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SUMMARY

Prior to construction and deployment of large .flexible space systems

with complex modal characteristics, it is critical to predict how the

structure will be controlled. Analytical models from finite element

analysis can only provide a limited degree of confidence prior to full

scale construction. Ground testing of small scale models offers a

feasible alternative that is cost effective if reliable. Fabrication and

tests of small scale models of a large complex structure is evaluated in

this paper. The structural and modal characteristics of the Frank J.

Seiler Research Laboratory's pneumatic isolated inertial instrument test

platform (Iso-Pad) and three representative scale models are described.

The experimentally determined parameters of interest, including the mode

shapes, the modal frequencies, and the associated damping coefficients at

the first five resonant frequencies, are presented. A comparison of the

results obtained for the three models yields general relationships that

can be applied to future large complex structure modeling.
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PREFACE

During meetings between FJSRL and USAF Academy faculty in 1981-82 on

potential problem areas for joint research on space structural dynamics,

the suggestion by Mr. Simmons for scale model testing of modal parameters

was discussed. In planning the 1982 fall semester, the scale model

testing concept was proposed by Lt Col R.T. Evans (FJSRL) as an

Engineering 430 class research problem. Lt Col Evans was assigned

instructor, Major T.G. Minnich, Department of Astronautics (DFAS), was

course director, and Mr. B.J. Simmons (FJSRL) was advisor for the approved

Eng 430 class which was to consist of 17 first-class (senior) cadets. The

Eng 430 class fabricated and tested two scale models of the Iso-Pad and

the results are reported in an FJSRL Technical Memorandum. The

shortcomings in the scale model designs were recognized, and in January

1983, Captain George C. Nield, Department of Astronautics (DFAS), obtained

approval for an ASTRO 499 (Department of Astronautics) class with

objectives of analysis and construction of an accurate scale model, and

modal analysis test to determine realistic accuracies in modal

parameters. The class, consisting of Cadet First Class S.M. Brown and

Cadet First Class D.A. Erchinger, with Evans and Simmons as advisors, also

had as an objective the presentation of a paper. Their results were

summarized in AIAA Paper No. 83-2225 to the Guidance and Control

Conference in Gatlinburg, TN, in August 1983. The results on modal

testing of a 1/16.25 scale model showed very accurate determination of

full-size structural mode shapes and frequencies. Damping coefficients of



the scale model ohta i iE by MODAI,-PLIS, wtrc r re pr t-n.Lat I vt of those of

the full-size structure. As stated bv (i pr NIc Id vid others, the

determination of modal damping coeffictent s was of such importance that

even an order of magnitude determination wold ,e of iviF, icant value to

the controls system design. In Jilv 1983, L MArk . M4,rhews was assigned

to FJSRL and continued the scale model testing task with the objective of

a determination of modal damping comparison using other analysis

techniques. This work was successful but was not completed in time to be

included in the AIAA paper.

This report includes the basic results generate- .)1 the three phases

of this research task, namely, the Eng 430 class, the ASTRO 499 class, and

the research work by Lt Mathews during the summer of 1983.
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INTRODUCTION

Understanding how a large complex structure will perform in space is a

prerequisite to successfully constructing and deploying such systems.

Since testing full scale structures in space could prove costly and

dangerous, an alternative method to predict the performance of large

complex structures must be sought. Theoretical analysis, utilizing finite

element models, has been relied upon in the past to provide the modal

characteristics of structures. Fahrication and ground testing of small

scale nodels offers a feasiblc alternative for acquiring the vital modal

parameters. Verifying the functional relationship between the modal

characteristics of small scale models and the large complex structures

they represent would encourage the use of ground testing of scile models

for future large complex space structure analysis.

Fabrication and tests of small scale models of an existing large

complex structure is evaluated in this paper. The complex structure

selected for comparison tests was the FJSRL/USAF Academy's large

pneumatically isolated inertial instrument test platform (Iso-Pad). While

far from being a 'space' structure, it is a verv well modelled structure

with both finite element analysis by NASTRAN and experimental analysis by

MODAL-PLUS* models. Three scale models of the Iso-Pad were constructed

and modelled by MODAL-PLUS. The experimentally determined parameters of

*MODAL-PLUS is a Copyright Program hy the Structural Dynamics Research

Corporation.
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interest includ ing th Modes hap s, tK mod i f rerenc les, and I.he

associated dimping coefficients at the first five resoiant trequencies are

presented. A comparison of the results obtained for the three models were

made to determine what, if any, general relattoi.Lsfip.; i,>,l- ,e app1 itd to

future large complex structure modeling.

APPROACH

General

Deriving a mathematical relationship for ti e ...1 parameters of

interest, using the scale modeling process, involves five steps: I) Full

scale structure analysts, 2) Design of the small scale model, 3) Scale

structure construction, 4) Experimental modal analysis of the scale model,

and finally, 5) Comparison of scale model test results with data from the

full size structure. Following the completion of the irft ,i phase of the

scale modeling process, the above procedure was repeated for each of three

small models scaled to 1:12, 1:14, and 1:16.25.

Large Complex Structure Analysis

The Isolation pad (Iso--Pad) located at th 1%ired Statts- Air Force

Academy is an existing complex structure that h4h ben Ilieoret icaliv and

experimentally modeled. It is a principle feature of the Frank 1. fo lcr

Research Laboratory's guidance and control facir itit- :iM was con,,ttrct e

as a test platform for inertitl navipation s\Ht -m c. mi,,c-. s top Ed a

the Air Force. The pneumaticallv supporr striltur inr s x 0 fcet

and weighs 450,000 lhs. ThE physical confipriration af the lso-Pad has

been described in detail by Col .P. Wittrv I'! sI, t sprn! rma; ss

.4



system support effected by the pneumatic support makes the Iso-Pad an

ideal specimen for 'free body' experimental analysis. The requirement for

tests of more precise inertial grade gyroscopes and accelerometers led to

increased demands on the stability of the test platform. The dependence

of the Iso-Pad rigorous control dynamics on the structural dynamics led to

2

improved modeling of the structure Thus, both theoretical, finite

element analysis by MASTRAN, and experimental modal analysis by MODAL-PLUS

3

are available on this complex structure . Figure I illustrates the

Iso-Pad's basic configuration.

Small Scale Structure Design

Dimensional characteristics, materials In reinforc'm; were

considerations included in the design of the three -cale mode1  of the

Iso-Pad. Reducing the dimensional scale of a structure uces

additional design constraints that impact the design. To accurately

maintain a 1:16.25 scaling ratio in the smallest of the three models a

dimensional tolerance of 1/32" was specified for the wood form. The

density of the reinforced concrete employed for the models must correspond

to that used in the full scale structure since the expected resonant

frequencv is a function of the structure's mass, micordinR to the

following equation:

w k/m where k = E1/L 3 and m 0 i)

and K = stiffness

= resonant frequency
M = structural mass

I = moment of inertia
E = Young's modulus

= density
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Likewise the stiffness of the scale model, which Is dependent upon the

ratio of steel reinforcement in the structure to the amount of concrete

mixture, must he maintained in the design to obtain an accurately

representative model. The reduction in scale of the ten sonotubes

included in the original large complex structure presented a problem that

commonly occurs when reducing the dimensional scale of a concrete

structure. An inch minimum cover of concrete mixture must be maintained

around the sonotubes as well as the reinforcing bar. This design criteria

conflicts with the specification that would call for a hollow tube of

greater diameter than modeling to 1:16.25 scale would allow. Figure 2

illustrates a cross section of the structure and the competing design

criteria with the sonotubes.

Minimum concrete thickness of
1/2" maintained throughout model

Sonotubes

Rebar ; Vo

1..*a. . ,.o

Figure 2. Scale Model Cross Section
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Small Scale Structure Construction

Since all dimensional irregularities are magnifled by a- much as 16.25

(in the case of the smallest model) when compared to the original Iso-Pad,

great care must be employed throughoPL the fabricationi phase to insure the

small scale structures are accurate representatIons of the large complex

structure. However, micro effects, e.g., molecular bond forces, may make

a 'true' scale model impossible to achieve. For example, the stiffness

requirement for the concrete determines the water to cement ratio and the

weights of large and small aggregate to he included in the concrete

mixture composition; however, scaling theory would appear to require that

each component, water, cement and aggregate, he reduced in size by the

appropriate scaling factor for each of the three models. The earlier 1:12

and 1:14 scale models contain increased quantities of water and cement, as

no "large" aggregate was included in these mixtures. A maximum size of

1/8" gravel was used for the 1:16.25 model (scaled from o_ in the Iso-Pad)

.4
in addition to the fine sand utilized in all three models

The nine test piers were modeled with lead disks on the three small

scale structures for simplicity in fabrication and so that the actual

loading conditions encountered during Iso-Pad testing could he

duplicated. Melted lead was poured into metal molds of two sizes for each

model to simulate different test pier sizes as shown in Figure 1. The

test equipment pictured on the northern center test pier and a 1500 lb

granite block attached to the center pier could be accurately modeled with

the use of the more workable mterial.
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The Fall 82 Eng 430 class of 17 cadets designed and constructed the

1:12 and 1:14 scale models. This class effort included the full set of

tasks from proposal through design reviews, schedule, cost and management

control, to acceptance demonstration as would be performed by a company

performing on a government contract. As a consequence, time was of the

essence and design and fabrication of the two models was less thorough

than otherwise desired; and the two models had fabrication technique and

dimensional errors. The test results were good, but cannot be considered

as accurate as the 1:16.25 model developed by the ASTRO 499 class in the

Spring 83 semester.

Experimental Modal Analysis

The equipment and technique employed for small scale structure data

acquisition was substantially a duplication of that utilized for the

Initial testing of the Iso-Pad . The modal characteristics analysis was

performed on a minicomputer using the MODAL-PLUS software package

developel bv the Structural Dynamics Research Corporation (SDRC). The

program was operated on a PDP 11/05 computer, with 32K memory. In

MODAL-PLUS several display modes are available to the user in addition to

data collection and analysis routines. The specific functions used In

structure testing include:

1) Definition of structure geometry

2) Calibration for multi-channel acceleration measurements

3) Calculation of natural frequency, associated damping coefficient,

modal amplitudes, and phase relationships

4) Animation of structural vibration

Peripherial equipment used to support the operation of the MODAL-PLUS



program include one each RK05 auxiliary disk memory, Tektronix 4012

terminal, ACEMUX analog-to-digital signal conditioning equipment by Gen

Rad, Inc., and Tektronix 4631 hard copy unit.

The program requires input signals to calculate the modal parameters

of a structure. A PCB K291A impulse hammer kit provided the motion

excitation of the structure and the impulse reference signal for the

computer. Response point acceleration is typically one input for a single

degree of freedom, or three inputs for three degrees of freedom, and the

impulse hammer reference signal. The scale model responses were obtained

with a BBN 505 triaxial accelerometer.

Figure 3 depicts the location of the reference impact point, the

impulse hammer and the sensor attached by magnet to a metal washer on one

of the 32 designated response points of the structure geometry. Ten

samples were taken at each point and averaged by the computer to obtain a

Bode graph at each of the designated locations.

Reference
Accelerometer

. Response

Hammer Accel erometer

S omutre- r

TK 4012
Termi nal1

TK 4631
Copy Unitl

Figure 1. Geometry/Test Hardware
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Test Result Comparison

While the MODAL-PLUS program Is capable of computing the real and

imaginary modal amplitudes, natural frequencies, viscous damping, and mode

shapes, the latter three parameters are of primary interest for large

complex structures control system development. The first five resonant

frequency peaks were identified on the Bode graphs for each response

point. A typical Bode plot of a response is shown in Figure 4. The

MODAL-PLUS routine was used to calcuate the frequencies and the associated

damping coefficient at each of the identified peaks. The mode shapes are

deformation patterns of the structure at a specific frequency. The

MODAL-PLUS program was used to calculate and animate these mode shapes.

The direction of movement of specific points on the small scale model was

compared with similar plots for the Iso-Pad. The vibration of the four

top corners are of critical concern for each mode shape and were the

comparison criteria to verify particular data sets. The resulting mode

shapes, frequencies, and damping coefficients from scale model tests, were

compared to previously recorded results from the Iso-Pad. The

relationship between the structural characteristics of the large complex

structure and the scale models was Investigated.

10 Log frequency Hz 150
Figure 4. Iso-Pad Bode Plot



RESULTS

Ceneral

The modal parameters for each of the three small scale models were

obtained from the MODAL-PLUS program as described in the experimental

modal analysis procedure. Modal frequencies, their associated damping

coefficients, and mode shapes for each of the first five resonant peaks on

the bode plots are presented.

Modal Frequencies

The modal frequencies are determined by a MODAL-PLUS routine which

computes a best fit response over a frequency range which includes several

resonances. The result may actually differ slightly from a precise

Fourier analysis. This would account for the differences in the 1974

observed frequencies 5 from the MODAL-PLUS parameter calculations. Table

1 contains early 1974 frequencv analysis of the Iso-Pad, and the

MODAL-PLUS calculated frequencies for the large complex structure. The

last three columns tabulate the experimentally determined frequencies for

the accurate 1:16.25 model and the two inferlor small scale models.

Table I. Modal Frequency Results (H7)

Mode Observed Experimentally determined with MODAL-PLUS
Label 1974 Iso-Pad 1:12 Model 1:14 Model 1:16.25 Model

Fl 48 46.4 591.7 729.6 712.8

F2  59 57.4 806.2 959.6 878.8

F3  65 - - - 985.8
F4  67 66.9 882.0 1107.7 1102.1

F5  121 120.9 1727.2 19q3.4 2004.8

Damping Coefficients

The damping coefficient is one of the more important modal parameters

that can be calculated with the MODAL-PLUS program. The results from the

Iso-Pad and three scale models is contained In Taible 2. Aside from

'A?
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consideration of how these figures compare, the damping coefficient is

important to determination that a 'real' mode has been identified. Low

damping coefficients, Y< 0.1, are usually associated with natural

resonant vibrations, while a high value of the -damping coefficient

0
indicates that other factors such as the 180 phase change at a

resonance should be used to verify a resonance.

Table 2. Damping Coefficient Results

Mode 1:12 1:14 1:16.25
Label Iso-Pad Model Model Model

F1  .0001 .0060 .0071 .0180
F2  .0169 .0256 .0032 .0316
F3  - - - .0065

F4  .0188 .0791 .0078 .0173

F5  .0049 .0166 .0181 .0163

As is noted later, under 'Discussion', there is no linear correlation

in MODAL-PLUS results on damping coefficients between the Iso-Pad and the

scale models. Additional tests to determine these parameters more

accurately than possible with MODAL-PLUS were conducted (see 'Additional

Tests' below.

Mode Shapes

The structural deformation patterns of the los-Pad at each of the

first five resonant frequencies are depicted in Figures 5-9. Arrows have

been added to the computer generated diagrams to indicate relative

direction of movement for a few point,, on the structure. The first mode,

46.4 Hz shows a bending shape where opposite corners of the structure are

in phase (See Figure 5). The second mode 57.4 Hz could be characterized

as the vertical mode as all four corners move vertically in phase (See

Figure 6).

13
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Fig. 9 Iso-Pad F5-120.9 Hz

The third and fourth modes depict torsion about the center axis. Two

similar frequencies were determined to exist during testing of the Iso-Pad

in 1975. Oscilloscope comparison and Fourier analysis power spectrum were

used to obtain accurate resonant frequencies and approximate mode shapes.

The illustrations of Figures 7 and 8 are sketches of the Iso-Pad's top

plane to clarify the differences between these two modes. Figure 7 shows

the 65 Hz mode in torsion about the EW axis. The slightly higher 67 Hz

mode differs due to the non symmetrical loading and single direction of

the ten sonotubes. Figure 8 demonstrates the torsion mode about the NS

axis. A shape calculation could not be generated by the MODAL-PLUS

program for the 65 Hz mode since It was less excited by the Impact at the

SE corner; however, the broadening effect of the two modes can be observed

on the Bode plot (See Figure 4). Tests to better define the frequency

15
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band of two closely spaced modes were conducted later (See 'Additional

Tests') with good results and the technique is potentially applicable to

any high modal density frequency band.

A structural resonance at a frequency of 120.9 Hz yields a more

complex mode shape than the previous four modes. In Figure 9 the top four

corners of the plane would appear to Indicate that the mode is a higher

order function of the first mode. The thick cruciform and nonlinear

loading condition prevent the deformation pattern from a harmonic of the

first mode. Higher resonant frequencies up to 5 KHz were observed in the

1974 testing; however, only the lower frequency modes were of tnterest to

the research at the time.

Figures 10-14 depict the structural deformation patterns which were

experimentally determined from the MODAL-PLUS program for the 1:16.25

scale model. Again, arrows have been drawn to indicate the relative

motion of significant points on the structure, and to aid in comparison to

the mode shape plots for the full size Iso-Pad. It will be noted that

mode shapes F3 and F4 have poor definition of corner movement, and

that some 'interior' points of the structure indicate unrealisticallv

large deflections.

i

Fig. 10 1:16.25 model FI-7l2.8 Hz

16



GoM

900

U.U

F-4

ad.

17N



ADDITIONAL TESTS

General

Two areas have been noted under 'Results' in which the normal

MODAL-PLUS analysis did not provide adequate information. These were the

distinctive identification of the two closely spaced mode shapes F3 and

F4  and lack of useful comparisons of damping coefficients The

following test techniques were applied in tile work of Lt Matthews.

High Modal Density Test

The purpose of this experiment was to use a small scale model to study

two closely coupled modes of vibrations. The structure to be modeled is

the Iso-Pad which was observed in 1974 to have two torsion modes at

frequencies of 65 Hz and 67 Hz, which corresponds to the 1:16.25 scale

model frequencies of 985.8 and 1102.1. MODAL-PLUS analysis, using impact

excitation, revealed F and F, rather poorly. These two modes were
3 4

further investigated by the techniques described in the following.

Previous MODAL-PLUS tests had used impact excitation at the SE corner

of the scale model, as was performed previously on the Tso-Pad. The

MODAL-PLUS results did not clearly show a separation of two torsion

modes. Better definition was attempted using random excitation of the

scale models with a shaker first at other corners and then along the sides

of the structure. A fair separation of the two peaks were obtained on a

Bode plot; but this still did not provide a good MODAL-PLUS calculation of

mode shapes. Note in Figures 12 and 13 the gross distortions of shapes,

large motion of interior points, and very small motion of some corners.

18



As a further ttst, the I 6. 2: model wis set ip with i shaker at the

NE corner with a sine w.ve generitor Input to the shaker. Located at a

corner, the shaker would be txcitlng a point of maximum displacement. An

accelerometer was placed on the corner, and then a sine sweep excitation

was used to find the natural frequencies. Two natural frequencies were

found at 1010 and 1050 Hz with the models literally "humming" at these two

frequencies. The accelerometer was moved to each corner and the output

compared to the shaker reference. Using rhis oscilloscope comparison, the

lower frequency, 1010 Hz, showed the NE and NW4 corners vibrating in phase

while the SE and SW corners vihratel isror out of phase. At the higher

frequency, the NW and SW corners vibrateLd I out of phase. Thus, one

sees the scale model creating the same shift from E-W to N-S as expected.

Knowing the two modts exist, MODAL-PLUS was used In the modal

investigation to further define these two modes. Because MODAL-PLUS does

not provide meanin ful rtsults with single frequency input, a sine wave

of 1050 Hz and a random noise signal were added. This 'dwell' technique

provided a concentrated Input, and vet, a broad signal for use by the

computer software. The response accelerometer output was recorded at the

four corners and at the mls ides for data reduct.ion. The mode shapes from

MODAL-PLUS of the 16.25 scale model closely resembled the modes expected

(see Figures 15 and l6).

Half-Power Point Damping Determination

The other area of special testing, where the 1mproved or confirmed

data from MODAL-PLUS was desired, was on determination of modal damping.

A correlation hetween the model and the structure damping would provide



Figure 15. 1:16~.25 Model F3=1011.3 Hz by MODAL PLUS

With 'Dwell' Excitation

Figure 16. 1:16.25 Model F4-1047.2 R7 by MODAL PLUS

With 'Dwell' Excitation

20



v-I I1ab It inTf ormatiton tor control t zi , net, r,; i nyc st var ion into the

modal dampe n Ing c oct i i n t s i nd r- I si r vf- imrp I it r de between the act ua I

I so-Pad and the sealIe modelI was p)L rf o rai i

Fi rst , damp ing cot f f icc ints f rom MODAL.-PLU S we re c ompa red. Next, two

more d irect e xpe rime ntalI metrhods we re i nve sti gatt d , I n, '(rrEme nt. and t he

half-power point method. The log decrement is the natural logarithm of

the ratio of any two successive peaks, X1 , in tht, resonant frequency

decay. Th e r elIa t ion sh 1p o f the damping coEf I.le nt ,7 t o the log

decrement, -,(Figure 17) is given by the fol lowing:

X
0 lg _ M+1 for

In the log decrement an impact hammer provided the inIput while a hand pass

filter and an accelerometer showed the resonant decay for the mode of

interest. In the half-power point method, 3 lop rlot of frequency versus

power (power spectrum) from a random noise shaker input, provided the data

base. The damping coefficient of the mode determines the () or sharpness

of the resonant peak. The ratio of thfe h i-powe r no i nt f requencY

difference, Z" W , to the resonant frequency, Lk ,i is a mtasuire of tht:

damping coefficient. The coefficient is calculated as S ollows (See

Figure 18):

")m I

2q
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A Fourier analyzer program can he used to increase the accuracy of the

half-power point measurement by averaging many frames of data for the base

power spectra. Likewise, the decre-ise in cycle amplitude for a log

decrement calculation could be taken over several vcles of amplitude vs

time data, and several frames averaged for greater accuracy. However, the

available fast Fourier analyzer (FFA) made the frame averaging of power

spectra easy to mechanize and is therefore considered more accurate.

DISCUSSION

General

The three modal characteristics; modal frequencies, associated damping

coefficients, and mode shapes, were compared for each of the three models

against the Iso-Pad. Scale factor was tested for each modal to determine

whether a functional relationship existed, and to what degree of

confidence, or accuracy, if such a conculsion was found. Only the

parameters associated with the first five modes were examined.

In the comparison tables of model frequTicies below, only the

comparison of the Iso-Pad and the 1:16.25 model is shown. The inferior

models did not compare so well, with errors as large as l%. This

illustrates, at least, the importance of accuracy in application of the

scale factor to all dimensions and, to the extent practical, other details

of the construction, e.g., material, stiffness, and loading.

Modal Frequencies

The comparison of the modal frequencies and shapcs of the Iso-Pad to

the 1:16.25 accurate scale model was expected to have the most promise of
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a generalized association. Table 3 shows the actual frequencies for the

Iso-Pad and model. In the fourth column, the natural resonant frequency,

fN projected for the Iso-Pad by dividing the experimental results of

the model by the scale factor (SF), is tabulated as if a linear

relationship existed. The close correlation between f N/SF and the

actual values obtained from the full scale complex structure may be seen.

The error is a percent difference of f N/SF from the Iso-Pad f 's.

This error is at worst 6.6%. It should be noted that this significant

error is in the F 3 mode, the high modal density band. The MODAL PLUS

frequency results were shown in Table I for the 1:12 and 1:14 models.

The frequency tests in a hand of high modal density by the sine sweep

excitation technique results in lines 6 and 7 of Table 3. The percent

error in frequency determination is not significantly improved over MODAL

PLUS values; however, as seen below, the dwell excitation technique does

improve shape determination.

Table 3. Frequency Comparison (Hz)

Mode 1:16.25 fN/sF
Label Iso-Pad Model % Error

F1  46.4 712.8 43.9 -5.4

F2  57.4 978.8 54.1 -5.7

F3  (65) 985.8 60.7 -6.6

F4  (67) 1102.1 67.9 +1.5

F5  120.9 2004.8 123.4 +2.1

Sine Sweep (see Additional Tests)

F3  (65) 1011 62.2 4.3

F4  (67) 1047 64.4 5.4

24



Damping

The damping coefficients, determined with MODAL PLUS, found for the

Individual modes in each of the three scale models failed to show any

linear correlation with those recorded from the testing of the Iso-Pad

(See Table I). Likewise, no linear relationship between the damping

coefficients and the five fundamental modes could he derived. While

careful consideration was given to construction material and reinforcement

of the third scale model In particular, no comparison of results indicated

that a relationship between the damping coefficient for the first five

modes existed.

The additional tests using the half-power point technique gave the

damping coefficient results summarized in Table 4. Only two values were

calculated using the less accurate log-decrement technique; the results

differed from half-power point results by as much as x4. The MODAL PLUS

values were noted as differing from the half-power point values hV as much

as two orders of magnitude. But, the comparison of values determined by

the more accurate, half-power point technique, for the lIs-Pad vs the

1:16.25 scale model, show agreement on this limited sample basis, ro no

worse than a factor of two.

Table 4. Additional Damping Cocfficfient Results

Mode Label Iso-Pad 1:16.25 Model

Fl .015 .030

F 2  .020 .022

F3  -

F4  .01 .02(-

F5  .nog
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Modal Shapes

As a validation test for each set of test data taken, the direction

and amplitude of the structural deformations in each mode shape were

compared with those obtained previously for the Iso-Pad. Of particular

concern was the direction each corner of the structure was vibrating in

relation to the others. The most general criteria by which the data was

tested was determining if the four corners were in phase with the full

scale structure. The mode shape plots generated for the Iso-Pad appear in

Figures 4 through 8, and the comparison plots for the 1:16.25 scale model

are included as Figures 9 through 13. These shapes, Figures 4 through 13,

were generated using MODAL PLUS and the standard impulse excitation

technique. For each model, the final data set used did pass the

validation test described above. While differences did exist In the

relative amplitudes of some of the corners when compared to the Iso-Pad

plots, the direction of the deformation matched for each model. It may be

noted that the F 3 and F 4 modes, Figures 12 and 13, show almost no

motion at the one or two of the key points, the corners. Only close

inspection of the full size animation provided a clear phase relationship

of these corners to the total shape. The dwell excitation technique

provided the clarification of the F 3and F4modes shown in Figures 15

and 16. There was no difficulty in determining the corner phase

relationship from these modes using the dwell excitation and MODAL PLUS.
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CONCLUSIONS

From the results of this effort, it Is concluded that scale models do

exhibit a linear relationship between size and modal frequencies to a high

degree of confidence. The importance of designing the model as an

accurate representation with precise linear scaling and attention to

material properties was indicated. The scaling factor applied to the

experimental scale model can be used to accurately predict the mode shapes

and frequencies of a large structure. Also, scale models may yield

approximate modal damping coefficients of sufficient accuracies to be

useful to the control system development. The scale model data is at

least a valuable enhancement to a theoretical analysis. And, the

relatively small effort in careful design, fabrication, and test of scale

models is rewarded with advance information at a fraction of the cost and

schedule before risk of the investment of large structure development.
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