNOWLEDGEMENT 

The author extends his sincere thanks to the Air Force Office of 

Scientific Research for its sponsorship of the Suaner Faculty Research 

program, and to the Air Force Weapons Laboratory for its participation 

in same. 

m 

& 

. ^ 

». 

98-3 
*.... 

ivi-v»v*l^-i :. .••„■-:.>;,-.A-;. ;>^>>v >. ^;rf.*• -;^- -'>>';^*^> *'• >'- 



I. INTRODUCTION: The U.S. Air Force, through its Weapons Laboratory 

at Kirtland AFB, is critically interested in determining the effects 

of a turbulent fluid flow on the integrity of a monochromatic electro- 

magnetic wave as the wave propagates through the flow. One of the 

fluid parameters which (indirectly) affects this integrity is the 

turbulent velocity, u(x,t), and the equation which governs the space- 

time behavior of u(x,t) is the Navier-Stokes equation of fluid dynamics. 

This equation, being a nonlinear partial differential equation in the 

stochastic variable u(x,t), can be solved in the stochastic sense only 

by formulating a "closure" for the appropriately statistically-averaged 

equation. Since the author recently had published some research results 

on the problem of "turbulence closure" (in the case of incompressible 

turbulence), and since the Air Force is particularly interested in the 

effects of compressibility, the author '»as assigned to ARLB to extend 

his recent closure work to the case of compressible homogeneous iso- 

tropic turbulence. 

II. OBJECTIVES OF THE RESEARCH EFFORT: The research effort had two 

goals, and these remained unchanged throughout the ten-week tenure. The 

first goal was to test the appropriate theoretical predictions of a re- 

cently developed closure scheme for homogeneous isotropic incompressible 

turbulence by comparing these predictions with existing atmospheric 

turbulence data; the second was to extend that theory to the case of 

compressible turbulence.  The first goal could not be achieved because 

the available data was not in a form amenable to the requirements of 

the theory.  The approach taken toward the attainment o! the latter 

goal was the theory of "modified tensor invariants". 
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III. THEORETICAL PRELIMINARIES: Various facets of the fundamental 

statistical theory of the dynamics of compressible turbulence have 

been proposed, formulated, and studied by several researchers1""11; 

the relation of compressible turbulence to the generation of sound is 

analyzed in such works (among others) as Refs. 12-17, and in a recent 

publication18 the existence and uniqueness of a general solution to 

the Navier-Stokes equation for compressible fluids in general was ana- 

lytically established. The purpose of this communication is to present 

the introductory features of a comprehensive stochastic theory of homo* 

geneous isotropic compressible turbulence which are fundamental and 

essential to the formulation of a "closure" for the relevant dynamical 

equation. In a later communication it is the intention of the author 

to duly extend this theory to the nonhomogeneous case by accordingly 

adapting the theory developed in Ref. 19. 

The most general exact equations of motion for an arbitrary com- 

pressible fluid under no external forces are 12 

8*^-. 
3(pui)+    a 

dt ST (puiuj * pij> = °- 

where 
3u.      3u.       - 3u 

pij= p6ij •» (sr * sr1 ■ 5 sr V : J
 J j l k      J 

(1) 

(2) 

(3) 

in Eqs. (i)-(3) p is the pressure, p the density, u., i = 1,2,3, the 

turbulent velocity (of zero mean-value), and u the viscosity of the 
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:£ 
fluid, all of these parameters characteristically being functions of 

both space and time, i.e. p - p(x,t), p ~ p(x,t), u^ ~ u^Xjt), and 

p = vp. The parameter v is the so-called "kinematic viscosity" and is 

here taken to be constant. Equation (1) is the equation for the con- 

dition of continuity, and is usually referred Lo as the equation of 

kinematics while Equ. (2) is the Navier-Stokes equation (Newton's 

Second Law), and is (usually) referred to as the equation of dynamics 

although, strictly speaking, is should be referred to as the equation 

of kinetics since dynamics is known to be composed of both kinematics 

and kinetics20'21; nevertheless, both of these equations together com- 

pletely describe the total dynamics of the fluid phenomena. 

IV. DYNAMICS OF TWO-POINT CORRELATIONS: In accordance with estab- 

lished principles for the statistical study of turbulence, the two- 

point correlation theory of compressible turbulence begins with 

Equ. (1) from which automatically follows 

3£ 3(pu.) a -    3(p'u.') 
P + -P' = o , pgfi-* P 3x /  = o , at K   ax. 

where p' = p(x',t), u. * = u.(x',t), etc. Adding these two equations 

and subsequently taking mathematical expected values produces 

3Vi^ = 3<PP->, w 
3r.    3t KH * 

l 

where 
A.(r,t) = < pu.p' - pp'u.'> 

and r = x' - x.  This very same equation was originally derived by 

Chandrasekhar*, and he cleverly used it to establish that under appro- 
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priate conditions the integral 

00 

J r2(<pp'> - <p>2)dr , r = |r|, (6) 

SÄ 

\v« 

^" v 

is an invariant of the turbulent motion, and as such is quite analogous 

to "Loitsiansky's invariant" of the theory of incompressible turbulence. 

The "physical" meaning of this invariant is that "...the largest eddies 

in the density fluctuations are determined by the initial conditions of 

the problem and [therefore] represent permanent features of the system".6 

In order to obtain the equation for the time-decay of A.(r,t) we 

naturally begin, as is done in the theory of incompressible turbulence, 

with the equation of Navier-Stokes. Accordingly, we have 

3(pu.) 

3t 

3(pV') 

3t 

p'> + < 
8(pu.uJ 

3x. 
J 

p'> + < 
3p.. 

3x. 
J 

p'> = 0, 

3(p'u.'u.')      3p..' 
p> + <  3^ J      p> + < -£-.  p> = 0, 

j 
3x. 

and subtraction of these equations results in 

3(pu.) 
<-^P'>.< 

3(p'u.')     8 
__  p> . __ < pu.u.p' + p u. -Uj 'p> + = 0, 

(7) 

where terms such as <p. p'>, etc., are for present purposes ignored. 

Equation (7), although sound, is not yet in its proper time-decay form 

since the time-derivative of A.(r,t) is 

3A (r,t)    3(pu.) . 
*  = < —^ p' + (pu ) %~ >  - < iß (p'u. ') + 3t        3t  H   VH iJ      3t     3t K^    i J 

3(p'u ') 

and is 

3(pu.)     3(p'u ') 
t <  -*~ P' !ü  P>, at at 
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the relevant time-decay term present in Equ. (7); however Equ. (7) can 

be put into its proper time-decay form if we make judicious use of the 

continuity condition to first obtain 

IN. V 
V 

• v" 

an' a(P'u') <(pUi) % > ♦ <  (pu.) —jJ^ > = 0 
J 

an 3(PUi} 

<l?(p\> + <-^rL-(p\')> = o. 
j 

8t 

Subsequent subtraction of these two results then produces 

< (pui} % ' It <PV}>
 
+ at: < (P^HPV') + (puj)(P'u.')> = o , 

so that the time-decay term in Equ. (7) can be written as 

3(pu.)    8(p'u.")    3A.   A 

at p - at — p> = dir + 3F7 < ^tHp\) + (puj)(P\')> 
J 

The appropriate equation for the total time-decay of A.(r,t) is then 

BA^r.t)   B 
- r— <pu. u. p' + p 'u. 'u. 'p - pu. p 'u. * - pu. p 'u. *> + • • • = 0, or.     "' * '■''     '" *  ' 

J 
at    or, rijr   r    l j r      r-Lr    j 

and if we now define the second-order tensor 

C..(r,t) = <pp'(u. - u.')(u. - u.')>, 
ij ~ i   l   j   J 

Equ. (8) accordingly rewrites as 

3A.(r,t)   a 
-ij—.sLc1J(£it)*...«o. 

(8) 

(9) 

(10) 

Immediately we see that the not unexpected "closure problem" exists 

here too, since the time-decay of A.(r,t) is specified in terms of a 

second tensor., viz. C..(r,t), whose time-structure is essentially 

unknown. This closure problem, however, is much more profound, and 

interesting, than the closure problem of incompressible isotropic 

turbulence since, and this is extremely important, in order to obtain 
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the above (total) time-decay equation for A.(r,t) the equation of kine- 

matics necessarily had to be employed in the mathematical manipulations, 

a circumstance which is not correspondingly true for incompressible tur- 

bulence. Actually, it is not at all difficult to positively establish 

that the time-decay of all tensors encountered in the study of compres- 

sible turbulence unmistakably rests upon the equations of both kinema- 

tics and kinetics, a consequence of the very simple fact that all of 

the related tensors include p in their definition and the fluid den- 

sity is now a distinct function of the time.  If one then subscribes 

to the well-established notion22 that a bonafide full solution to the 

classical problem of "closure" will in principle deal, as it inherently 

should, with all types of turbulence and not only with the homogeneous 

isotropic incompressible variety, then what the above dynamical results 

very clearly imply is that, contrary to what is (shall we say) "accep- 

ted wisdom", any closure scheme which relies primarily on kinetics and/ 

or kinetical constraints for its physical and/or mathematical justifi- 

cation, and which does not explicitly incorporate kinematics as an 

integral part of the so-called "closure formulation", can not only not 

be seriously considered as a true solution to the problem, but moreso, 

cannot even be considered as a sufficiently valid "first approximation". 

For if such a "limited scheme" were to be structured, i.e. without the 

explicit inclusion of kinematics within the essential features of the 

"closure", such a scheme might approximately apply to some types of 

homogeneous isotropic incompressible turbulence and maybe even to some 

types of nonhomogeneous anisotropic incompressible turbulence, but such 

a scheme could never apply to any practical compressible turbulence 
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since, because of its limited scope, it could never effectively capture 

the total time-decay of such a fluid. This is not to say, however, 

that "kinetical closures", and/or "kinetical closure theories", for use 

in the study of incompressible flows cannot be, in some logical fashion, 

systematically created and studied; however it is important to realize 

that such "closures" can at best shed only half of the total light re- 

y^ quired to clearly see the exact solution to the true problem.  It there- 

fore follows that even for incompressible turbulence any closure scheme 

that reasonably unites both kinematics and kinetics in the closure for- 

mulation, although such a unification may not at all be necessary for 

that case, necessarily has to be more general and viable than any scheme 

which unfortunately does not. This particular result, to say the least, 

is very fundamental because heretofore it was generally accepted that 

any dynamical results derived from a closure analysis which relied even 

mildly on kinematics necessarily, by their very nature, had to contain 

a basic fallacy; indeed, it was openly thought that Kinematics could be 

employed only to obtain "bounds" on the closure and that not much (if 

anything) could be said about its exact functional form without ex- 

plicitly invoking the Navier-Stokes condition.23 This misconception 

should be partially eradicated by the present results, and completely 

eradicated by the results of Rtf.  24. And although it could be validly 

argued that compressible flows are entirely different from incompressible 

flows, and therefore that a "closure" for one type of flow is essential- 

ly different from a "closure" for the other type of flow, a true clo- 

sure undeniably applies to all types of flows. 

.V, 
-• *J 
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At this point is is possible to correspondingly develop a time- 

decay equation for C..(r,t), and it is obvious that such an equation 

will inevitably contain third-order terms of the form 5— S...(r,t), 
3rk  xjk ~ 

where 

S. .. (r,t) = < pp'(u. - u. ')(u. - u. ')(u, - u. ')> 

1 v" 

r>: 

A "closure problem" exists there too but this is essentially the same 

problem as before— since the total time-decay of C..(r,t) is dependent 

upon the equations of both kinematics and kinetics, kinematics and 

kinematical constraints must therefore be explicitly included in the 

appropriate closure formulation. Such an approach has already been 

suggested by the author for the case of incompressible isotropic tur- 

bulence26'26, and a more thorough and complete solution for both that 

case and the isotropic compressible case is presented in Ref. 24. 

V. KINEMATICAL CONSTRAINTS FOR COMPRESSIBLE TURBULENCE:  In order to 

obtain the equations of kinematics for the tensors C.(r.t) and S...(r.t) 

introduced earlier, it is necessary to employ only Equ. (1) and certain 

elaborate variations of it; the equation of kinematics for A.(r,t) was 

written in Section IV (Equ. (5)). For the tensor 

C. .(r,t) = <pp'u.u. - pp'u.u. ' - pp'u. *u. ♦ pp'u. 'u/> 

we begin with the continuity condition in its standard form and 

proceed to write 

<|£ujP->* < 
3(pu.u.) 

fJLJ"" p> = pp', 
3u. 

i dx. 
1 
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i 

"J 

8u. 
Since (pp') is a scalar quantity, the term <pp'u. 5-^ > in the above is 

1 ox. 
1 

a first-order tensor whose tensor character is determined only by the 
9u. 

product4 (u. 5-^); the expected value of this product is *i 3x. 
1 

du. 0  3R.. 

i 3x.       l 3^ Jr=0 

where 

<u.(x)uj(x')> = u
2R..(r) . 

It therefore follows that 

8u. 8R.. 
<PP'u. gl > = c(r,t) f^]r=0, 

1 1 ~ 

c(r,t) being a sufficiently well-defined even function of r; and 
8R.. 

since Ig^l^o = 0, it follows that 
i ~~ 

3u. 

and that 

<PP U. jgL  > E 0, 
1 

* It V'* * s^; * ""iV'*s ° • 

Using this "modified" continuity condition and the continuity condition 

in its standard form eventually produces 

if we now interpret Equ. (5) as an operator equation, i.e. as 

3r<(--.)(u. - u. )> = _A_i_  f 

we then have 

9 ̂  «„«..o ■ ,-f: < «*» <-, - V» ■ £ <PP (11) 

m 
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as the kinematic constraint on C..(r,t). A correspondingly similar 

conclusion results for the case of S...,(r.t), viz. that 

W*« = —3    <PP'>   . 9ri9r.3rk        ijK dv 
(12) 

but in order to establish this latter result it is necessary to make 

use of the continuity condition in the following form: 

3(pu.u.u,) 
P- °i Vj ♦ p- ax, 

Xul = PP u. 
3(u.u.) 

3xk    ' 

where 

a(u.u.) 3S      (r,t) 

< PP\ -15^" > = "«*.«   I    IrJ      »  r=0 S °- 
Naturally, a corresponding invariant condition can be established for 

the case of C..(r,t), and for S...(r,t), since 

.2 
ij w "        ijl 

SOrT '«<*« ■ (r fc ♦ 3)(r g ♦ 4f ♦ I g ) . ^ [<PP'>-<P>2]. 
i J at5 

where 

C..(r,t) = F(r,t)r.r. + G(r,t)6.. ; 

following Chandrasekhar6, we accordingly have 

H jf r2 [<pp'> - <p>2] dr * 0, 
3t  0 

and this constraint is obviously automatically satisfied if the pre- 

viously derived invariant (Equ. (6)) is satisfied. 

VI- CLOSURE OF THE DYNAMICAL EQUATION:  In order to write the complete 

dynamical equation for the time-decay of A (r,t) it is first necessary 

9     9ui   * " 
to evaluate such terms as ^— <pp'(=—)>, etc.. Accordingly, we write 
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3x. Pp l3x.J   3x.    3x.      3x.  i ' 
j       J     J 

and subsequent differentiation produces 

3 <pp'u.> 

Br.dF. 
J J 

A. 
■ < P äxTäxT "i 

j J 

u.> - < p 
dp    l 
3x. 3x. 

J   J 

Since 

t  32P   „  .W 
3x.3x. ui   l  3r.3r. 

J J J J 
J c-0> eU-' 

where 

^(r.t) = < p(x,t)u.(x',t)> = a(r,t)r. , 

we eventually have 

a 3u. 3 <pp'u> 

§77 <PP'(ST}> E    ar.ar1   » 
J J J   J 

the complete dynamical equation includes the tern 

3p..       3p..' 
< ^—^ p > - <  *J » p> , 

3x. H      3x. p * 
J J 

which in view of Equ. (3) expresses as 

3u. 

1       I 

3u. ' 

(13) 

p-> -     ,- p> ♦ w £ < p(. ri)P'> . v ^ < p-( ..a_i, )p> 
J      J        J        j 

a    3ui      a      3ui 
* v izr   <<>('*?- >P'> * »snr- < p'<-aT- >p> 3x. "0x. 

J 

♦fn£<Pj£p*>-^<l>'j£.p>16 
j     k       j       k     J 

Enforcing the result established by Equ.   (13) yields a time-decay 

equation for A.(r,t)   (cf.  Equ.   (10)), viz. 
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3A (r,t)  ac (r,t)   „. 32A (r,t)      32A.(£,t) 
-i- U-Z 2   pp  - v  — fv/3)  J-^  = 0 

3t      3r.     l      3r.      3r.3r.   WJ;  3r.3r.   "' 
J i        J J i J 

(14) 

Note that this equation is identically satisfied for r = 0 so that 

"one-point closures" have no appropriate meaning for compressible 

turbulence. Also note that <pp'> can be formulated in terms of A.(r,t) 

simply by assuming that p = FTp, where T is the temperature and is 

here (cautiously) taken to be constant. With this assumption it 

follows that 

3r.    K1  3r.    Kl {        3r.3r. dt * 
0 i J 

A closure for the complete equation is formulated by adapting the 

theory of Ref. 25, and by employing said theory, it is possible to 

generate several "bonafide" closures, some of which are 

<:„(£,t) = H(r,t)[A.(r,t)rj + A^Or.] , 

Ci:j(r,t) = H1(r,t)A.(r,t)Aj(r,t) , 

CSj(r,t) = H2(r,t)[A.(r,t) / Aj(r,t)dr + A^t) J A.(r,t)dr] , 

cij(£»t) = H3(r t)[A.(r,t) ^J Aj(r,t)dr ♦ A.(r,t) f^J AjQr.Odr] . 

From among these we select for use here the first, since this appears 

to be the "simplest" and such a correspondingly sisrnle closure has 

already produced "adequate" results for the incompressible isotropic 

case24'26.  Proceeding accordingly, the continuity constraint, Equ. (11), 

eventually provides 

32  2 
~ {r*A(r,t)H(r,t)} = , 
3r z  3t 

1 32< pp-> _ 13V^) 

2     2  3t3r. 

pt& 
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where A.(r,t) = A(r,t)r.; the function H(r,t) is then found to be 

r i  32A (A,t) 
H(r,t) = (2rZA(r,t)]  / J -y"^— dA4, A = |x| .      (15) 

The resulting dynamical (scalar) equation in its "closed" form is re- 

spectively 

t   2 2 
|f - 2[|?(rAH) + 3AH) - 2RT J  (?-f + \ §£)dt - (4v/3)(^-| + | |~) = ° - 

t   3r 3r 
° (16) 

where H(r,t) is given by Equ. (15); noting that 

4 82A A , 3 3A _ 3 , 4 3A. r 71  * 4r 37 = 5F(r ä?} ' 
or 

Equ. (16) conveniently condenses to 

t 

3t 
L0 

(17) 

•v 

£ - 2[|^(rAH) ♦ 3AH] - 2RTr"4 / |^(r4 g)dt - (4v/3)r-A |,(r4 * ) = 0 
L0 

VII. CONCLUDING REMARKS:  In examining the overall character of 

Equ. (14) it is important to remember that the tensors A.(r,t) and 

C--(£»t) present there are defined as 

At(r,t) = <Pp'(ui - u.')> , 

C.^r^t) = <pp'(u. - "i')("j * Uj*)> > 

and not as defined for the study of incompressible isotropic turbulence. 

The source of this peculiar definition, recall, lies back in Equ. (5) 

where it was initially desired to obtain a constraint equation for the 

time-derivative of <pp'>, and it is there that the essential difference 

between the statistical theory of compressible turbulence and the clas- 

sical theory of incompressible turbulence first presents itself.  The 
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question that naturally then arises is that since incompressible turbu- 

lence is only a "special case" of compressible turbulence, then why 

does not the herein developed statistical theory of compressible tur- 

bulence reduce to that of incompressible turbulence simply by setting p 

equal to a constant in the formulated compressible theory, as it is 

obvious from "physical considerations" that is surely should. The 

reason that it does not is that in the classical theory of turbulence 

the assumption of incompressibility is made, rather rightly or wrongly, 

for the sake of "simplicity" rather early in the analysis of the prob- 

lem, and in so doing some of the "richness" of the problem is obvious- 

ly removed from it; further simplification is then introduced when it 

is assumed that velocity products such as <u.u.'>, <u.u.u '>, etc., 

arc isotropic, although the isotropy of "velocity differences" is per- 

haps the better approximation in the majority of cases of practical 

interest.  In fact, it was the invariance of probability distribution 

of velocity differences that was suggested by Kolmogorov in his origi- 

nal hypothesis27, since it was felt by him that isotropy in the sense 

of Taylor2* was a rather poor approximation of reality. By reformula- 

ting the incompressible theory in terms of velocity differences as 

~~(u. - u. ') = 0, (condition of continuity) 
ox .11 

l 

a(u. - u.') 3(Uiuk) a(u. *uR') 
♦ —=  =r~»— ♦ ... r. 0 , (Navier-Stokes equation) , 3t ax, dx. 

k        k 

it is then a rather easy task to deduce th*t the theory developed here- 

in reduces, as it necessarily should, to the (reformulated) classical 

theory simply by setting p equal to a constant.  Vhat these arguments 

»ccr 
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are collectively meant to suggest is that in the formulation of the 

statistical theory of compressible turbulence the concept of isotropy 

of "velocity differences", in accordance with the principles estab- 

lished by Kolmogorov, is introduced as a matter of due course, and 

accordingly this theory is then a more "natural" theory than the al- 

ready established incompressible theory; correspondingly, the "kine- 

matic-kinetical coupling" of the closure formulation emerges, also 

"naturally" (as it should), since the true closure problem is indeed a 

dynamical problem in toto, and not simply a kinetical one as it is 

customarily cons'"ued to be. 

In closing it is instructive to point out that the compressible 

theory proposed here could just as readily be formulated from the wave- 

number space approach; for such an approach we would require Fourier- 

Stieltjes integrals of the form 

p(x,t) = (2/i)~3 Jexp(iK-x)dG(K,t) 

and 

u.(x,t) = (2n)'3 /exp(iK-x)dZ.(K,t) . 

Products such as <pp'u> would then be 

<pp"u.> = (2n)"9Jexp(i(K-x - K"-X' ♦ *''x)] <4C(K,L.)<IG*(K *\t)dZ.(K ',t )>, 

* denoting complex conjugate, and since this product must be a function 

of r = x' - x it follows that K - K*'* ♦ K* = «), and that 

,-9 
<pp'u > = (2n) Jexp(-i(>c ♦ O'rJ <dC(K, t )dG*(K ♦ K \t)dZ. U \t)> 

(18) 

In this approach the corresponding "closure problem" is the so-called 

problem of "spectral-transfer"; it is obvious fro« Equ. (18) that the 
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relevant "spectral-transfer" will not be a simple quantity. Recalling 

the related discussion of Section 2, it is also obvious that the solu- 

tion to the "problem of spectral-transfer" will necessarily require an 

explicit kinematic-kinetical "coupling" in its appropriate formulation. 

VIII. RECOMMENDATIONS:  In order to properly implement the product(s) 

of the author's summer research, its analytical results should first be 

validated with compressible turbulence data. The tensors 

A.(r,t) = <pp'(u. - u.')> 

and 

C..(r,t) = <pp'(u. - u.')(u. - u.')> 

should be approximated from turbulence data records, and the "strength" 

of the closure, 

C.^'r.t) = H(r,t) [A.(r,t)r. + AjCjr.Or.J , 

should be clearly ascertained. Related follow-on research ihoul'd pro- 

ceed to the case of nonhomogeneous incompressible turbulence, and 

untimately to nonhomogeneous compressible turbulence.  It is the in- 

tention of the author to pursue these investigations at a later date. 
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ELECTRONIC EXCITATION OF ATOMIC XENON 

BY ELECTRON IMPACT 

by 

Keith G. Walker 

ABSTRACT 

The 6p and 6p' optical excitation functions of atomic 

xenon have been measured from onset to 100 ev"s. Particular 

interest has centered on their pressure dependence. Most of 

the levels betray a pressure sensitivity for electron 

energies greater than 25 eV's. Higher np, ns and nd levels 

have.been measured and many of these excitation functions 

exhibit a pressure dependence. Resonant type structure 

around 20 eV has also been observed in many of the 

functions. The xenon excitation functions have been 

measured when various amounts of helium Arm mixed with the 

xenon. Some functions are changed drastically while others 

appear 'inert* against the helium. Pass!hi* mechanisms for 

the above behavior are discussed. 
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Introduction 

Recent interest in high pressure rare gas laser systems 

has resulted in increased need to understand the various 

mechanisms which determine the laser's gain and intensity. 

The Air Force is particularly interested in the xenon high 

pressure gas laser in that it has strong laser lines falling 

between 1.73 and 4 microns. The importance o-f such a 

wavelength region lies within the fact that this corresponds 

to transmission 'windows' of the atmosphere. As such, this 

laser could have important uses in offensive and/or 

defensive purposes. 

One of the factors which influences the gain of the 

xenon laser is the electron excitation cross sections of its 

various excited states from the ground state. Figure (1) is 

an energy level diagram of xenon* The ground state of xenon 

is a 5p6 state. The excited states are hence designated as 

5p"ns, Sp^np, 3p*nd, and so forth. The 1 quantum number 

represents the orbital angular momentum oi the running 

electron which results in the smaller 1 values lying de&p&r 

in energy for a given r? since it penetrates more severely 

the core of the atom.  The core, SpJ, results in an  invented 

99-4 

••".*." \* %*'.'  ..* •" ■." ■ 



\K 

doublet designated as *~Pi/~> and -"^3/2* Tne ionization 

potential of the ^'3/-? core is 12-1 eV's. The ionization 

potential of the ~Pj/2 core lies about 1.3 eV's higher- 

Xenon -follows Jc~2 coupling rules- This essentially means 

that the angular momentum of the core couples with the 

orbital angular momemtum of the electron giving the angular 

momentum K. K then couples with the spin of the running 

electron to give the total angular momentum of the atom, J- 

Therefore, the state designation 6p(3/2,1) represents a &p 

electron coupled to the P3/2 core to give a K » 3/2 and a 

total angular momentum of J « 1. The state 6p*(3/2,1) 

represents a 6p electron coupled to the 2Pj/2 core with K » 

3/2 and J » 1. 

The laser lines of greatest importance originate from 

the 5d levels and terminate on the 6p levels. The lifetimes 

of the 6p states are several orders of magnitude shorter 

than the 3d states. This investigation was primarily 

concerned with the reaction: 

e ♦ 5p 6 ... 5p36p ♦ e 

The excited 5pD6p state will betray itself with the emission 

of a photon. As we vary the energy of the impacting 

electron, the probability of exciting one of the 6p levels 

will vary.  As the probability  varies  so  will  the  photon 
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■flux.  By monitoring the photon flux as  a  -function  of  the 

bombarding electron's energy we obtain a curve known  as  the r* '"" 

optical excitation function.  All our data was obtained  from 

threshhold ( about 9.5  ev"s  )  to  100  eV's.   Figure  (2) V> 

illustrates a detailed energy level diagram  of  the  6p  and _/:* 

6p* levels and the transitions monitored  are  denoted  by  a '*.'*', 

solid circle. \\\ 
/. ,*. 

The investigation of the excitation functions  of  xenon 

led to some surprising results whose interpretation is  still /,/. 

under study. The excitation functions tended to divide 

themselves   into   three  catagories:    a)   no   pressure Wj* 

dependence, b) slight pressure dependence and c) significant 

pressure dependency. In some cases we observed some current 

dependence.  The cause of these effects must be explained  to |t£I 

fully appreciate the data. 

Not only did we investigate the 6p states  but  numerous »" 

higher levels and certain trends were discovered in the 

excitation functions. States as high as the lip, lid and 6f 

were measured in hopes of fully  understanding  pressure  and 
I 

cascade effects on the lower levels. 

Very little work on electron impact excitation of  >:enon V*. 

has been performed.  Rostov!kova (1) has studied the  optical *T 

excitation functions of .xenon in the  220  -  640  nm  range. / 
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Quantitative values o-f the excitation cross section -for the 

6p levels have been published by Zapesochnyi (2) • 

Unpublished efforts (3) and (4) have been attempted in 

recent years to study the levels associated with transitions 

in the near IR. William? (5) has measured the electron 

impact energy-loss spectra o-f xenon at 20 eV in hopes o-f 

determining optical selection rules. Perhaps the most work 

in xenon has b&en associated with detecting resonances in 

elastic scattering o-f electrons (6), (7). The -first four 

references above were concerned with optical excitation 

-functions o-f xenon directly but all failed to note the 

pressure dependencies that we have found to exist. 

Experiment 

> .* 

$ 
•& 

The experimental setup consists mainly of an electron 

gun (collimated source of monoenergetic electrons) enclosed 

in a very high vaccuum chamber in which controlled amounts 

of gas can be inserted. Figure (3) dipla> the schematic of 

the e-gun. It can produce beam currents up to 5 mA over a 1 

cm-" circular area. At 1 mA an energy resolution of -5 eV's 

is easily obtainable. The cathode is indirectly heated and 

is of the impregnated barium type. The cathode is at a 

negative potential which is the accelerating voltage. The 

first two grids control the current and -focusing properties 

of the e-beam.  The third grid is at  cathode  potential  and 
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essentially stops all electrons whose energy is less than 

the cathode potential. The last grid is at ground potential 

as is the Faraday cage which serves as the collision 

chamber. Secondary electrons which have been created by the 

primary electrons hitting the back side of the Faraday cup 

CAD distort the excitation curves since they are at much 

lower energy. Figure (4a) illustrates this -for the 

6p<5/2,3) level. To help negate such effects the end of the 

F^rMÖ^y cup is constructed of a wire mesh which is 

transparent to the electrons but opaque to external fields. 

The cup-shaped collector is operated at a positive voltage 

with respect to the cage and collects secondary electrons 

before they can enter the interaction region. Figure (4b) 

shows the same excitation function with the bias present. 

No secondary electron effect. 

The cathode of the gun obtains temperatures around 

110O°C. Hence, large quantities of impurities mrc boiled 

cff. Usually liquid nitrogen traps Are utilized to pump out 

these impurities. Since xenon also condenses at liquid 

nitrogen temperatures another pump source is needed. A 

non-evaporable getter pump was utilized. This getter 

operates via chemisorption and bulk diffusion into a 

zirconium-aluminum alloy. 

The  xenon  gas  is  dosed  into  the  system  and  the 
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resultant pressure is measured with a MKS  Baratron  pressure 

head readable to 0.1 millitorr. 

The slender retangular ar*»a denoted in Figure (3) is 

the region of the collision chamber which radiation is 

gathered by the detection system. The radiation was viewed 

at right angles to the electron beam. The detecting portion 

o-f the apparatus is a half-meter Jarrell-Ash monochromator 

coupled to a cooled RCA 31034A photomultiplier tube. To 

cancel a. ,1 if ier drift and general drift of background 

sources, the electron beam was chopped by biasing grid #1 to 

23 volts below the cathode voltage 200 times a second. The 

chopping voltage was also used to synch in the photon 

counter. Using this method, the photon counter counted 

signal + background in one channel when ©-beam on then 

counted background in another channel with e-beam off. The 

photon counter then subtracted the two channels and 

displayed the result. The number of cycles for counting was 

selectable. 

V The entire system was controlled and monitored by a PET 

8032 microcomputer with high-resolution graphics. The 

sequence of events that occurred wer* as follows: 

a) Set e-beam energy 

b) Initiate Photon Count 
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c) Sense the end of count and read results 

d) Measure the e-beam energy 

e) Measure the e-beam current 

f) Plot on high-res graphics the photon count 

divided by the e-beam current versus the 

e-beam energy. 

g) If not end of run then increment e-beam 

energy and begin at a) again 

h) Store data run on disk 

i) Hard copy print out of high-res display 

Our efforts in constructing the necessary interface 

hardware and writing the required software to obtain the 

above automation proved invaluable since most of the time 

very low pressures were necessary (with subsequent low 

signals) mnö run times were any where from 30 minutes tc 16 

hours. The resulting plot in f) above is what is termed an 

optical excitation function. 

To determine the optical cross sections absolutely, the 

detection system in total Mas moved horizontally to line up 

with a standardized source of photon HUH (tungsten strip 

filament lamp). The standardized source Mas oriented in the 

same relative position to the detection system as the 

collision region of the electron gun. The intensity of a 

given transition Mas first monitored --  being  careful  that 
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we collected all the radiation eminating from a solid angle 

set by a stop on the focusing lense. Then we monitored the 

photon flux from a given area of the standardized source 

through a set solid angle. / comparing these intensities 

the optical cross section can be obtained at a particular 

electron energy. Again, utilization of the computer 

faciliated the ease of obtaining the necessary numbers. 

Appendix A gives a typical printout of results. A good 

discussion of standardization procedures is given by St.John 

(8). 

Data 

Apparent  Excitation  Functions  of   the no  and no'   States 

The excitation functions exhibited in this report are 

what Arm termed 'Apparent' excitation functions. What that 

means is that the contribution of the levels population due 

to cascade from higher states has not been subtracted out. 

When one subtracts out cascade one obtains the 'Direct' 

excitation function. To perform a cascade analysis of the 

xenon   levels   requires   a   large     effort      in     time. Also,      the 

main capci.de contributors to the population of the 6p and 

6p* states Ar» th» 3d levels...these ire the very intense 

laser lines which lie in the mid-IR and were not capable o* 

detection   with   our   pr&%»nt   apparatus. 
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Figure (5) gives the apparent excitation -Function of 

the 6p(5/2,3) level -from threshhold to 100 eV. This 

-function was perhaps the "purest* -function monitored. It 

'goes up and comes down' like a typical excitation -function. 

It is impervious to current and pressure variations. It 

remained unperturbed fcy gross variations in experimental 

parameters. We -feel -fortunate that it 'existed' in that it 

tended to negate any thoughts that many o-f our other 

\-y non-typical observations were e-gun or detection  aberations. 

It is a rather sharp excitation -function which one is not 

surprised at since the only good quantum number J, the total 

angular momentum, is 3 and there-fore we would expect little 

mixing with the other nearby p-levels, all o-f which had J < 

3. 

In contrast, Figure (6a) displays the 6p(1/2,0) level. 

It appears badly distorted with two definite peaks 

present...one around IS eV's, the other at 25 eV's. There 

is also the hint o-f another, much sharper peak, at 20 eV's. 

Figure (6b) displays this same level and shows the drastic 

reduction o-f the curve's tail after 30 eV when the pressure 

is reduced below 1 mTorr. Figures (7a), (7b), (7c) and (7d) 

display the 7p, 8p, 9p and lip levels which have the same K 

and J, i.e., 1/2 and 0 repectively. Figure (8) shows that 

the  7p(1/2,0)  level  was  also  quite  pressure  dependent. 
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Compare with Figure (7a). Figure (9) displays an overlay of 

7p(1/2,0) onto 6p(1/2,0) which tends to demonstrate that 

whatever is feeding one is -feeding the other. However, the 

7p(5/2,3) is quite nice (Figure (10)) and compares -favorably 

with the 6p level with the same K and J. Hence, it appears 

that -for any p level with quantum numbers K ■ 1/2 and J = 0 

the 'double' hump shape and pressure dependence will exist. 

Also, for K" = 5/2 and J = 3 the curve will be rather sharp 

with no noticeable pressure or current dependence. 

The 8p(1/2,0) level behaved anomalously as well. 

Figures (7b) above. Figure (11a) shows it's pressure 

dependence. No current dependencies were noted for any of 

these ;i levels. The small narrow peak around 20 eV's which 

was just, barely discernable on the other np (1/2,0) levels is 

quite evident on the 8p(1/2,0) excitation function. Figure 

(lib) examines the excitation function from threshhold to 25 

•Vs...the small peak at 19.3 eV's is very prominant. 

The 6p(3/2,2) level is 'intermediate' in pressure 

effects when compared to the K * 5/2, J * 3 and K*l/2, J «0 

levels. Figure (12) illustrates this level's pressure 

sensitivity. The 6p'(3/2,1) level is another 'intermediate' 

in pressure dependency as illustrated in Figure (13). 

Taking the 6p'(3/2,1) level to 500 microtorr (Curve D) 

produces an excitation function  very  similar  to  the  nice 
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6p(3/2,3) state. Previous experiments have never gone this 

low and in not doing so produced results very similar to 

curve A in Figure (13). 

The 6p'(1/2,1) is much like the 6p'(3/2,1) in that as 

we lower the pressure to 500 microtorr an excitation 

function is produced which is quite 'normal' and pleasing. 

See Figure (14), curve C. 

The 6p(3/2,1) was quite sensitive to the 

pressure...pressures as low as 300 microtorr were needed to 

get the energy tail to begin to drop appropriately. Figure 

(IS) illustrates this quite well. 

One suprising result was the 6p"(1/2,0) curve. It 

appears as the other curves for K * 1/2 and J ■ 0 but it is 

not pressure dependent. Therefore, it appears that whatever 

is causing the pressure abnormalities prefers the F3/2 core 

configuration when K * 1/2 and J ■ 0. Figure (16) gives the 

6p»(1/2,0) curve. 

The 6p(3/2,2) level was just within the spectral 

response of my PUT. Figure (17) illustrates its pressure 

sensitivity. Again 500 microtorr was necessary to produce a 

quality curve. 
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The 6p'(3/2,2) state behaved as many of the others, 

having a slight pressure dependence. Figur© (18). The lone 

remaining 6p state, 6p(1/2,1), was not obtained since 

transitions originating from it lay outside o-f our spectral 

response. 

Apparent Excitation Function* o-f s« d and f States 

Present now are the excitation functions of various and 

sundry states that were examined. The spectra of Xenon is 

quite complex and hence requires the slits of the 

monochromator to be quite narrow in order to resolve many of 

the lines. Coupled to this is the requirement that the 

pressures be kept relatively low in order to maintain a 

stable system and prohibit arcing. The arcing occurs 

because of the high ionization cross section of xenon. 

Hence, because of these two factors, our signals ^rm 

generally quite weak and significant times are required to 

obtain data. What we have tried to do is pick those levels 

that perhaps might offer some insight into the physics of 

the resultant shapes of the excitation functions. 

Of particular interest is the 688.2 ntr line originating 

from the 7d(7/2,3) level. See Figures (19a & 19b). No 

differences were observed with pressures ranging from 4 

mTorr to .5 mTorr. We observe several features on this 

function.   An  extremely  sharp  onset  with  peak,  another 
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structure about 20 eV, -Followed by a rather broad 'hump' at 

40 eV's. Figure <20) provides an interesting picture. It 

is an overlay of Figure (19b) with the excitation -Function 

of the 6p( 1/2,0) level at the same pressure of 500 

microtorr. The small structure we observed at 20 eV on the 

6p levels ( K = 1/2, J - 0 > appears very evident in this 

high lying 7d level. Hence, some o-F the contribution of 

that structure in the 6p levels arises -From cascade -From 

higher levels...7d in particular. The question still 

arises...What causes the narrow structure in the 7d level? 

Perhaps the source o-f it in the 7d level is cascade -From 

some phenomena at a higher energy which also -Feeds the 6p 

levels. 

The 7d(7/2,4), which cascades into the very clean 

looking 6p(5/2,3) level, is quite clean as well (Figure 

(21))- Then there is the Bs(3/2,1) and 6*(3/2,1) excitation 

functions given in Figure (22) and Figure (23) repectively. 

These -functions appear highly distorted. The 6d(3/2,2) was 

an exceptionally clean function with no pressure or current 

dependence.   See Figure  (24).   Why  some  of  the  levels 

BflUitt Cilia Itliail *nd ol&ers. ajrg %Q 4Jst;prtafrU wi£h 

Prtliyre if a challenging guestjon. 

Figure (25a) and (25b) give the 5dM5/2,3) function at 

two different pressures. Again, it appears that those 

levels associated with the ~Pj/2 core are  more  immune  from 
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pressure effects. 

Excitation Functions of Xenon in Helium/Xenon Mixtures 

We were curious as to the effects that large amounts of 

Helium would have upon the xenon excitation functions. If 

large quantities of a gas are inserted into the system, then 

one must be careful that the mean free path of the  electrons ;V^ 

in the beam, as measured from the last grid, is  longer  than 7- 

the distance observations Are made from the last grid. If 

we observe the photon flux at too great a distance  from  the vl\ 

äs last grid then the atoms we observe radiating  are those Jv 

excited  by electrons which  have  already  suffered   a /..« 

collision.  In xenon at 1 mTorr, the mean  free path  of  an >*..■ 

electron ( *\ e) is 16 cm.  In 150 mTorr of helium, *\ 9    «  1 fpBL 

cm. Figure (26a) and (26b) illustrate this point 

experimentally.  In Figure (26b) we are  observing  the  flux ".••""* 

at a distance of .3 cm  in  150 mTorr  helium  and  2  mTorr m~ 

xenon. The line in question is the 6p(5/2,3) line and its 

shape agrees when only pure xenon is present. Compare with 

Figure (5). Figure (26a) shows a hump appearing when we 

observe this line at a distance a little over 1 cm. The 

hump is the result of electrons that have already suffered 

one col 1isi on...then many of the resultant lower energy 

electrons will have energies at the peak cros* section and 

will therefore cause a distorted excitation function. 
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Fortunately, the first  level  we  tried  gave  dramatic " 

effects. The 7d(7/2,3) was one of our most distorted 

functions (See Figure (19)). Figure (27) shows the dramatic 

effects on the high energy .tail as the pressure of helium  is § 

increased. One observes that as helium is added, we obtain 

a curve much like a 'normal' excitation function. Consider 

the 1Id(7/2,3) curve. Figures (28a) and (28b) show that the 

tail drops when helium is present. Figure (28c) shows the 

same function but with pure xenon at 1.2 mTorr. It is 

almost identical to Figure (28b). In other words, adding 

helium is equivalent to lowering the pressure of xenon. 

Same results were obtained for 7p(1/2,0) state. Compare 

Figures (29a) and (29b) with Figures (7b) and (7c). Figures 

(30a - 30e) show the sequencial effects of adding helium as 

well as reducing the xenon pressure for the prominent 

6pU/2f0> level. The first structure observed at 13 iV'i 

becomes extremely prominent and the large peak at 23 eV's 

begins to drop in intensity relative to the peak at 15 »Vs. 

ftflOnmt Structure in HfUum 

Since Helium was to be used, we spent some time looking 

at several of its excitation functions at various pressures. 

The 587.6 nm line is a good line to look at because it has a 

well known structure at onset which we can use to get an 

idea of our energy resolution. Figure (31) is the  excitation 
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function of this line -from onset to 30 eV's. One can see 

that the structure is well resolved and our energy 

resolution, even at these high pressures and currents, is 

easily .5 ev". Figure (32a) displays the same excitation 

function except to 100 eV's. Please note the structure 

around 57 eV's. Figure (32b) gives a 'close up* view of 

this region by scanning from 45 to 60 eV's. The energy 

separation of these two peaks is about 1.2 eV's. Scans of 

other lines in this same energy range revealed no such 

structure implying it was not an e-gun effect. I ran this 

line under varying conditions. Figure (33a) illustrates 

that the structure still exists at low pressures and low 

currents. The reason the general shape of the function is 

different at different pressures is because this function is 

quite pressure sensitive (9). Figure (33b) shows the 

function at an extremely high pressure ... structure still 

present. Figure (33c) when xenon is mixed in...structure 

still present. These curves also tell us that the »-gun 

characteristics are not perturbed when xenon is added and 

the energy resolution of beam is still quite good at SO eV*s 

when large quantities of gas Arm  present. 

We feel that the source of these two structures is from 

the creation of negative ions. Such resonances have been 

observed by Kuyatt (6) in electron transmission experiments. 

This is the first time they have  been  observed  in  optical 
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transitions. Kuyatt observed two resonates at 57.1 and 

58.2 eV's with an uncertainty of 0.1 eV. This separation 

cooresponds quite well with what we observed. When the 

contact potential of our gun is corrected for, we Arm almost 

spot on the energy -for which these resonances occur. Fano 

and Cooper (10) have identified the negative ion states 

first seen by Kuyatt (6) as the (2s22p)2P and <2s2p2)2D 

states. As such they lie in the continuum and can decay by 

two different channels. They can decay into excited states 

of Helium by the emission of a single electron. Or they can 

emitt two electrons and form He*. It appears we are 

observing the first decay channel into our 33D state. 

The electron impact excitation functions mrm confusing. 

In one way this has proven fortunate in that one must then 

search diligency for the source of confusion...which has 

resulted in a much broader learning experience. 

When one observes pressure effects in electron impact 

experiments it usually follows a quadradic dependence. We 

did not find this dependence. Hence, many of the classic 

causes of pressure effects were not sufficient. At 

pressures where Me do observe effects, the mean free path of 

a xenon atom is 10  cm.   Our  observation  region  is r^m^mr 
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greater than .4 mm. Also, the time between atom-atom 

collisions is close to 500 microsec...the lifetimes of the 

majority of the states am in the area of nanosec. To be 

able to obtain pressure effects that were observed due to 

excitation by collision transfer, one must assign collision 

cross sections of the order of 10~14 cm*...an order of 

magnitude greater than measured values (11). Hence, it 

would appear that the population of the xenon states would 

only be by direct electron impact and cascade from higher- 

lying  states...effects not  sensitive to pressure. 

One channel we considered was excitation to those 

states associated with the 2P\/2 core that lie between the 

ionization energies of the ^3/2 core and the 2Pj/2 core. 

Figure (34) is a schematic of this area. The levels ns' 

(n>7) and nö' (n>5) are the predominant levels* Huffman 

(12) has examined the absorption coefficients of these 

levels and has found that the 8d* and 6s* have extremely 

large absorption coefficients of 3000 cm'1, (2 x 10~16 cm2). 

Transitions with large dipole moments usually imply large 

electron excitation cross sections. Hence, one can assume 

that these levels arm readily being populated. After being 

populated, the state has basically two alternatives. 

One..-it can autoioni:* and form a xenon ion. Two...it can 

decay to a level beneath the first lomxation level. If 

process  two does  occur   anö   it   is  to  the Rydfeerg  states,      then 
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we have states occupied with long lifetimes which could 

undergo collisional effects. However, White (13) has 

observed no such radiative or radiationless decay occuring 

(lifetime of 10~8sec).-.only autoionization (lifetime of 

iO^^sec).  This channel produces mainly, therefore, ions. 

Much of the observed pressure effects could be 

explained if there were a large supply of Xe2* present. 

Figure (33) is a diagram taken from a study by Biondi (14). 

He studied the dissociative recombination process in Xenon. 

The reaction under investigation was: 

X*2*  ♦ e —>(Xe2># —> Xe* + Xe 

After producing the Xe2*. they observed the intensities of 

the atomic transitions in the afterglow.   The  heavier  the 

lines in Figure (33) the greater the intensity of  the line. fpgX* 

Or, the heavier the line, the more heavily populated that 

level by dissociative recombination of Xe2*. The dashed 

lines indicated transitions that  they observed when they i |u
;,\ \ 

heated the electrons to 8000° K, or to a little over 1 eV, 

thus producing higher excited states of Xe2-  It  is  evident 

from the figure that states we found pressure sensitive were •'--—= 
I; ■* 

monitored as recipients  of  the  dissociative  recombination 
* « * * 

process. In particular, the 828 n« line, 6p(1/2,0), which 

we found very distortable with pressure was one of the 

heaviest populated by dissociative recombination. For room 

temperature electrons the rate coefficient for  this  process 
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is     extremely     large      <I0~6     cm'Vsec). A*       the       electron 

temperature  increases,   the    rate     coefficient     -falls     off     as 

*»2* can be Produced via several mechanisms. See Table 

t below. In each of these mechanisms, we are considering 

processes that require three bodies and/or several steps. 

Such processes srm pressure dependent. Our problem then is 

to try and formulate some mechanism by which a copious 

supply of Xe2* is produced in order to explain our observed 

pressure effects. 

Tfwlff  I 

PrgCfts   I 
Xe ♦ e —>  Xe+ *e 
Xe* ♦  Xe ♦  Xe — >   Xe->* ♦  Xe 

Xe * e —>  Xe* ♦ e 
Xe* ♦ Xe — > Xe2* ♦ • 
(Hornbeck  mnd holnar Process   US)) 

Xe ♦ e —>  Xe* ♦ e 
Xe* ♦  Xe ♦  Xe —>  Xe2* ♦  Xe 
Xe2* ♦  Xe2* —>  Xe^* ♦  Xe ♦  Xe ♦ e 
(Sei I-Penning   Ionisation   (16> 

Process 1 in our table is * two step process 

which requ*res a three-body collision. Such a 

collision       cross-section        at        our        pressures        is 
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extremely small. Process 3 is even more exotic and 

less likely. The Hornbeck and Molnar process has 

some promise i-f the excited state is a metastable 

state. There are two metastable states, 6s(3/2,2) 

and 6sM 1/2,0)«,. .their calculated (17) lifetimes are 

ISO sec and 78 msec respectively. But even then 

they would only account for less than 107. of the gas 

density as observed in the collision region. 

In Figure (36a) we have drawn an end view of 

the grounded Faraday cup surrounding the electron 

beam and from which we observe the collision 

phenomena. Heddle (18) has calculated the potential 

V as a function of *r', the distance from the center 

of the beam. In Equation (t) below, R is the radius 

of the beam, 'i' is the current in microamps and E 

is the energy of the electrons in «Vs. Vj is the 

potential due to zero space charge and V2 is the 

potential depression due to the space charge of the 

electron interacting upon themselves. 

V« *  -(3 x 10~2)iE~1/2Ln(R/r) eV's 

-2   -1/2 (U 

V2 » -(1.5 x 10 z)iE 1/z eV's 

Figure   (36b)   displays  the potential   depression     as     a 
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function o-f *r*. What this means is that we have a 

well close to 5 eV's deep at beam currents o-f S00 

microamps. This well can therefore act as an ion 

trap. Hence, since xenon has such a high ionization 

cross section as well as heavily populated 

autoionizing states we can well visualize a copious 

supply of ions available to fall into this well. 

Using an ionization cross section for Xenon of 5 x 

10~"1°cnrv and a velocity for the xenon ion as 3 x 104 

cm/sec we calculate 'filling" of the well at a xenon 

pressure of 0.3 mTorr. These have been rough 

calculations but one can feel assured that the well 

would be neutralized for Xenon pressure below 1 

mTorr. What this means is that we have a plasma 

with a larger than thought concentration of xenon 

ions lying in the beam. Consistant with this line 

of thinking is the observation that at low pressures 

the onset potential is several volts high. As the 

pressure of the gas increases then the onset lowers 

and even reaches a point where it is lower than the 

true onset. Many of the figures which are presented 

as overlays of one function upon another have been 

shifted in order that the onsets match...some I have 

not shifted and the true relative onsets are 

displayed. See Figures (12), (13) and (15). Such a 

large concentration of ions  enables  us  to  produce 
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more Xe2+ via process 1 in Table  I  than  originally 

thought possible.  Also, radiative recombination, 

Xe+ + e —> Xe* + photon, 

can become prominant.  Each  of  these result  in  a 

population of excited xenon atoms which  is  pressure 

sensitive. 

What happens when large quantities of Helium 

are added? Shuker (19) in examining Penning 

ionization in He/Xe mixtures observed that with low 

partial pressures of Xenon (such as 1 mTorr) 

dissociative recombination is neglible and radiative 

recombination became the dominant mechanism. Also, 

our 'e-beam ion trap' becomes 'clogged* with He*. 

The net result is to decrease the population of 

various xenon levels due to dissociative and 

radiative recombination. Also, when 150 wTorr of 

Helium is introduced, time between collisions drops 

from 500 microsec to several hundred nanosecs. This 

can affect same of the excited states whose 

lifetimes approach these values. The effect is to 

relax them to lower levels and again change the 

population schemes of various levels due to cascade. 

We are presently developing rate equations to 

determine if such mechanisms would produce the 

necessary yield of excited states. 
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Optical Cross-Sections 

The optical cr oi;s-sect ions -for those levels 

whose excitation -Functions are displayed in this 

report are presented in Table II on the next page. 

These cross-sections are given -for an electron 

energy of 15 eV's at a pressure of 4 mTorr. Even 

though this pressure is one in which we find 

distortion present in many o-f the excitation 

functions, the distortion begins about 23 eV's. It 

would b» much more preferred to actually obtain 

these cross sections at pressures below 0.3 mTorr 

but at such pressures the signals are extremely weak 

and long count times are required...we simply did 

not have enough time. To obtain apparent 

cross-sections for the levels, one can utilize 

branching ratios (20),(21) to obtain those optical 

cross sections not measured. For the most part, 

thase cross sections are good to 30X. Below 400 nm, 

the standardization procedure was hampered by large 

amounts of scattered light with the available 

detection system and errors of 307. would not be 

unexpected. 
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Table II 

6p (5/2,2) —> 6s(3/2,2) 904.3 nm 9.8 x 10-18 cm2 

6p(5/2,3) —> 6s(3/2,2) 881.9 43.0 

6d(3/2,2) —> 6p(l/2,1) 873.9 6.3 

7p(1/2,0) —> 6s*(1/2,1) 837.6 1.5 

6p(3/2,1) —> 6s(3/2,2) 840.9 6.4 

6p(l/2,0) —> 6s(3/2,l) 828.0 13.0 

6p'(1/2,1) —> 6s'(1/2,1) 826.6 1.0 • 

6p(3/2,2) —> 6s(3/2,2) 823.2 19.7 

6p'(3/2,1) —> 6s'(1/2,1) 820.6 1.7 

6p'(1/2,0) —> 6s'(1/2,1) 788.7 2.2 

6p'(1/2,1) —> 6s'(1/2,0) 764.2 0.9 

3d'(3/2,3) —> 6p(S/2,2) 733.6 1.5 

7d(7/2,4) —> 6p(3/2,3) 711.9 1.0 

7d<7/2,3) « —> 6p(3/2,2) 688.2 0.7 

lld(7/2,3) —> 6p(3/2,2) 348.8 0.05 

64(3/2,1) - —> 6s'(1/2,0) 339.3 0.05 

6p'(3/2,2) —> 6s(3/2,1) 473.4 0.12 

7p(3/2,3) - —> 6s(3/2,2) 467.1 0.6 

6p*(1/2,0) —> 6s(3/2,1) 438.3 0. 14 

8p(l/2,0) - —> 6s(3/2,1) 407.9 0.11 

9p(l/2,0) - —> 6s(3/2,1) 380.9 0.04 

llpd/2,0) —> 6s(3/2,1) 338.7 0.01 
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Conclusion 

The electron excitation functions of atomic xenon have, 

in general, been found to be quite sensitive to pressure. A 

fact hitherto undetected by previous workers. The source of 

this sensitivity has offered to us a very challenging 

problem. Lending to the confusion is that those states 

which  are pressure sensitive  appear  to be randomly     selected. 

In  qtntrfih   *f C»P  say  that i*     op? wants     tP     rconUQr- fche. 

IKCltsUQP  *V"CUons Qf 4tP«UC xepon,     he should     wgrk     at 

pressures at  or  below 500 microTorr. 

After reviewing many possibilities for the pressure 

distortions, we are led to believe that what we are seeing 

in the collision region is a plasma effect. Due to the high 

ionization cross section of xenon and its very poor 

mobility, the xenon ions are becoming trapped in the beam. 

This high concentration of Xe* enables the production of 

Xe2* with the subsequent dissociative recombination 

producing  excited  xenon  atoms. 

Further  work   should  be concerned  with   two  areas: 

1) Investigation  of   the trapped   ion  theory  and 

2) Electron   impact  cross  section  of   the  3d   levels     which 

give rise  to  the mid-infrared   laser   lines. 
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The second area above is very important in that to 

•fully appreciate the e-ffects u7 »lectronic excitation by 

electron impact on laser ga n one must know these cross 

sections. The testing o-f the trapped ion theory is going to 

require much experimental creativity. In general, tne xenon 

atom is a complex atom and great finesse is needed in 

dealing with it. 
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EFFECT OF GRAPHIC INFORMATION ON READING COMPREHENSION: 

EYE MOVEMENTS IN READING TEXT WITH GRAPH 

by 

Shin-sung Wen 

ABSTRACT 

This study compared reading comprehension between reading verbal text with 

a graph, and reading verbal text without a graph. Eye movements in reading 

were monitored, recorded, and analyzed to examine patterns of interaction 

between text reading and graph viewing. Results showed that (a) text reading 

with graph slightly but not significantly improved reading comprehension of 

the text, (b) reading text with graph decreased both reading time and the 

number of eye fixations on the text and (c) the graph was attended primarily 

in the second half a reading period, especially in the final quarter. An 

Implication of using eye tracking techniques to study reading was discussed. 

Some limitations of the study were observed and a follow-on study with changes 

In sampling and design was recommended. 
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It is a common practice for authors of textbooks and scientific papers to 
include graphs, diagrams, charts, tables and pictures in the text. The 
underlying rationale of the practice appears to be that pictures are vivid, 
spatial and are better-recalled than words (Oallett and Wilcox, 1968; Haber, 
1970; Nelson, Metzler and Reed, 1974; Pavio, 1974; Pavio, Rogers and Smythe, 
1968). It is, therefore, expected by text authors that properly designed, and 
displayed pictorial materials will assist readers in reading and recalling 
verbally presented texts. Little attention, however, has been given to 
ascertaining the extent to which reading comprehension is improved due to 
inclusion of pictorial materials. 

In view of recent progress in using sophisticated eye tracking equipment 
to study perceptual processes in reading, Well (1983) suggested that 
contrasting the findings from work in text reading and in complex scene 
perception should lead to deeper insights in both domains. In line with 
Well's suggestion, Loftus (1983) has compared the similarities and differences 
between the two domains in terms of the "useful field-of-view", "sequential 
predictability" and "temporal requirement for completing perceptual 
processing." In fact, almost all activities involve some interaction between 
the two systems (Spoehr and Lehmkuhle, 1982). However, the limited number of 
studies on coordinating text reading and picture viewing (Carpenter and Just, 
1975; Clark and Chase, 1972; Glushko and Cooper, 1978; Pezdek, 1977; Potter 
and Faulconer, 1975) have not identified a mechanism by which the two systems 
interact in comprehension. 

Eye movements in reading reflect visual attention and cognitive processes 
(Just and Carpenter, 1980; Rayner, 1978; Remington, 1978). Eye fixations, 
saccades and regressions, though indirect measures of cognitive processes, are 
so far the best indices of attentional and hence information processing In 
reading. The technology of monitoring eye movements can, therefore, be ustd 
to record a reader's attentional distribution when pictorial illustrations are 
presented along with printed verbal reading materials. 

The purpose of the present study was to examine the effect of graphic data 
on reading comprehension. Specifically, a comparison was made between reading 
verbal texts with and without an accompanying graph. To identify patterns of 
visual Interaction between text reading and graph viewing, eye movements 
including fixations, saccades and regressions were recorded and analyzed. 

METHOO 

Subject 

Six adults, two females and four males, were requested to participate in 
various reading tasks. Their educational attainment ranged from BS to PhD 
degrees. All subjects had normal vision and no indication of any eye diseases. 

Material and Design 

The reading materials consisted of three sets of verbal text (VI, V2, V3) 
with their corresponding graphs (Gl, G2, G3). The length of the three reading 
texts was 83 words for VI, 94 words for V2, and 108 words for V3. The VI and 
Gl were selected and revised from Bell, Loomis and Cervone (1982), the V2 and 
62 from Foster and Gavelek (1983) and the V3 and 63 from Bayley (1970). An 
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additional reading task (PG) was selected and modified from Tilly, et al, 
(1982) for practice before formal reading took place. All reading materials 
were taken from scientific research reports whose level of reading difficulty 
was appropriate for the subjects selected. 

All texts were typed with prestige elite 
The texts were left-margin justified. Since 
reading task and text-graph combination readi 
two reading tasks varied. For the text-only 
and no reference to any figure in the text, 
reading task, a graph was placed beneath the 
indicated early in the text. In either case, 
always overlapped the center of the calibrati 

letters, 12 characters per inch, 
the study required a text-only 
ng task, the displacement of the 
reading task, there was no graph 
For the text-graph combination 
text and a "see Figure X" was 
the center of reading materials 

on chart. 

Reading comprehension was measured with a multiple-choice quiz for each 
test. The number of items was five for Quiz VI, seven for Quiz V2 and seven 
for Quiz V3. The 10-point scale was used to convert test scores. 

To test the effect of presence or absence of graphic information on 
text reading comprehension, each subject went through three reading 
conditions: Condition 1 consisted of repeated readings of the same text-only 
reading material, Condition 2 consisted of a text-only reading followed by a 
text-graph combination of the same text; Condition 3 consisted of a text-graph 
combination reading followed by the same text without a graph. The order of 
the three reading conditions for each subject was randomized to minimize any 
specific order effect. 

Instrument 

A Gulf and Western Eye-Movement Monitor Model 200 was used to monitor eye 
fixations and saccades in reading. The device uses low level, Invisible 
infrared eye Illumination and synchronous detection of the reflected signals. 
The instrument measures horizontal position of the eye over a range of 
approximately +20 degrees with an accuracy of one degree. For measuring 
vertical eye movements, the range is +10 degrees (up) and -20 degrees (down) 
with an accuracy of approximately 1 degree. 

Other Instruments, such as a Hitachi CCTV camera, an ITC Ikegami 9-inch TV 
monitor and a strip-chart recorder were also used to monitor and record the 
data. 

Procedure 

The subject was told that the purpose of the study was to identify eye 
movement patterns in normal reading. The subject was also Informed about the 
reading tasks, calibration procedure and required activities during the 
stutjy. During the initial warm-up conversation (about the subject's 
interests, career, etc.), the bitebar for stabilizing head position was 
prepared. When the subject was seated in front of the eye-movement monitor, 
alignments and adjustments were made for calibration and reading. A 12-polnt 
(30 deg X 30 deg) calibration chart was used for each of the reading 
materials. The horizontal eye movement of the left eye and the vertical eye 
movement of the right eye were simultaneously monitored. 
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The reading materials were placed 14 inches from the subject's eyes. The 
size and visual angle of the three reading materials were: 

Size (in)  Visual angle (deq)  Size (in)  Visual angle (deal 
VI  6.75 X 2.33   27.1 X 9.S VlGl 6.75 X 6\33 2M XW«.5 
V2  6.75 X 3.00   27.1 X 12.2 V2G2 6.75 X 7.00   27.1 X 28.1 
V3  6.75 X 3.33   27.1 X 13.6 V363 6.75 X 7.00   27.1 X 28.1 

After calibration and performance of the practice task, the subject 
proceeded with three reading conditions in random order. At the end of the 
each reading condition the subject was removed from the apparatus and given 
the appropriate quiz. Then the subject returned to the monitor and resumed 
his/her reading position for recalibration and reading. Concurrently, the 
recording of eye movements was carried out throughout the calibration and 
reading. 

RESULTS 

Reading Comprehension 

The means and standard deviations of the reading comprehension score 
across the six subjects were respectively 7.5 and 3.20 for reading Condition 
1 (text-text), 9.0 and 1.15 for reading Condition 2 (text-text/graph), and 9.5 
and 0.50 for reading Condition 3 (text/graph-text). The data show that under 
Conditions 2 and 3, in which a graph was once presented along with the text, 
the mean comprehension scores were higher and scores were less variables than 
the comprehension score under Condition 1. 

The trend in favor of Conditions 2 and 3 on reading comprehension, 
however, was not statistically significant by a one-way ANOVA, within-subjects 
repeated measures design, the results of which are presented in Table 1. That 
is, for the data collected in the present study, the mean differences 1n 
reading comprehension were not significant between presence and absence of a 
graph in the reading text. 

TABLE 1 

ANOVA Of Reading Comprehension Scores In Three Reading Conditions 

Source of Variance SS df MS F 

Between Subjects 20 5 4.0 

Within Subjects 64 12 5.3 

Reading Conditions 13 2 6.5 1.27 (n.s.) 

Residual 51 10 5.1 

Total 84 17 
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Eye Movements 

An analysis of analog eye movements data from the strip chart recordings 
was conducted in terms of the mean of (a) total time spend in reading, (b) 
number of fixations, (c) number of regressions and (d) fixation duration. 

As shown in Table 3, reading time for all three conditions decreased 
substantially as the result of the first reading. Although this was normally 
expected, the initial reading time for the text itself was remarkably short 
for Condition 3, wherein a text-graph combined reading material was presented 
first. Similarly, reading time for the second reading in Condition 3 was also 
much shorter than in the second reading of the other two conditions. 

TABLE 2 

Reading Time, Number of Fixations and Regressions and Fixation Duration 

Reading Condition j *fs j 

Total Reading Time (sec) 
First Reading 
Second Reading 

Number of Fixations 
First Reading 
Second Reading 

Number of Regressions 
First Reading 
Second Reading 

Mean Fixation Duration (ms) 
First Reading 
Second Reading 

43.8 
30.2 

148 
103 

23 
14 

234.7 
191.7 

46.7 
31.1* 

163 
109 

27 
17 

218.2 
220.0 

33.9* 
22.8 

121 
83 

22 
11 

219.5 
213.3 

♦For the text only 

The advantage of Condition 3 over Conditions 1 and 2 was further 
demonstrated by virtue of the smaller number of fixations on the text evident 
during reading. Data in Table 3 showed a clear numerical advantage 1n 
fixations for both first and second readings in Condition 3 over those of 
other reading conditions. The fixation frequencies of the second reading 
under both Conditions 1 and 2 were similar, as were their total reading times. 

The number of regressions decreased from first to second reading for all 
reading conditions although differences among conditions were negligible. 
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The mean fixation time or fixation duration was computed by dividing the 
total reading time less saccade time by the number of fixations. As shown in 
Table 3, the fixation duration was relatively constant for both first and 
second readings across the three conditions. 

A question of interest concerns the relative degree of attention accorded 
the graph during the course of reading. To answer this question, the vertical 
eye movement data, which were used to detect changes in visual attention 
between the text and the graph, were further analyzed. Results of the 
analysis are displayed in Figure 1. 

Insert Figure i Here 

As can be seen in the Figure, about 36% (for Condition 2) and 43% (for 
Condition 3) of total reading time was spent in viewing graphs and 
approximately 80% of graph viewing took place in the second half of the 
reading period, particularly in the final quarter. 

Within this general pattern of the text-graph eye-view interaction, an 
individual idiosyncracy appeared to be functioning across different contents 
of the text. In Conditions 2 and 3, for example, subjects C and E both looked 
at the graph about twice: one in an earlier stage and the other at the end of 
the reading period. 

DISCUSSION 

The results of an analysis of reading comprehension, coupled with 
examinations of eye movement patterns, indicated that given the stimulus 
materials and measurement design employed in the present study, presence of a 
graph did not significantly increase comprehension of text, but did result in 
less reading time and fewer eye fixations for the text. 

A finding of particular Interest 1s that an initial reading with text and 
?raph in Condition 3 was characterized by having shorter reading time and 
ewer eye fixations while maintaining relatively high reading comprehension. 

Since the time spent in viewing the graph was shorter for the first 
reading of Condition 3 (18.8 seconds) than for the second reading of Condition 
2 (23.2 seconds), it is reasonable to speculate that in Condition 2 the graph 
appears to serve the reader primarily for verification purposes rather than 
for comprehension of the text. 

Another Interesting finding is that most subjects delayed their attention 
to the graph until the text reading was completed, although their attention to 
the graph was called for (by "see Figure X") early in the reading. 
Apparently, the subject did not want to be disrupted during reading. Or, the 
role of a graph in text reading has not been properly defined. 

One plausible reason for nonsignificant differences in comprehension among 
three reading conditions could be the lack of a specific instruction on time 
allowed to finish a reading. Subjects were told to "read normally" and "not 
to study." They were, however, reminded that a comprehension quiz would be 
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administered upon completion of every second reading. Apparently, having a 
quiz after reading Influenced subjects' desire to read carefully and thus 
Increased their reading time enormously. Some subjects, for example, went 
over a paragraph more than three times and exceeded 60 seconds for a paragraph 
of less than ten lines. Thus a possible graphic effect on comprehension was 
"swamped" in high comprehension test scores in the two conditions. 

Another plausible reason was that the subject appeared to have 
difficulties 1n getting used to reading under laboratory conditions. The 
subject was surrounded by instruments, being on a bitebar, being bodily still 
for minutes and burdened with tedious calibrations before reading. 

Although the above methodological problems and the artificiality of the 
laboratory situation remain to be improved, one implication from the present 
study can be drawn. Research on how to integrate graphic information and the 
verbal text to enhance readers1 comprehension and short-term and long-term 
memory has been astonishingly lacking. The present study, an effort to 
Investigate the text-graph Interaction in reading through current eye tracking 
and recording techniques, Is a step toward better understanding of reading 
behavior. For an optimal level of comprehension and memory 1n reading, 
strategies should be developed to induce proper interactions between the 
verbal text and the picture. Studies of this kind should have a great impact 
on existing editorial guidelines which commonly neglect how pictures can be 
much more intelligently used to Improve comprehension and memory of the text 
reading. 

RECOMMENDATIONS 

In the present study, the following limitations were observed: (a) The 
population from which the sample was drawn was limited and, therefore, biased; 
(b) The duration of the study was too short to allow adequate data collection, 
analysis, Interpretation; (c) Other strategies (different experimental designs 
and data analyses) for conducting this research were unable to be tested due 
to time and resource limitations. 

It is, therefore, recommended that a follow-on study be conducted to (a) 
adequately cope with the above limitations and (b) further enhance our 
understanding of the interactive effects of text and pictorial representation 
of Information. 
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INTRAGASTRIC ADMINISTRATION OF DIBRQMOMETHANE TO RATS 

by 

KENNETH J. WILLIAMSON AND LYNN E. CASHION 

ABSTRACT 

Partition coefficients fcr dibromomethane for saline, rat bile, 

corn oil, and mineral oil were determined by gas absorption. Dibromo- 

methane was orally dosed to rats in saline at 10, 20, 50, and 100 

mg/kg and the resulting time course for blood concentrations of the 

parent compound and carboxyhemoglobin were measured. The time traces 

were simulated using a physiological toxicokinetic model including 

partitioning to various body compartments, first-order absorption from 

the gut lumen, liver metabolism, kidney excretion, and exhalation. 

The model could not accurately simulate the experimental data with a 

single first-order absorption coefficient applied to all the dosages. 
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I.  INTRODUCTION 

A physiologically-based (PB) pharmacokinetic model was developed 

by Ramsey and Andersen (1983) to describe the behavior of styrene in 

rats and humans. The model proved capable of relating the applied 

dosages of styrene to measured internal concentrations in blood and 

tissues. Good agreement was achieved between predicted and measured 

styrene levels in blood and fat for rats and humans with a single set 

of physiological and biochemical constants. 

Ramsey and Andersen (1983) also attempted to model the uptake of 

styrene after both iv and oral dosing. The iv dosage experiment of 

Withey and Collins (1977) was successfully described with the 

physiological and biochemical constants used to model Ramsey and 

Andersen's data from inhalation experiments. In addition, the results 

of the po dose experiment of Withey (1976) were described by the model 

assuming first-order absorption from the gut lumen (first-order 

absorption constant, ka, equal to 5.5/hr). However, styrene 

administered in vegetable oil (Withey, 1976) could not be successfully 

modelled assuming either first-order absorption, zero-order absorption, 

or a combination of the two. 

The PB pharmacokinetic modeling approach has been further 

developed to describe the kinetics of halogenated methanes. In 

particular, dibromomethane has been chosen for further research 

because of its lipophilic nature, known metabolic pathways, and ease 

of measurement of both the parent compound and the metabolic products 

of bromide and carbon monoxide (as carboxyhemoglobln). This reseach 

problem was similiar to the work conducted by the senior author for 

the Environmental Protection Agency concerning absorption of priority 

pollutant8 by invertebrates, and as such, he was assigned to the Air 

Force Aerospace Medical Research Laboratory (AFAMRL), Wright-Patterson 

AFB, Ohio, for his summer faculty appointment. 
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II. OBJECTIVES 

The objective of this research was to further examine the 

mechanisms of absorption of dibromomethane (DBM) after intragastric 

administration. This research was designed to complement on-going 

studies of DBM administration by inhalation and intravenous injection 

at the AFAMRL. Due to time constraints, the DBM was administered only 

in saline and distilled water. 

III. METHODS 

Dibromomethane 

The halogenated methanes are widely used in medicine and 

industry, and have recently been shown to be produced in the 

chlorinatlon of fresh and saline waters. Dibromomethane has low 

mammalian toxicity; it is rapidly metabolized by the P-A50 mixed 

function oxidase system to carbon monoxide, and by a glutathione 

transferase pathway to carbon dioxide (Anders et al., 1977). 

Animals 

Male Fischer 344 (CDF) rats weighing 190 to 250 g were maintained 

in a constant temperature and humidity chamber. Water and feed were 

provided ad libitum during holding. Food was removed for at least 16 

hours prior to dosing. 

To allow serial blood sampling, a polyethylene cannula was 

inserted into the right Jugular vein after anesthesia with an ip dose 

of 702 ketamine-30Z xylatine. The cannula was filled with a 10% 

heparin-saline solution to prevent clotting. 
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For experiments involving dosage into the small intestine, a 

midline incision was made and a flexible tubing cannula inserted into 

the duodenum just below the entrance of the bile duct. The cannula 

was sutured to the intestine wall and exteriorized through the 

peritoneal cavity wall. For experiments involving ligation of the 

small intestine, a loop of suture was placed around the duodenum and 

tied with a slip knot; just before dosing the slip knot was held in 

place with a piece of small diameter Tygon tubing and tightened 

securely. 

Partition Coefficients 

Partition coefficients for DBM in saline, rat bile, corn oil, and 

mineral oil were determined by gas absorption as described by Sato and 

Nakajima (1979). Bile was obtained by cannulation of the bile duct 

and collection overnight. The partition coefficients of various 

dilutions of corn oil and mineral oil with bile were also measured to 

determine if the emulsification of the oils by bile altered the DBM 

partitioning. 

Experimental 

DBM was dosed at levels from 10 to 100 mg/kg. Stock dosing 

solutions were made in saline and distilled water. The DBM was 

administered in a total volume of 2 ml with a glass syringe and 

stainless steel gavage needle. DBM concentrations of the stock 

solutions were measured before each dose by gas chromatography after 

dilution in hexane. DBM was dosed at levels from 10 to 100 mg/kg. 

After dosing, blood was withdrawn at specified time intervals for 

up to 6 hr from the jugular cannula and analyzed for DBM and 

carboxyhemoglobin. The DBM was extracted from a 20 ul blood sample 

with 500 ul of hexane in a glass vial. One yl samples were then 
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quantified by GC analysis (HP 5880, 10% SE 30 stainless steel column, 

EC detector). Carboxyhemoglobin levels were determined with 4 yl 

samples by the method of Rodkey et al. (1979). At the end of each 

run, 2 ml of blood were drawn from each animal and centrifuged; 1 ml 

of plasma was decanted and frozen. These plasma samples were later 

analyzed for bromide with a specific ion electrode; samples were 

prepared by precipitating soluble protein with 3 ml of 10% TCA and 

ionic strength adjustment with sodium nitrate. Total body burden of 

bromide was calculated assuming a volume of distribution of 0.34 

liters/kg. 

IV. PHYSIOLOGICAL MODEL 

The physiological model used to model the experimental data is 

described in detail by Ramsey and Andersen (1983). The D8M is 

absorbed from the gut lumen assuming first-order kinetics and 

distributed to body compartments of fat, muscle, rapidly-perfused 

tissue, and liver. Metabolism occurs in the liver or other 

metabolizing tissues by Michaelis-Menten kinetics. DBM entering each 

tissue, by arterial blood is assumed to be rapidly dispersed throughout 

the tissue volume; venous blood leaving each tissue is assumed to be 

in equilibrium with the tissue concentration based upon the blood to 

tissue partition coefficient. DBM In alveolar air is assumed to 

equilibrate with the arterial blood and the alveolar air leaving the 

lung carries an amount of DBM based upon the blood to air partition 

coefficient. The coefficients and their values used in the models are 

listed in Table 1. 

V. RESULTS 

Partition Coefficients 

The partition coefficients for saline, rat bile, mineral oil, and 

corn oil were determined to be (mean ±  1 standard error) 14.1 ±2.0, 
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Table i 

Parameter Used for the Physiological Model 

Parameter Value 

' \ 

Maximum utilization rate 

Half velocity coefficient 

Liver partition coefficient 

Fat partition coefficient 

Slowly perfused tissue partition coefficient 

Rapidly perfused tissue partition coefficient 

Blood partition coefficient 

Liver weight 

Organ weight 

Fat weight 

Muscle weight 

Haldane coefficient for rat hemoglobin 

Pulmonary ventilation 

Cardiac output 

Blood volume 

Lung dlffuslvity 

Liver blood flow 

Fat blood flow 

Slowly perfused tissue blood flow 

Rapidly perfused tissue blood flow 

Organ blood flow 

20 mg/kg/hr 

0.36 mg/1 

0.919 

10.6 

0.546 

0.9 

74.1 

4% of body weight 

5% of body weight 

7% of body weight 

75% of body weight 

150 

11 1/hr 

13.1 1/hr 

59 ml 

0.05 1/hr mm Hg 

25Z of cardiac output 

91  of cardiac output 

15% of cardiac output 

9% of cardiac output 

51X of cardiac output 

A* 

,*v 
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18.1 ± 4.5, 374 ± 4, and 837 + 5, respectively. The saline value 

compared closely with previously determined values at AFAMRL of 14.4 ± 

0.4. 

The measured partition coefficients for the mixtures of saline, 

corn oil, and mineral oil with bile are shown in Figure 1. The 

predicted values are based upon linear addition of the partition 

coefficients. The close agreement between measured and predicted 

values indicates that emulslflcatlon of fats by bile does not alter 

the partition coefficients for DBM. 

Dosing in Saline 

DBM and HbCO Levels. The measured blood concentrations for DBM 

and carboxyhemoglobin (HbCO) for dosages of 10, 25, 50 and 100 mg/kg 

are shown in Figures 2 through 9. All curves show a rapid Increase in 

DBM concentration with the maximum blood level achieved within 15 

minutes. Peak DBM blood levels were a function of the dosage in mg/kg 

(6, 14, 40, and 60 mg/1 for dosages of 10, 25, 50 and 100 mg/kg, 

respectively). The carboxyhemoglobin levels exhibited a 

characteristic bell-shaped curve, following the blood level with a 

significant lag period. Liver metabolism of DBM saturates at blood 

levels of about 2 mg/1 (6 times Km of 0.34 mg/1), thus significant 

decreases in HbCO are not achieved until the DBM blood levels are 

below this value. 

Bromide Body Burdens. The total body bromide measured at the end 

of each experiment varied from 43 to 160 per cent of the equivalent 

bromide in the administered DBM assuming a volume of distribution of 

0.34 llcers/kg (Table 2). Values less than 100 could be due to 

Incomplete absorption or exhalation; values greater than 100 may be 

due to inaccuracies in dosage or decreased volumes of distribution due 

to bleeding and dehydration. Using the same techniques, Archer (1983) 

obtained a range of bromide levels from 58 to 141 per cent of bromide 

i > 
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Table 2 
Measured and Predicted Bromide Body Burdens 

Date                      Measured Predicted 
(see Figs.     Dosage         Bromide Bromide 
 2~9?        ^8/^8)       (% of dose) (% of dose) 

July 19-x         10            103 99 
-o         10            125 99 

June 24-x        25 160 96 
July 12-o 25 138 96 

-+        25 119 96 

June 23-+ 50 - 90 
-0 50 - 90 

June 30-+ 50 150 90 
July 08-A 50 116 90 

-B 50 116 90 

July 06-x 100 43 80 
July 14-o 100 66 80 
July 20-+ 100 80 80 

-A 100 65 80 
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equivalent dosage for lv administration (dosages of 15 to 65 mg/kg). 

Exhalation can result in a loss of up to 20 per cent of the DBM at 

large blood levels as shown by the predicted bromide levels in Table 2. 

These values were obtained from simulations assuming first-order uptake 

from the gut lumen using the physiological model; these simulations 

predicted blood levels of DBM approximately equal to the measured 

values, and as such, should closely model the exhalation of DBM. In 

general, lower bromide recoveries were observed at higher dosages 

where greater exhalation and less complete metabolism would be 

expected. It does appear, however, that with negligible exhalation 

bromide levels in the blood are greater than 100 per cent of the dosed 

bromide, probably due to incomplete diffusion of the bromide 

throughout the volume of distribution. 

Gastric Emptying. The release of fluids from the stomach is 

thought to significantly affect the absorption of chemicals from the 

gut lumen. This occurs due to the specialized physiology of the small 

intestine for absorption including high surface areas and extensive [v| 

capillary networks that results in much more rapid uptake than occurs 

through the stomach wall. Clements et al. (1978) showed that gastric 

emptying in humans was an exponential function, but could be mono- or 

bi-phasic with significant intervals of no emptying. The emptying 

function significantly Influenced the kinetics of acetaminophen 

absorption by delaying transport to the small intestine. Withey 

(1976) noted significant fluctuations in blood concentration versus 

time traces for po dosages to rats of vinyl chloride; he attributed 

such transients to gastric emptying. 

The Induction of transients In the DBM blood levels after dosage 

in saline was observed in some runs. Two of the most significant 

examples from the July 8 and July 12 experiments are plotted again in 

Figure 10; in both cases, large fluctuations are observed which could 

be attributed to periodic release from the stomach. The lack of such 

fluctuations in other data may be due to smaller and more frequent 

101-20 

*. 

*£££ 



¥ LO 
Q 

Lü lü 

CO 

z 
H 2 

H 

CD 

2: 

s s 
i i 
+ * 

CO 

CM 

H 

o 
o 

i-H « 
J3 

C 
•H 

W 
c 
o 

u 
iJ 
c 
o 
e 

n 
CO 
h 
H 

O 
CO 
01 

X u 

CM 
00 ® 

o/sw> aooia Ni wea 
101-21 

.'•*.W .  " Si' 



emptying or the fluctuations may have been missed due to the large 

sampling intervals. Any physiologically based model of absorption 

from the gut should include gastric emptying; the appropriate 

mathematical formulations are described in detail by Clements et al., 

1983. 

In several instances sharp increases in DBM blood concentrations 

were measured 2 to 4 hr after dosage; specific examples are shown in 

Figure 2 where the DBM levels rose to 3.8 and 12.2 mg/1. Such large 

increases would not be expected from gastric emptying 2.5 hr after 

dosing. These results suggest that some mechanism exists to store DBM 

In a pool that then discharges into the blood; most likely these 

inputs are DBM in the lymph system that discharges from the Intestines 

into the vena cava just below the point of sampling from the jugular 

cannula. 

Further research probably should include experiments to quantify 

the effect of lymph transport on the distribution of the DBM. 

Specifically» it should be possible to cannulate the intestinal lymph ÜÜ 

duct and sample parent compound concentrations directly (Warshaw, 

1972). 

Physiological Modelling. The physiological model described 

previously was used to simulate the four dosages of DBM in saline 

(Figures 11 through 14). The absorption from the gut was assumed to 

be first-order which would most closely approximate a blood flow 

limited case. The first-order absorption coefficients that provided a 

reasonable fit  to the experimental data were 10/hr for the 10 mg/kg 

dosage, 5/hr for the 25 and 50 ag/kg dosages, and 2/hr for the 100 

mg/kg dosage. Examination of Figures 11 through 14 clearly shows that 

the model gives the best predictions of both the DBM and HbCO levels 

at the lower dosages. If the first-order absorption coefficients for 

the higher dosages are chosen to allow the initial peak of DBM in the 

blood to match the experimental data, then the DBM levels in the blood 
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drop too quickly, which In turn causes the HbCO levels to decrease too 

rapidly as compared to the data. If the physiological model was 

altered to Include dlffuslonal effects so that the transport of the 

DBM became perfusion limited and not exactly first-order (see Winne, 

1978 for a review of this approach), the opposite effect would be 

expected in that transport would be retarded at lower dosage levels. 

This retardation effect may be due to transport in the Intestinal 

lymph system; the incorporation of the lymph system in the 

physiological model has been initiated at AFAMRL and the data in 

Figures 2-9 will be used to verify the model. 

Dosage into the Small Intestine 

In an attempt to overcome the complexities of gastric emptying 

upon the resulting blood level concentrations, DBM in 2 ml of saline 

was dosed directly into the duodenum through an intestinal cannula. 

The DBM in blood versus time curve (Figure 15) was somewhat less than 

the corresponding curve for oral dosage (Figure 6); less total 

metabolism also occurred as Indicated by the measured bromide levels 

ot 68 and 76 per cent of the equlvllant dosed bromide levels. The 

reasons for the smaller blood levels of DBM and the bromide body 

burdens are unknown. It was noted, however, that all the animals > 

where the peritoneal cavity was opened showed high levels of 

post-operative stress; this may have resulted In less blood flow to 

the entire digestive system, and lower absorption. 

Dosage after Intestinal Llgatlon 

To determine the rate of DBM absorption dlractly from tho 

stomach, experiments were conducted with oral dosing of DBM In 2 al of 

saline after llgatlon of the Intestine with suture. This procedure 

resulted In severe distress in the animals and corresponding lack of 

metabolism of the DBM; the DBM levels in the blood rose to about 
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10 mg/1 and remained constant as the HbCO levels decreased to 0 per 

cent (Figures 16 and 17). These experiments were conducted with 

animals from Lot CO-5 which was found to produce erratic results for 

the oil dosages. It is unknown whether the inconclusive results 

occurred from the surgical stress or from the lot of defective rats. 

These results did show that DBM can be rapidly absorbed from the 

stomach with levels reaching about 15 mg/1 within a few minutes. 

However, the stress on the animals precludes any interpretation of the 

importance of the stomach in overall absorption from the gut. 

Dosage in Distilled Water 

The absorption of a water soluble chemical from the gut involves 

the two processes of passive diffusion and convection in the water 

absorption. Water is absorbed directly through pores in the intestine 

wall, and as such, could act as a carrier of small soluble chemicals. 

Distilled water is known to remain in the gut longer than saline as 

salts are absorbed until isotonlc conditions are achieved. The 

resulting DBM blood concentration and HbCO levels versus time for 

dosage of 50 mg/kg are shown in Figures 18 and 19; comparison to 

Figures 6 and 7 shows lower DBM and HbCO levels than resulted from 

equivalent saline dosages. Lower metabolism was also shown in the 

bromide levels of 77 and 82 per cent (no bromide sample obtained from 

the July 15 run) of the equivalent bromide dose (Table 2). The reason 

for this lower bioavallabllity is unknown; however, distilled water is 

known to stimulate intestinal lymph flows which may contribute to 

storage of a portion of the DBM in the lymph system. 

VI. CONCLUSION 

Based upon this research, it Is concluded that: 

1.  The vehicle:air partition coefficients of saline, rat bile, 
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corn oil, and mineral oil for DBM are 14, 18, 374, and 837 g/g, 

respectively. 

2. Emulsificatlon by bile does not alter the partition 

coefficients of DBM to corn or mineral oil. 

3. DMB is rapidly absorbed from the gut lumen after dosing in 

saline with no significant lag periods. 

4. Measured bromide levels exceed by about 25 per cent the 

predicted levels based upon the bromide equivalents in DBM. 

5. The physiological model assuming first-order absorption from 

the gut is inadequate to describe the DBM blood and carboxyhemoglobin 

concentration versus time Tir oral dosage in saline at all four doses. 

VII. RECOMMENDATIONS 

1. Further research is needed to determine the time course of 

gastric emptying in rats and the influence of this phenomenon upon the 

absorption from the gut lumen. Present physiological models have an 

lndequate data base to include this phenomenon to describe chemical 

transport. 

2. Physiological models need to be expanded to include chemical 

transport through the lymph system. Such alteration needs to Include 

intestinal lymph flow rates, partition coefficients to lymph fluids, 

and delays between dosing and transport of the lymph fluid to the 

blood. 

3. Other dosing vehicles need to be examined to detemlne the 

effect on the absorption of DBM from the gut lumen of partition 

coefficients, degrsdability, and lymphatic transport. 
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