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AFIT/GAEIAA/79D-5

Abstract

An experimental investigation was conducted to determine the

validity of an algorithm developed by Whaley (Ref 14) to approximate

the natural frequencies of T complex structure under arbitrary mass

loading conditions, when only the unloaded natural frequency and

mode shape data is known. The chosen test specimen was a curved,

rib-stiffened panel from a C-141 Starlifter, aircraft. The

panel was suspended from the ceiling by bungy coi*i and tested

in an unloaded configuration and nine separate mass loaded config-

urations. Then using only unloaded data the generalized mass and

generalized stiffness for each mass loaded configuration were computed,

and the natural frequencies for each configuration were computationally

predicted using the aforementioned algorithm. The theoretical and

experimental results were then compared to determine the amount of

error incurred in the approximation technique. The theory of how

to ultimately determine the overall forced response of the specimen

was discussed and an error model was developed to enable an examination

of the reliability of the algorithm in predicting forced response.

Recommendations concerning future test procedures, areas requiring

further study, and the use of the algorithm were made.

ix



THE PREDICTION OF MASS LOADED NATURAL FREQUENCIES

AND FORCED RESPONSE OF COMPLEX, RIB-STIFFENED STRUCTURES

I Introduction

Background

The thrust of this study is aimed at the ever-increasing need for

better performance in the field of vibration control methods for airborne

electro-optical systems. In order to yield acceptable performance levels

in such a scheme, the designer must be provided with an accurate descrip-

tion of the vibration characteristics of the airframe. Also, these

vibration characteristics may change markedly due to the additional

mass of the electro-optical system. This, due to the sensitivity of

the electro-optical system to airframe vibration disturbances, may cause

serious degradation of system accuracy. Therefore, one would also like

to be able to predict how the vibration characteristics are altered due

to arbitrary mass loading conditions. In an effort to make this possible,

several approximate methods for prediction of the modified characteristics

have been developed. Some of these are discussed later in this chapter.

The method considered in this study was developed by Whaley (Ref 14).

The algorithm he developed will be derived later in this study. It

allows a designer, given the unloaded natural frequencies and mode

shapes of a particular structure, to predict the change in the natural

frequencies due to any arbitrary mass loading conditions. Tests have

been conducted on a cantilevered uniform flat plate to determine the

validity of the algorithm, Henderson (Ref 3). Favorable results were

realized, as the first eight (8) modes for eleven (11) mass loading

configurations were predicted to within a small margin of error for
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virtually every case. All but nine cases yielded errors of less than 10%,

and those other nine were all less than 20%. Whaley (Ref 14).

Purpose

Even though this technique has proven itself acceptable in the cases

of beams and flat plates, further validation is required in the specific

area of built-up aircraft structures. Since this methodology was

originally developed with these types of structures in mind, it is

necessary to determine whether this theory holds valid for a structure

of much greater complexity than those previously tested, one typical of

what can be found on today's aircraft. For this purpose, a curved, rib-

stiffened panel from a cargo aircraft was selected for experimental

validation. The structure has two longitudinal stiffeners, and five

lateral stiffeners. A complete modal survey was conducted to determine

the first several natural frequencies and their respective mode shapes.

The selected number of modes to be included in the analysis will be

discussed in Chapter II along with the reasons for chosing it. The

modal analysis will be done for the panel in its unloaded configuration,

and nine separate mass loaded configurations.

Following completion of the above experimental testing, the unloaded

modal data was utilized in the algorithm to predict the natural frequencies

for each mass loading configuration. The experimentally determined values

will then be compared to the predicted ones to find the percent error,

and ultimately the validity of the algorithm. After it was determined

that these results were favorable, the system forced response was

evaluated for each mass loaded configuration. These will then be

compared to the experimentally determined values, to ultimately

discover the accuracy of this prediction method when it is applied

2



to complex structures.

Previous Mass Loading Techniques

There presently exist a number of techniques for modeling various types

of structures with an added mass load. Several of these are discussed

briefly by Whaley (Ref 14). Those most closely related to the technique

used in this study, are that of Weissenburger (Ref 12), and Pomazal and

Snyder (Ref 6). Weissenburger expresses the natural frequencies of the

loaded structure in terms of those of the unloaded structure which results

in the need for solving a transendental equation (in matrix form). Pomazal

and Snyder basically employ Weissenburger's technique, but utilize a

Newton-Raphson matrix interaction technique to solve for the modified

eigenvalues. The technique utilized in this study differs in that the

eigenvalue problem is posed in terms of measured, unmodified natural

frequencies and mode shapes. The complexity of the problem is directly

dependent on the desired number of natural frequencies and/or mode shapes.

.4 3



II Background Theory

The derivation of the algorithm to be used in this study has been

* reported by Whaley (Ref 14) and is discussed in detail below. By

expressing the response ofa continuous structure in terms of its

normal modes, it is possible to transform the governing partial

differential equation for the structure into an infinite set of

uncoupled ordinary different equations in terms of the generalized

coordinates. Lagrange's equation is:

d aT + 3v Q
dt 3qi -q; (1)

for a flat plate:

ba
T ;If ph () 2 dxdy (2)

00

S Eh3 (W 2 a2w 2 _2 2w ) 2wV Ot 1(lv2)(pxzr + +~' 23-LaT+ 2(1-v) %a )xd

(3)

where:

W(x,yt) = 
4i (x,y) qi(t) (4)

Define 6P = Virtual work of applied inertial loads.

6P - F(Xosyot)6W(xo,y ,t) + M(Xoyo t)6w(x0 ,yopt)
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Therefore the generalized force may be expressed as:

Pd 2qi

Q-H 0LP .R M O(OY 0,4lyo ~

-Mo Ry2 2L( oIyo) (xoyo 1 ~ 5
ay dt

Combining Eqs (1) through (5) yields an infinite set of equations,

the ith one of which will be:

Mi qi + K i qi Qf Qi (6)

where the following definitions hold:

ba
Generalized Mass = Mi = f ph $i

2 (x,y) dxdy (7a)
00

ba ,Eh3  2 2 ,a20i 2
Generalized Stiffness = K ff a h---- k ) + a 2oo

a20 a 0 2 2
+ 2v 2--xV --2T + 2(1 dxdy (7b)

Now, we can avoid the necessity of solving transcendental equations

or using an extremely complex finite element modelling technique, if we

can truncate our infinite set of Eqs (6) to a sufficiently small finite

number. One can accomplish this by assuming-that a reliable result can

be achieved by considering only the first "n" modes. Then Eqs (6) can

be written in matrix form as follows:

[A] {4i) + [K] {q} {o) (8)



where (K) is a diagonal matrix made up of the generalized stiffness

elements determined from Eq (7b), and [A] is made up of the following

elements:

Amm - Mm + Mo ,2m(xoYo) + Mo 2 ' (xo,yo))2 + Mo 2 It-o,yo)) 2

(8a)

Amn - Morn(Xo,Yo) n (xo,Yo) + Mo ax ( - f n (Xo.Yo)) (8b)

+ moR; (tym (x0,y0) L.±n (xo,y 0)) m nay

If one now assumes simple harmonic motion (i.e., q = qei wt ) , and

premultiplies Eq (8) by [K] - , a standard eigenvalue problem of

dimensions n by n results:

{-[)- [K- 1 [A]) {q^l - {o} (9)

The frequency w can be found by setting the determinant of the above

matrix to zero.

Thus, one is faced with a problem which requires a great deal

less computational effort than if it were necessary to derive a detailed

model for the structure. For the complex structures that are typically

found on aircraft, the various stiffeners, spars, ribs, and curved

panels make a continuous model out of the question. Therefore, the

most common approach to this type of structure has been to formulate

a finite element model. The finite element analysis is, however, much

more complex, requires a great deal more modelling and programming

effort, and utilizes more expensive computer time than solving Eq (9)

for the loaded frequencies.

In summary, to utilize this algorithm, one requires only knowledge

6
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of the unloaded natural frequencies and mode shapes (descrete representa-

tions), and the magnitude, location and radii of gyration of the added

mass.

7



III Experimental Procedure

Experimental testing was conducted to determine the natural

frequencies and discrete mode shapes of the unloaded panel. These

data were required by the prediction algorithm to approximate the

loaded natural frequencies. The natural frequencies of the panel

in each of its mass loaded configurations also had to be experimentally

determined to enable comparison between the actual and predicted

natural frequencies. In this manner, the validity of the algorithm

for the chosen complex structure could be determined. All testing

was conducted at the Air Force Flight Dynamics Laboratory (AFFDL).

All equipment that was required is listed in Table 1. Due to problems

in acquisition and processing of data which will be discussed below,

three separate test methods were attempted. The third one of these

was the only one to yield acceptable data. All three of these methods

are discussed in this chapter in some detail. This is done with the

goal of familiarizing the reader with the three methods, the aspects

in which each did or did not fail, and the reasons for their respective

failures or alternatively their successes. Armed with this knowledge,

persons conducting future testing in this area will be able to avoid

problems similar to those encountered by the author in the course of

this study.

The panel was suspended in a horizontal position from the ceiling

by bungy cords attached to each corner. This allowed freedom of motion

of the entire panel in any direction (termed a FREE - FREE mode). A

grid of accelerometer locations was then laid out on the panel surface

as shown in Fig 1. Three different masses were chosen as mass loads.

8



TABLE I EXPERIMENTAL APPARATUS

APPARATUS MANUFACTURER MODEL COMMIENTS

Accelerometer Bruel and Kjaer B&K 4291 1 g peak
Calibrator

Fourier Spectrum Hewlett-Packard HP 54513

Analyzer

25 lb. Shaker Ling Electronics

Random Noise Hewlett-Packard HP 3722A flat spectrum
Generator

Accelerometers (6) Vibrametrics 1000 A

Force Gauge Vibrametrics 208 A03 1 mV/lb force

Amplifiers (6) Intech A-2318 Variable gain

Oscilloscope (2) Hewlett-Packard HP 1707B

Universal Filter General - Radio Bandpass 50-1000 Hz

Terminal Tektronix TEK 4014-1

Copier Xerox Versatek Hard copies from
terminal

FM Recorder LAR LAR 7400

Voltmeter NLS LX-2

Power Supply AFFDL/FBG + 15V DC

Strobe Strobex 121 A

Force Gauge Piezotronics 480 A
Power Unit

Low Frequency Electrodyne N 300
Oscillator

i 9
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Fig. 1 Grid Layout on Panel Surface
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The isometric views of these three masses are shown in Figures 2, 3, and 4.

Then, three arbitrary mass loading locations were chosen as shown in Fig 5.

Utilizing each mass in all three locations yielded a total of nine mass

loaded configurations. The pertinent data for all nine of these is given

in Table II. In each of the three separate testing procedures all of the

above-mentioned conditions remained the same. Briefly, the three methods

employed were:

1. Single point excitation using a continuous, random noise input

to the 25 lb. shaker. All accelerometer data was recorded on FM tape,

along with the force input (from a force gauge). The recorded data was

then digitized and processed to yield Power Spectral Density and Transfer

Function plots.

2. The force input to the panel was the same as above, but all

data processing was done by the HP5451B Fourier Spectrum Analyzer.

3. The input excitation was 15 impulse inputs at random locations.

Data processing was done by the HP5451B, and all response data was an

average of the responses to each of the 15 inputs. These three methods are

described in detail below.

Test Method 1

The panel was set up as was previously discussed. A 25 lb. Ling

Shaker was attached to one of the two longitudinal stiffeners which ran

the length of the panel, almost directly below the first column of

accelerometers, and was slightly off center from the middle lateral

stiffener. The input signal to the shaker was a continuous, broadband,

random noise signal. A force gauge was placed between the shaker and the

panel. Due primarily to a software problem which rendered the Hewlett-

Packard Fourier Spectrum Analyzer unavailable when testing was begun, an

11



Fig. 2 Isometric Views of Mass #1
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Fig. 3 Isometric Views of Mass #2
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Fig. 4 Isometric Views of Mass #3 i
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Table II MASS LOADING CONFIGURATION DATA

Config-
uration Mass
Number Number Mass (Kg) Rx (m) R (i) X0 (m) Y0 (M)

1 1 0.110 0.0129 0.0129 0.152 0.279

2 1 0.110 0.0129 0.0129 0.356 0.356

3 1 0.110 0.0129 0.0129 0.508 0.533

4 2 0.189 0.0142 0.0142 0.152 0.279

5 2 0.189 0.0142 0.0142 0.356 0.356

6 2 0.189 0.0142 0.0142 0.508 0.533

7 3 0.052 0.0123 0.0188 0.152 0.279

8 3 0.052 0.0123 0.0188 0.356 0.356

9 3 0.052 0.0188 0.0123 0.508 0.533

15
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older, more conventional method was utilized. The response data was collected

from five (5) accelerometers (one column) at a time (i.e., accelerometers

were placed first on points (1,1), (1,2), (1,3), (1,4), (1,5), then moved

to (2,1), (2,2), (2,3), (2,4), (2,5), and so on). These points were as

depicted in Fig 1 and the output of the force guage and all five accelerometers

were amplified and recorded on FM tape. See Fig 6 for a complete wiring

diagram. Upon completion of thirty (30) seconds of recorded data, the

accelerometers were moved to columns 2, 3, 4, and 5 in succession, repeating

the above procedure each time. This FM tape was then digitized and processed

to yield Power Spectral Density (PSD) and Transfer Function Plots. See

Appendix E for a sample of the Transfer Function Magnitude and Phase Plots

that resulted. From these it was possible to determine the frequency band

of interest, as it was desirable to confine the analysis to approximately

the first ten (i0)* modes, which covered a frequency band of 50 - 500 Hz

(the lower limit avoids some very low frequency modes of the suspension

system which were found by doing a frequency sine sweep). In addition to

the Transfer Function Plots, tabular listings were printed for both the

magnitude and phase of the Transfer Function values for intervals of 0.5 Hz.

From these, the natural frequencies and a discrete representation of each

mode shape was determined. This procedure was carried out for the panel in

an unloaded configuration and each of the nine mass loaded configurations.

At this stage, a serious problem arose in that the phase information

proved to be erroneous. Theoretically, the phase angle between the input

force and an output acceleration should always be +900. This, however,

was not the case. In fact, at every frequency that had consistently yielded

* Ten was chosen because it is small enough that the eigenvalue
problem does not become too unwieldly, but as outlined in Whaley
(Ref 5) this is a sufficient number of terms to provide a good
approximation of forced response.

16
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Time Code

Generator
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Fig. 6 Wiring Diagram - Test Method 1
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a local peak in the Transfer Function plots, and was therefore thought to be

a natural frequency, there were many points at which the phase angle was as

much as 400 away from + 900. Because of this discrepancy, coherence function

plots were examined, which are in essence a measure of the reliability of the

data. The coherence function is defined in Richardson (Ref 9) as follows:

2 =_ J 012 *
(xx( W) (10)

where: Input Power Spectrum = Sxx (w) = X(W)X*(W) (11)

Output Power Spectrum - S (w) = Y(W)Y*(W) (12)yy

Cross Power Spectrum = S (w) = Y()X*(W) (13)xy

Representing the system in block form:

Fig. 7 Block Diagram of Test Station

X(w) = Fourier Transform of input signal

H(w) = System Transfer Function

Z() = Fourier Transform of desired output signal

N(w) = Fourier Transform of extraneous noise (thermal noise, 60-cycle, etc.)

Y(w) = Fourier Transform of actual measured output signal

• Bar denotes algebraic average of the number of measurements
taken.

18



Y() = H(W) + N(w) (14)

S() Y()X*(W) H(s)X(w) + N(w) X*(w)

S = HM S ) + N(w)X*(w) (15)
xy xx

S(yy ) = (H(w)X(w) + N(w))(H(w)X(w) + N(w))*

S (W) = 1H(u)12 S (W) + H*(W)S (w) + H(w)S (w) + S (w) (16)
yy xx nx xn nn

Szz(W) = (H(u)X(u))(H(u)X(W))*
S (W) = IH()12 S (W) (17)
xx xx

From Eqs (10), (15) and (16) it can be seen that when measured response

power is equal to measured input power, y2 = 1, and the noise power, N(w),

has no effect on H(u). However, when measured response power is greater

than measured input power because of the contribution of some extraneous

noise sources, Y 2< 1, for all those frequencies where the noise adds power

to the response signal. Therefore, the coherence function can be used to

indicate the degree of noise contamination in Transfer Function measurements.

Since the additive noise can be modelled as a zero mean random process, its

effect on the Transfer Function results can be reduced by averaging results

of several responses together (i.e., ensemble averaging).

When the coherence function plots for each grid point were generated, it

was found that for everyone of them in all configurations, the coherence was

dropping almost to zero at several frequencies indicating that the measure-

ments had been contaminated by a great deal of extraneous noise (See Fig 8).

To alleviate this problem, a couple of alterations to parameters in the data

processing method were tried: 1) increasing the frequency resolution and

therefore the transform time, and 2) increasing the number of transforms in

the averaging process. These both improved the resulting data, but the

coherence function plots still indicated that a great deal of unwanted noise

19
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was present in the system.

The author and some engineers at the Air Force Flight Dynamics Laboratory

(AFFDL) formulated the following hypothesis as to the cause of the problem:

the unacceptably large amount of noise contamination was the result of a

combination of two factors - the amplitude of the input excitation force,

and the extremely low structural damping factor of the test specimen. As a

result, an input to the panel at, say, T = 0, would not be damped out for a

long period of time. To understand fully how this becomes a problem, one

must know how data processing for continuous inputs is accomplished. In the

case of thirty (30) second runs of recorded data, and using the maximum

frequency resolution (.4242 Hz) attainable on the processing equipment at

AFFDL, means that Fourier Transforms will be taken over 1/.4242 = 2.357

seconds intervals and twelve (12) transforms can be taken. These twelve

transforms can then be averaged to reduce the effect of extraneous noise on

the results. To yield the desired output, artificial damping is introduced

onto the recorded data in the form of a "Hanning Window". (See Fig 9) In

this manner, one can look at the panel response over a given "time window"

(2.357 seconds) in the 30 second sample, then take the Fourier Transforms of

the input and the output at a given point, and generate the Power Spectral

Density or Transfer Function plots for that particular point. A similar

process must be carried out for all twenty-five (25) points. What actually

happens in the case of such a lightly damped structure is that any transient

response which is due to inputs prior to the beginning of any given "time

window", enter that window as noise. Note that this effect would be absent

if one could compute an "exact" Fourier Transform (over an infinite time

interval). The reliability of all the data is extremely dependent upon the

Signal-to-Noise Ratio (SNR) being sufficiently high to yield good data.

21



T-t At 2.357 sec T =t+At

Fig. 9 Hanning Window artificially

damping response to zero

Therefore, as more and more prior response enters each successive window as

noise, the SNR becomes worse and worse, and so does the data. The problem

could not be resolved using the best possible values of total data time,

frequency resolution, and number of transforms in the averaging process that

AFFDL's data processing unit had to offer.

In summary, this first test method failed because the extremely low

structural damping factor of the panel resulted in its responding to a given

input for a long period of time. This combined with the inability of the

data processing method to allow sufficient time for the panel responses to

damp out caused the SNR to grow worse with each successive Fourier Transform

taken. This in turn caused the data taken to become worse and worse with the

result that the gathered data could not be considered reliable. Therefore,

a new test method was sought.

Test Method 2

By this point in time the HP5451B, Fourier Analyzer, Hewlett-Packard (Ref 4),

22
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was ready for use. This device utilizes Fast Fourier Transform and Ensemble

Averaging Techniques to calculate Power Spectral Densities and Transfer

Functions very rapidly. The test set up was still exactly the same as in

Fig 6, with the exception that because the Fourier Analyzer could perform

all data processing, the FM Recorder was no longer required. The two inputs

to the analyzer were the output of the force gauge (always), and the output

of each one of the twenty-five accelerometers in succession. The panel was

still driven by the twenty-five lb shaker excited by broadband random noise.

The HP5451B was capable of achieving better limits of the performance para-

meters: longer transform time and therefore better frequency rzsolution, and

greater numbers of transforms to be used in the averaging process. It was

hoped that this improved performance would solve the problem, and yield some

reliable data. It was also thought that although it would not improve the

coherence at any given point, the removal of any bay modes from the analysis

would simplify the task of forming the discrete mode shapes. Bay modes are

modes which occur in only one or more, but not all, of the bays created by

the isolating effect of the stiffeners. Since the author was interested only

in global modes, or modes of the entire panel, eliminating bay modes from the

analysis altogether at the beginning of testing, would save a great deal of

time during the data reduction process. To this end, a high frequency strobe

was obtained. The intention was to do a sine sweep throughout the frequency.

band of interest, tune to each harmonic, and view the panel with the strobe

to determine whether the mode was a global one, or just a mode of one or more

bays. However, the amplitude of panel motion was very small and therefore it

was extremely difficult to view the panel modes. The strobe was, as a result,

ineffective. The Fourier Analyzer was also incapable of resolving the problems

of unreliable data. This was once again determined by examining the coherence
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function plots. The Fourier Analyzer was capable of computing these using

Eq (10), and then plotting them. These revealed the same problem as was

experienced earlier. The noise power at several frequencies was so high

that the coherence dropped off very nearly to zero at some, and to as low

as 0.5 at many others. Therefore it was concluded that the data was not

reliable and could not be used. As a result, a third experimental procedure

was required.

Test Method 3

This third method, in which the method of data analysis was developed

by Brown (Ref 7) proved to be effective, and was the one finally used.

First, a location for a "reference accelerometer" was chosen. This location

remained the same throughout all testing. It was discovered that an

accelerometer location near the center of the panel yielded better results

than a location close to an edge. The amplified output from this reference

accelerometer was one of the inputs to the Fourier Analyzer. The other

input was the amplified output of an accelerometer at one of the twenty-five

data points on the grid (Fig 1). A complete wiring diagram of this experi-

mental set up is shown in Fig 10.

The panel was then excited by tapping (impulse input) the surface once at

each of fifteen (15) arbitrary locations. After each individual impulse,

sufficient time was allowed for the panel response to dampen out (an

indicator light on the Spectrum Analyzer notified the tester when the

response had decreased to a negligible level). For each excitation the

Fourier Analyzer was used to compute the Auto Power Spectrum of the response

at the reference point, the Auto Power Spectrum of the response at a given

point, and the Cross Power Spectrum between the two. A stable average of

each was then computed over the fifteen inputs. The computed parameters are
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defined as follows:

Output Auto Power Spectrum of Reference = Srr(w) R(w)R*(w) (18)

Output Auto Power Spectrum of Data Point - Syy(w) Y(w)Y*(w) (19)

Cross Power Spectrum - Syr(w) - R(w)Y*(w) (20)

Stable Average - An - An_1 + n (21)

Then, at the end of the fifteen excitations a Modal Assurance Criteria (MAC)

function (Brown), was computed which is defined as follows:

= gy() 2,MAc= l
Srr(l) yy (W (22)

The difference between this function, and the coherence function defined in

Eq (10) is that both auto spectrums are of responses at two points (there is

no power spectrum of the force input), and the cross power spectrum is that

between two output responses instead of between a force input and an ouput

excitation as in Eq (10). At all natural frequencies, the magnitude and

phase relationships between the responses at any two points on the panel

surface will be the same, as for a given natural frequency there is a

corresponding mode shape. Therefore, at these modal frequencies, the

magnitude of the Cross Power Spectrum squared will be equal to the product

of the individual Auto Spectra. It follows that at these frequencies the

value of the MAC function will be 1.0. Now, at all non-modal frequencies

the relationship between the responses at any two points on the surface of

the panel, is a zero mean random process (Brown). Therefore, for each of

the fifteen excitations, the relationship between the Reference and a given

point will be different, and the average of the Cross Power Spectrum over

those fifteen will be small compared to 1. Thus, the value of the MAC

function at all frequencies that are not natural frequencies will be small.

* Bar (-) over values in Eq (22) denotes stable average of those parameters.
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(See Fig 11 for a sample MAC function). Also computed at the completion of

the fifteen impulse inputs, was the Transfer Function. In the case of this

type of testing, this Transfer Function was not defined in the sense of a

classical system Transfer Function (which is output response divided by

input response), but was defined as follows:

H(w) yr W

Srr (w) (23)

This is a measure of the relative response at a given point as compared

with the response at the Reference point.

In accordance with the programming for this overall process, once all

computations had been completed, the Fourier Analyzer displayed the MAC

Function plot. By viewing this, the user could determine whether or not

the data taken was acceptable. If the MAC function was a "clean" one as

shown in Figure 11, i.e. MAC = 1.0 at the natural frequencies and zero

elsewhere, the data was good. Whereas, if there were many values between

zero and 1.0, and the value remained at 0.0 very seldom, the data was

considered erroneous. When it was decided that the data was good, the

user gave the "CONTINUE" command, and the Power Spectral Density (PSD)

plot (a measure of the relative power in each frequency throughout the

band of interest), and the tabulated values of the MAC and Transfer Functions

were outputted to the TEK 4014-1 scope in succession, and sent to the Versatek

hard copier. See Figures 12, 13, and 14 for samples of each. This process

had to be repeated for all twenty-five accelerometer locations, for each of

the ten separate configurations. The PSD plots for each data point of the

unloaded configuration are included in Appendix A. Using this procedure

the author was able to generate the required two hundred fifty sets of
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data, all were determined to be reliable on the basis of the MAC function.

It should be noted here that acquiring reliable data required re-testing at

some points where the MAC function indicated that the data was not good.

This bad data could have been caused by several factors; allowing insufficient

time for panel response to damp out between impulse excitations, causing a

system overload by striking the panel too hard on one or more of the 15

excitations during one test run, or double-tapping - mistakenly striking

the panel twice on a single impulse input. From this, it is necessary to

realize that extreme care must be exercised when taking data, if one expects

even this method to yield reliable results.

In summary, after determining that data processing limitations precluded

the use of a broad-band random force input, a method using 15 discrete impulse

inputs was used. An HP5451B Fourier Analyzer, Hewlett-Packard (Ref 4) was

used to perform all data processing. Using a reference accelerometer which

remained in a constant location and an accelerometer at one of the 25 data

points as the inputs to the Fourier Analyzer, the individual Power Spectra

and the Transfer Function were computed. From these, the natural frequencies

and a discrete representation of the mode shapes were determined utilizing

the procedure outlined in the section that follows.
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IV Computational Procedure

a Reduction

This section contains a description of the procedure that was employed

extract the required natural frequencies and mode shapes from all of the

-a that was collected. To yield this needed information one must pick out

location of modes in the frequency domain, and then find the relative

znitudes and phase of the displacement of each point, at each mode. This

t be done for all ten configurations. By examining the tabulated values

:he MAC function for a particular point and for a given configuration, it

possible to locate the natural frequencies with relative ease, as they

indicated by the occurrence of several consecutive values of the MAC

ng equal to or very close to one (see Fig 13, as an example of how the MAC

ction indicates a mode check frequencies close to 168Hz and it can be

a that there are 6 consecutive values all approximately = 1). Then by

-king the corresponding frequencies at the tabulated Transfer Function

ies, it was possible to pinpoint the natural frequency. This was done

.:amining the listed values in the vicinity of a chosen frequency, which

-iven in terms of real and imaginary components. By realizing that the

.e angle between the two acceleration responses (reference and test

'it) at a mode must be either 00 or 1800, it was necessary only to find

frequency where the imaginary component was zero or closest to zero.

a this was done, the relative position of that point, in the positive or

tive direction was given by the real component of the transfer function

.e at the determined frequency. This procedure was carried out for all

-ity-five points for each configuration. This yielded the natural

uencies and a discrete representation of the corresponding mode shapes
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for the first nine (9) modes (all the modes that existed between 0 and 500 Hz)

for all 10 configurations.

An example of the discrete mode shape plots is shown in Fig 15, and the

plots for the first nine modes of the unloaded configurations are included in

Appendix B.

Description of Computer Programs

General

Since both Eq (9) and the computation of the generalized elements required

derivatives of the mode shapes, continuous representations of the discrete

mode shapes previously formed, must somehow be generated. This was accomplished

using a bi-cubic spline curve fitting approach. The bi-cubic spline is a

mathematical algorithm which fits a cubic polynomial between sets of discrete

data points, and yields continuous first and second-order derivatives at these

data points. Also required for the computation of the Generalized Masses were

the thickness and mass density of the panel. Since one of the objectives of

this prediction technique was to enable analysis of a complex structure in a

relatively simple manner, without having to utilize a complex model for the

structure (i.e., finite element approach), the specimen was modelled as a

uniform panel for computational purposes. A geometric averaging approach

was used to take the stiffeners into account. The surface area of the

stiffeners was averaged over the surface area of the panel to yield a con-

stant thickness which was somewhat greater than that of the panel surface

alone. The mass of the stiffeners was also taken into account by then

calculating an effective panel mass density using the known overall panel

mass, surface area, and the averaged thickness.

Once this was done, the generalized mass and stiffness were computed

for each mode of each configuration, using Program 1 described below. These
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These values were then used in Eq (9), to solve for the predicted natural

frequencies (of each mass loaded configuration), using Program 2 described

below.

Program 1

This program had been largely developed previously, but was adapted and

improved for the purpose of this study. A complete listing of this computer

program may be found in Appendix D. Utilizing only unloaded natural frequency

and discrete mode shape data, this program made use of existing International

Mathematical and Statistical Libraries (IMSL) subroutines to compute a bicubic

spline approximation to curve-fit a continuous mode shape to the discrete data.

The user controls the accuracy of this approximation by chosing the number of

points in both the X and Y direction at which he wishes the values to be

computed. In the case of this study, the author chose to divide the total

length in the X and Y directions into forty (40) parts. This means that the

value of each mode shape was computed at a total of 1600 points. Obviously,

the finer one chooses the mesh size for these computations, the more accurate

will be the approximation of the continuous mode shape, but the computer time

and therefore expense also increases drastically. Therefore, a certain amount

of engineering judgement was required in the determination of the desired

mesh size. Once the continuous mode shape approximations had been computed,

they were used in Eq (7a), and two separate integral equations were solved,

one for the surface of the specimen itself, and one for the discrete mass

load. The two results were then summed to yield the Generalized Mass values

for each of the first nine modes, for each one of the nine mass loading

configurations. The Generalized Stiffness values were then computed using

the following formula:
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K1  M ij W2  (24)

Where the w i's are the unloaded natural frequencies. The "J" subscript

represents the configuration number. Note that Eq (7b) was not used

to compute the Generalized Stiffness values due to the large errors that

result from squaring the second derivative of the approximated mode shapes.

A complete listing of the Generalized Mass and Stiffness values computed

by this program are included in Appendix D.

Program 2

Again, much of this program had been previously written by Whaley (Ref 3)

for the test conducted on the flat plate. However, it was necessary to

adapt and improve it due to the greater complexity and scope of this study.

This program solves Eq (9) for the predicted mass-loaded natural frequencies.

As can be seen from Eqs (8a) and (8b), aside from the nine (9) Generalized

Mass and Stiffness Values for each configuration (from Program 1) other data

values were required as inputs to this program. These were, the value of

the added mass (Kg), the location of the added mass, (Xo,Yo), as shown in

Fig 5, and the radii of gyration of the added mass, (Rx,Ry). See Table II

for all this data. A sample calculation of the radii of gyration for one of

the masses loads used is shown in Appendix E. A complete listing of this

program is included in Appendix D and the outputs showing the predicted

loaded natural frequencies (as percentages of the unloaded ones) are included

at Appendix D.

Program 3

This program is really Program 1 with a couple of deletions, and a large

addition written by the author which allows the user to output three-dimensional

plots of as many of the continuous mode shapes as is desired. This was used
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largely to clear up any ambiguities that arose when deciding which of the

experimentally determined mode shapes for all of the mass loading configurations

matched up with those from the unloaded case. Due to some modes being very

close to one another and some being shifted upwards in frequency, it was

necessary to plot the mode shapes and compare them to the unloaded ones.

In this manner, it was possible to determine the correspondence between the

loaded modes shapes and the unloaded ones, where any doubt had previously

existed. As one example of this, a mode existed at 238.22 Hz in configuration 6.

This is at a slightly higher frequency than the nearest mode in the unloaded case

(237.74 Hz). The mode shapes are almost exactly the same leaving no question

that they were the same mode. A second example, is that a mode was found at

257.5 liz in configuration 7, and here again, matching up the mode shapes

confirmed this mode was indeed the same as the one at 252.10 Hz in the

unloaded case. In each case, two views of the same mode shape were generated.

Examples of these plots are shown in Figures 16 and 17. A complete listing

of the program used to make these plots is included in Appendix D. The two

views plotted of the first nine mode shapes for the unloaded configuration

plus those from the two examples mentioned above, are included in Appendix C.
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V Results

A summary of the test results and significant findings is presented in

this section. Table III gives all the experimentally determined natural

frequencies for the unloaded and loaded configurations. Some very interesting

results were immediately noticeable. The first mode at 167.93 Hz in the

unloaded case was suppressed (did not show up at all) in the case of

configurations 1, 2, 3, and 4 which, because it is the first mode, should

have a significant impact on the forced response, and on the error incurred

in the forced response predictions. This was confirmed by plotting the first

two or three mode shapes in each case, and matching them up with those for

the unloaded case. Also, since there was a chance, albeit remote, that the

referenced accelerometer had been placed on a node of the first mode for each

configuration, which would cause the mode to seem to disappear, the panel was

re-tested in these four configurations with a new reference location. However,

the results were unchanged. Also interesting was the fact that for some

configurations, some modes were actually shifted upward somewhat infrequency.

Modes 5 and 6 of configuration 7 are examples of this. Again, these results

were confirmed by plotting these particular mode shapes and comparing them to

the corresponding unloaded shapes. In each case, there was no qcestion that

the modes matched up as they are shown in Table III. This second phenomenon

seems counter intuitive but a possible explanation for it is offered here.

It has been found, Talmadge (Ref 8), that in the case of structures such as

the panel used in this study that for a given global mode, the individual

bays (formed by the stiffeners) often do not all vibrate at exactly the same

frequency or amplitude. One of the bay frequencies could be predominant in

the unloaded case, but the location of the mass load makes one of the other
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Table III NATURAL FREQUENCIES - EXPERIMENTAL

Config-
uratlor MODE NUMBER
Number 1 2 3 4 5 6 7 8 9

0 167.93 180.50 191.22 207.31 237.74 252.12 280.02 292.83 365.00

1 173.83 184.23 201.05 237.52 253.09 279.79 292.77 364.89

2 174.08 187.62 204.00 225.31 243.32 263.80 282.45 363.08

3 171.40 181.42 210.80 240.70 251.08 280.00 292.22 340.95

4 173.90 183.10 211.50 237.11 252.53 279.63 291.88 341.60

5 167.70 179.53 187.14 202.58 223.92 246.32 273.65 291.19 362.81

6 169.71 180.72 199.30 208.27 238.22 252.20 279.95 292.20 360.20

7 143.10 175.09 184.83 204.30 238.22 257.50 279.88 292.76 361.71

8 153.70 177.02 189.63 205.21 230.94 245.82 273.73 281.02 362 -84

9 162.02 177.43 182.71 205.64 237.22 251.43 279.51 292.29 361.48
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bays the dominant one. Since it is not unusual for the bay frequencies to

be 4 or 5 Hz apart it is very possible to find a loaded mode that is a few

Hz higher in frequency than the corresponding unloaded one. The phenomenon

of modal suppression however, could not be theoretically explained by

the author or any of the test engineers at AFFDL, although it had been

encountered in previous testing there. In spite of this, due to two

factors, the data was considered to be correct. (1) Since there had been

so little previous testing in this area with a structure as complex, and

therefore so little knowledge, exactly what to expect is an unknown

parameter. (2) Since such care had been taken in gathering the data,

and the indications from the MAC functions were that the data was good,

the author was confident that the data was reliable.

Tables IV through XII show the comparison between the experimentally

determined and the predicted natural frequencies, along with the resulting

per cent error of each predicted value. This is shown separately for

each configuration. Excluding the four occurrences of complete modal

suppression, in all but one case the per cent error was well below 10%

and the one case where this is not so, the error is well below 20%. Note

that in Table VI (configuration 3) and in Table IX (configuration 6) the

predicted natural frequencies for modes 7 and 8 are reversed in order.

That is, the predictions reflect that the 8th mode is actually shifted

below the 7th mode in frequency. This is not what happens in reality and

therefore, the prediction of the eighth natural frequency in both of these

cases is considered a major failure on the part of the algorithm, even

though the per cent errors in these cases are still only 5.50% and 7.21%

respectively. Another interesting phenomenon occurred that should be

noted here: that was the occurrence of modes in some mass loaded
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Table IV DATA RESULTS - CONFIGURATION 1

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 167.67 ()
2 173.83 179.16 3.07
3 184.23 190.94 3.64
4 201.05 206.88 2.90
5 237.52 237.09 - 0.18
6 253.09 246.89 - 2.45
7 279.79 276.23 - 1.27
8 292,77 292.14 - 0.22
9 364.89 364.18 - 0.19

Table V DATA RESULTS - CONFIGURATION 2

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 167.79 ( )
2 174.08 180.15 3.49
3 187.62 191.13 1.87
4 204.00 206.43 1.19
5 225.31 237.37 5.35
6 243.32 251.86 3.51
7 263.80 279.61 5.99
8 282.45 291.95 3.36
9 363.08 362.76 - 0.09

Table VI DATA RESULTS - CONFIGURATION 3

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 166.46 C )
2 171.40 176.36 2.89
3 181.42 191.25 5.42
4 210.80 206.10 - 2.23
5 240.70 235.81 - 0.69
6 251.08 251.51 0.17
7 280.00 278.95 - 0.38
8 292.22 276.16 - 5.50
9 340.95 344.80 1.13
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Table VII DATA RESULTS - CONFIGURATION 4

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 167.69 ( )
2 173.90 179.03 2.95
3 183.10 190.83 4.22
4 211.50 206.69 - 2.27
5 237.11 236.83 - 0.11
6 252.53 245.04 - 2.97
7 279.63 274.65 - 1.78
8 291.88 292.03 0.05
9 341.60 363.76 6.49

Table VIII DATA RESULTS - CONFIGURATION 5

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 167.70 167.79 0.054
2 179.53 180.10 0.56

3 187.14 190.01 1.53
4 202.58 207.20 2.31
5 223.92 237.32 5.98
6 246.32 251.79 2.22
7 273.65 279.44 2.12
8 291.19 291.77 0.20

9 362.81 361.34 - 0.41

Table IX DATA RESULTS - CONFIGURATION 6

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 169.71 166.22 - 2.06
2 180.72 175.34 - 2.98

3 199.30 191.23 - 4.05
4 208.27 205.63 - 1.27
5 238.22 235.20 - 1.27
6 252.20 251.18 - 0.40
7 279.95 278.44 - 0.54
8 292.20 271.14 - 7.21

9 360.20 338.70 - 6.11
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Table X DATA RESULTS - CONFIGURATION 7

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 143.10 167.77 17.24
2 175.09 180.20 2.91

3 184.83 191.16 3.44
4 204.30 206.98 1.31
5 238.22 237.33 - 0.37
6 257.50 250.45 - 2.73
7 279.88 278.70 - 0.42
8 292.76 292.48 - 0.096
9 361.71 364.39 0.74

Table XI DATA RESULTS - CONFIGURATION 8

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 153.70 167.80 9.17
2 177.02 180.41 1.93
3 189.63 191.23 0.86
4 205.21 206.86 0.81
5 230.94 237.50 2.85
6 245.82 251.99 2.52
7 273.73 279.88 2.26
8 281.02 292.36 4.04
9 362.84 363.69 0.25

Table XII DATA RESULTS - CONFIGURATION 9

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 162.02 166.73 2.92
2 177.43 177.77 0.21

3 182.71 191.27 4.69
4 205.64 206.53 0.45
5 237.22 236.48 0.30
6 251.43 251.51 0.044
7 279.51 279.43 - 0.025
8 292.29 281.42 - 3.72

9 361.48 351.59 - 2.74
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configurations, that did not show up at all in the unloaded case. For

example, there was a mode at 202.7 Hz in configuration 3 and one at 201.0 Hz

in configuration 4. However, the author offers the following possible

explanation of this phenomenon: the "extra" mode would have been there

in the unloaded case, but was so close (in frequency) to another mode that

they appeared as one. But these two particular mass loading configurations

simply caused them to be shifted apart sufficiently to make one distinguishable

from the other. This phenomenon is discussed in Richardson (Ref 9) and it

was determined that this is a frequent occurrence in testing of this kind,

in a private conversation with the chief test engineer at the Air Force

Flight Dynamics Laboratory Talmadge (Ref 8). Therefore, the fact that

there was no predicted counterpart for these "extra" modes was not

considered an error on the part of the prediction algorithm.

In summary, the algorithm predicted the mass-loaded natural frequencies

to within a very small amount of error, excluding those unexplainable

occurrences of modal suppression. So, with the exception of those four

cases, the results were quite favorable.
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VI Discussion

General

In 74 of 81 cases the natural frequencies of the panel were predicted

with less than 10% error, and one other was less than 20% error. Of the

remaining six cases, four were the occurrences of complete modal suppression

which the algorithm has no way of predicting. This would become an obvious

shortcoming in the event that this phenomenon occurred on a large number

of occasions for one particular structure. But based on the fact that in

the case of this particular structure it only happened a total of four

times and never occurred more than once for a given mass loaded config-

uration, the event of numerous such occurrences is unlikely. The last

two cases were those of the modal "flip-flopping" in configurations 3 and

6, discussed in the previous chapter. These errors were more than likely

due to three factors:

1. For the purposes of the prediction program, the panel was modelled

as a flat plate of uniform thickness and density, which was the result of

the geometric smearing of the stiffeners discussed earlier.

2. The bi-cubic approximation of the continuous mode shapes were

computed only over the surface area covered by the grid, and not the

entire surface area of the panel. This was due to the fact that only

some and not all of the subroutines employed in this process were capable

of approximating values beyond the boundaries of the gathered data.

3. Addition of the point mass loads caused warping of the mode

shapes. The loaded mode shapes are not exactly the same as the unloaded

ones, and since the unloaded mode shapes are used in the prediction cal-

culations, some error naturally arises.
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The first nine natural frequencies were predicted under nine different

mass loading conditions. Therefore, a broad array of loading conditions

was examined. There does, however, remain some doubt in the author's mind

that this spectrum of mass loading conditions was broad enough to conclude

with any certainty that this method is effective for all arbitrary mass

loading configurations. A careful examination of Table III reveals that

the largest change in any of the loaded natural frequencies was only 18.7%.

(Coincidentally, this was the case with the largest error between measured

and predicted which was equal to 17.24%.) Most of the loaded natural

frequencies were altered by only 5% or less from their unloaded counter-

parts. In light of this, the error margins shown in Tables IV through

XII may not be quite as impressive as they look at first glance. It is

suspected that if the unloaded frequencies were changed by a significantly

greater amount, that these error margins may worsen in direct proportion.

The fact that the loaded frequencies were changed by the small amount

mentioned is directly attributable to the size of the mass loads used.

In defense of this, fairly small mass loads were chosen for two reasons:

1. The panel was suspended from the ceiling by bungy cords in a

configuration somewhere between FREE - FREE and SIMPLY SUPPORTED. Due

to this, it was thought that it would not require large mass loads to

alter the vibration characteristics by an easily measurable amount.

2. On the recommendation of the chief test engineer at AFFDL, who

thought that even the largest mass used in this study might be too large,

the heavier masses that the author originally planned to use were removed

from consideration during this study. In an effort to prove or disprove

the hypothesis that the error was directly related to the amount the

natural frequencies were modified, the author (at the time of this writing)
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returned to the lab and reset-up all the test equipment as shown in Fig 10.

Two new masses of significantly larger size than the others were used in

one test run each. The first, a .259 Kg rectangular hexahedron, was placed

in location 1, denoted configuration 10, as shown in Fig 5. The second,

a .592 Kg solid cylinder, was placed in location 3, denoted configuration 11.

Each was tested in the same manner as that outlined in Chapter III under

"Test Method 3". Then, all the necessary computations were performed on

the computer to yield the predicted natural frequencies and the gathered

data was reduced to yield the actual values. The results of these, along

with the per cent error incurred are included in Tables XIII and XIV.

In order to determine whether or not this additional testing accomplished

what it was hoped, these new results were compared to those found using

the smaller masses in the same locations. The results from configuration 10

were compared to those from configurations 1, 4, and 7 (all masses in

location 1) and the results from configuration 11 were compared to those

from configurations 3, 6, and 9 (all masses in location 3). Unfortunately

even the heavier masses used did not modify the natural frequencies as much

as it was hoped. As a result, this new information was not sufficient to

enable any concrete, indisputable conclusions to be drawn. However, some

valuable information was gleened from it. Comparing the configurations in

the manner stated above, it was seen that for both of these two new cases,

the error margins are generally higher than any of the three other respective

cases for each. Accordingly, most of the natural frequencies were altered

somewhat more than before. This indicated that the accuracy of the algorithm

diminishes hand in hand with increasing magnitude of the mass load with

respect to panel mass. This performance degradation is not a desirable

property, as it means that the algorithm could only be used in cases where
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Table XIII DATA RESULTS - CONFIGURATION 10

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 167.59 ( )
2 173.13 177.72 2.65
3 183.17 189.83 3.64
4 201.09 205.62 2.25
5 239.25 235.45 - 1.59
6 256.05 240.50 - 6.07
7 280.42 270.96 - 3.37
8 293.71 291.91 - 0.61
9 332.18 362.07 9.00

Table XIV DATA RESULTS - CONFIGURATION 11

MODE ACTUAL FREQUENCY PREDICTED FREQUENCY PERCENT ERROR

1 ( ) 162.03 ( )
2 170.25 167.20 - 1.79
3 180.18 190.86 5.92
4 208.42 200.81 3.65
5 239.42 229.67 - 4.07
6 252.90 241.59 - 4.47
7 280.23 273.83 - 2.28
8 293.11 236.81 -19.21
9 311.41 295.48 - 5.12
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the mass loads are relatively small, such that they cause little change in

the natural frequencies. This area needs to be examined in relation to

the forced response, to discover how much error will result in calculating

the predicted forced response for a given amount of error in the prediction

of the natural frequencies. Such an examination would yield a yardstick for

determining how much error in the natural frequencies is acceptable. This

is discussed briefly in the section that follows.

Forced Response

This section develops a method of calculating the Power Spectrum of the

forced response for a hypothetical case where the forcing function is a

white noise process. Then, since comparing two power spectra to determine

any error incurred would require plotting in 4 - dimensions, the RMS (Root

Mean Square) value of the forced response is calculated, giving a good

indicator of the overall difference between two forced responses. A "best

case" and "worst case" error model is then examined for a constant error

in all predicted natural frequencies. It should be noted here that no

comparison of the actual versus predicted forced response could be done

during the course of this study due to the manner in which the experimental

testing was conducted. The force input excitation finally used after

encountering the problems outlined in Chapter III of this study was fifteen

impulse excitations of random strength and location. Since these inputs

were not one of the parameters measured (response at two points, reference

and one data point, were measured) there was no known way to calculate the

actual system transfer function or to compute statistical information (such

as the Powor Spectrum) of the input. Without this information, the

experimental forced response could not be computed and therefore could

not be compared to any predicted forced response.
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n MoNof (x y )f * (x,y)
Sw(X,y, ) = ({ O i }

j=l (W2 -W2 ) 2 +(. lwwj) 2  (26c)

d. Integrate over all frequencies to yield the RMS value of the

responses (also called average power):

E{x(t)Y(t)) - R (o)
xy

n " N 4 .(x ,y)0 xy
R (o)=fE I'Y)Lo' I du- ,J, (w_ 2-)w2) + (.lu) 2

n CO dw
(x j O*'~y0 ) ~(x~y)M 0N 0  CO (w 2-.w2)2+ (.lwwj) 2

n

= M MN (x y) (X'y Ijl (O'Yo) 01 4(. l)w
nj

goNo z Oj(x,yo) 0,(xy)

R (o) - (1.5lMN o ) E 0
Ky 0 J.I 2 (27)

Error Model

a. Worst case. The worst error was in configuration 11, and it was

-19.21.. So, if it is assumed that all predicted frequencies are 20% low:

let n=9 as in this study 9 (x-0) 0 1
R (o)9 .5 M oN E o

) 0 J
xy oo j= (.8 Wj) 2

9 *(X y)o(x.y)
1.5w M N E 0

oo J=l 64w 2
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Development. From Bogdanoff (Ref 1) we have:
n

S (x,yW) - Z {[ilYp(xy)Oj(x.y)dxdy Si(O).(x~y)]IH(w)I2} (25)
V ji 00

where: P(xy) - panel loading as a function of x and y

S1(x,y) = unloaded mode shapes

S i(w) Power Spectrum the Forced Input

H(w) System Transfer Function

n - number of modes being considered

S (x,y,w) = Power Spectrum of the response as a function of x, y, and
w frequency

a. Substituting in expression for the System Transfer Function:

R(w) = 1

W 2-W+2j Wj

where wj panel natural frequencies

damping factor chosen = .05
baU frp (x,y) (x,y) dxdyS_ (Wo (x,y)= Z {°° i. ..

= (w2  - w2)2 + (2(.05)ww )2 (26a)

b. Substitute in expression for Panel Loading and Integrate:

for point mass loading:

P(x,y) = M 6(X ,y )
0 0

where mo = magnitude of mass load

8 - dirac delta function

Sw(x,y,W) = E Ol j(x0 -_ (26b)

(W2_7)2+ (0.1 WWj)

c. Modelling random noise input as a white noise process:

S () - N°
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L {.5M N 9 1 (x 0y 0 (xy)
.64 OojL ij

11 R (o)

.64 xy correct

f 1.563 R (o)

xy correct

Therefore, if the natural frequencies were all predicted 20% below their

true values, the predicted RMS value of the response is 56.3% higher than

the true value (note that this discounts any error that is a result of

mode shape warping due to the mass load which will result because unloaded

mode shapes are used in this prediction). This amoutt of error is

obviously unacceptable.

b. Best case. Again, looking at configuration 11, the smallest error

incurred was -1.79%. Therefore, assuming that the predictions are all

only 2% low:
9 i(X02o'y ) o j (x,y)

9 4(x ,ly XY

R1(O)=l.5 M N E 0 0O o j=1 (.98w )2

9 9 (xo ,y o  0 (xjy)

S- {1.5n M N Z
.96 o o j 96

I R (o)
S96 xy correct

-1.042 R (0)
xy correct
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This time only a 4.2% error results which for most applications would be

an acceptable value.

c. General Result

E= I 1 lxlOO}% (28)(l+C) 2

E = overall error in the prediction of RMS value of response

C = % error of natural frequency predictions expressed as a decimal

Note that this hold only if all predictions are in error by the same

amount and all are either high or low. If any of these conditions do

not hold, then Eq (24) must be solved implicitly to determine the exact

error (requires a computer program, as the calculation involves operations

on 3-dimensional mode shapes). It is also important to notice that in

the most of the 11 configurations finally tested, some of the errors are

positive, and some are negative. In cases like that, some large errors

may be acceptable as they will have a cancelling effect if the signs are

opposite from one another.

Using this "yardstick!' to examine the error in the output forced

response of the nine original configurations, the two worst cases would

be 6 (all errors negative - i.e., all predictions low) and 8 (all errors

positive'.

i. Configuration 6. The highest errors were -7.21, and -6.11, but

these occurred on the two highest order modes where the magnitude of the

natural frequencies lessens their importance in the summation (24).

Therefore,' consider the average error = -2.88% (simply an algebraic

average of all the errors in configuration 6).
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E. [ 1 -1x (100)
(1-.0288)2

- 6.011 %

which is an acceptable error.

ii. Configuration 8. Here the largest error = 9.17% and is on the

first or most important term so to yield an indication of what to expect

a weighted average is computed by doubling this worst error. Now average

error = +4.17%

E= [ 1 -1]x (100)
(1 + .0417)

= -7.846%

which is also acceptable.

One must remember that these are only good indications of what the actual

error would be. Since all the errors are differenct, Eq (27) must be

solved implicitly to find exact error. However, these figures provide

a reliable figure upon which some conclusions can be made. These are

discussed in the section that follows. It is also important not to forget

that these calculations determine only the error resulting from the inexact

predictions of the natural frequencies, and do not consider those due to

mode shape warping. This error can only be found by comparing the pre-

dicted forced response, and the experimentally determined one. As was

discussed earlier, this was not possible during the course of this study,

and must be left to future research. Also, from an examination of Eq (27)

it must be noted that since the first mode is divided by the lowest number

(lowest frequency) its suppression is likely to have significant effect
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on the forced response which will cause a large error in the prediction

as the algorithm does not predict its disappearance. Exactly how large

this error is, must also be left to future studies.
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VII Conclusions & Recommendations

Conclusions

The following conclusions can be stated regarding the use of the

algorithm as a means of predicting mass loaded natural frequencies of

complex structures:

1) The algorithm is both effective and accurate for predicting the

mass loaded natural frequencies when the lumped masses are of the same

relative magnitudes as those used during the course of this study (up

to 20% of total panel mass).

2) On the basis of the forced response error model calculations the

algorithm also yields acceptably small errors in estimating the forced

response.

3) Some mass loading configurations cause the suppression of the

first mode which will have a significant effect both on the forced response

of the structure and on the error of the prediction.

4) Results indicate that as the relative magnitudes of the mass

loads increase so do the errors in predicting the natural frequencies

and therefore the forced response. So, the applications of the algorithm

are limited to comparatively small loads.

5) The rate at which these errors increase seems to depend not only

upon the magnitude of the added mass, but also on its location on the panel

surface and radii of gyration. This is borne out by the fact that in the

case of the rectangular 259 Kg mass errors increased in almost exactly

direct proportion to the increase in mass, but for the cylindrical

.592 Kg mass, the average error increased at only slightly greater than

half the rate of increasing mass.
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Recommendations

It is recommended that further studies be conducted to determine the

following:

1) An exact measure of the accuracy of this method as a means of

predicting the forced response of complex structures, and the effect of

suppressed modes. To accomplish this, a different test method than the

one finally employed here should be used. There are two recommended test

procedures outlined in Appendix F. Both are capable of supplying all

information necessary to compute the experimental force response.

Briefly, these methods are:

a. Use exactly the same test procedure as was outlined earlier

under Test Method 1, but with a new data processing method (called "Overlap

Processing") that was not available at the time of this study.

b. A classic approach using an impulse hammer with a force gauge

to measure the input force, and an accelerometer to measure output response.

The Fourier analyzer does all data processing.

Once the experimental response has been computed, the predicted force

response can be calculated using the development given in the previous

Chapter, and then the two can be compared. In these future tests, it is

also suggested the grid layout of accelerometer locations be extended to

the edges of the test specimen. This will eliminate the error incurred by

excluding the edges of the panel from the bi-cubic spline continuous mode

shape calculations, as discussed in the previous chapter.

2) The limitations, in terms of the relative magnitudes of the mass

loads on the capability of the algorithm to predict the natural frequencies

to within acceptable errors. In other words, since indications are that
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the accuracy of the algorithm decreases as the size of the mass loads is

increased, there is a limit to the algorithm's effectiveness. Beyond this

limit, a different method will have to be used.
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Appendix A

Plots of Power Spectral Densities for Unloaded Case

Fig. A-i PSD Plot - Point (1,1)

Fig. A-2 PSD Plot - Point (1,2)

Fig. A-3 PSD Plot - Point (1,3)
Fig. A-4 PSD Plot - Point (1,4)

Fig. A-5 PSD Plot - Point (1,5)

Fig. A-6 PSD Plot - Point (2,1)

Fig. A-7 PSD Plot - Point (2,2)

Fig. A-8 PSD Plot - Point (2,3)

Fig. A-9 PSD Plot - Point (2,4)

Fig. A-10 PSD Plot - Point (2,5)

Fig. A-11 PSD Plot - Point (3,1)

Fig. A-12 PSD Plot - Point (3,2)

Fig. A-13 PSD Plot - Point (3,3)

Fig. A-14 PSD Plot - Point (3,4)

Fig. A-15 PSD Plot - Point (3,5)

Fig. A-16 PSD Plot - Point (4,1)

Fig. A-17 PSD Plot - Point (4,2)

Fig. A-18 PSD Plot - Point (4,3)

Fig. A-19 PSD Plot - Point (4,4)

Fig. A-20 PSD Plot - Point (4,5)

Fig. A-21 PSD Plot - Point (5,1)

Fig. A-22 PSD Plot - Point (5,2)

Fig. A-23 PSD Plot - Point (5,3)

Fig. A-24 PSD Plot - Point (5,4)

Fig. A-25 PSD Plot - Point (5,5)
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Appendix B

Discrete Mode Shape Plots - Unloaded Case

Fig. B-i Discrete Mode Shape - Mode 1

Fig. B-2 Discrete Mode Shape - Mode 2

Fig. B-3 Discrete Mode Shape - Mode 3

Fig. B-4 Discrete Mode Shape - Mode 4

Fig. B-5 Discrete Mode Shape - Mode 5

Fig. B-6 Discrete Mode Shape - Mode 6

Fig. B-7 Discrete Mode Shape - Mode 7

Fig. B-8 Discrete Mode Shape - Mode 8

Fig. B-9 Discrete Mode Shape - Mode 9
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2 .5 71 7 .00 12 - 17 .Coe 22 .2'13 -1. OCIO el .0,- ii -.". I M 2-2 .112

- 2 - '.12 9 -.., i .0". !9 -.I 21 .127
5 -. %" 10 .01 .: 2C ! 25 -. 253

.'"... .. .. .. . . . " ,6 . . . ... 1 2

. ". ............. .

.. .. . .... .................. x "l 2 .... ........... X ! 2 ............... .T2 2"

1.. ...... .1 ...

5 . .. 

Fig. B-3 Discrete Mode Shape Mode 3
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CONFILGRURT[I /0 0 MODE 1 L FREQUENCY 207.3

VEC ,CG1s

I -. B42 8 --.192 1! -. 151 16 -.220 21 -.330
2 -.501 7 -. i25 12 -. 0?5 17 -. 122 22 -.464
3 1.0:0 O, .I P IS ..5 16 .125 22 .5350
I .579 .10 1 .05.$ 19 .135 24 .317
5 . 13 10 -.2 , 15 -. 17; 20 -. 3%9 25 .35,4

. . . ............ .......... .I

j .... 1
.. .... .. ... ........ ... ....f . ...... ..... .. .t . ..... ... .. , .... ...... 2

t c . ... . . . . .Y . '° ... ......

.. ..........
.•5. . ~? .. 125

Fig. Bz-4 Discrete Mode Shape - Mode 4
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CO~IGJRTEC~iFJ MZr iS FEuNCY 237.7

1 .3 9 6 -. 2:.5 1 15 -. 27. 1 .1

1 . .... .... 2 .. .....11'7.. .... ...%2 .

......... ... ...Al

.~~ ..... f 52

Fig. B-5 -Discrete Mode Shape -Mode 5
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CONFIGU 1RTI*., 6 FrEOLENCY 252. 1

VECT -,3S

I -.I-9 . --.!179 11 -. !£5 16 -.%'.q 21 -.137)

2 -1.CP3 . .Gs' .2 .022 17 .03 1 22 -.20e3-*.. E8 -.,150 j5-.v.,. 16 -.. ,-. 23 -.229
.. 9 -. 2 -. ' . 19 -. i 2C 2:. .318

5 .15.. .-.5.5 15 -.25. .2.' -. .%: .. 25 ...2

. . . . . ............... 2... ... ......

. .. ........... .. ... - ... ...

*7 . •

. . . . . • . ..

. . .. .....

° ...

Fig. B.-6 Discrete Mode Shape -Mode 6
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CCi:. IGURRTIC,'.' C MC'E 7 FREOU£NCY 2KC.0

VECTZ: :

1 7 7 -.232 11 16 -2? 2: ..362
2 .5-' 7 .22s 1 1. 7 1 2

H 3 -$.$ . , -. I. -. " . -. ..:' r -.8l

S~-. -. 11 ,r .... 2. 12 - .C: &&. -.3:,

11

. ., '

..- I< .. ... ." i l ... ..." .... ......... ." ' " ... .... .. ... . .. .... ..

• .

.[ ... .... .., ... ... .. .. I ... ...... f ... ..... T ........... 3

5 ............ .. !*G" .

Fig. B-7 Discrete Mode Shape - Mode 7
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CG3rFiGURRTIU': / 0 MODE 8 FREJEJCY 292.8

VE C T VSI

1 .211 6 .125 11 .105 16 .125 21 .2-19
2 7 -10~ 12 0 17 9. 5

3 -. C , .~ -.4 Z*-C.1 2 .5-"

5 .763 10 .17k 15 .1$ 2w' .5; 25.

iT, ....... . . ............f.. .......

J 1 ... ... . .....

......... ......... * .. 1...
.. . . . .. . . . . . .. . . . . . .... ..... 2

.. .. .... t * R

Fig. B-8 Discrete Mode Shape -Mode 8
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.GNFIGUPRT[LO ; f 0 0ZDE , S F-E,.]JENC) 365.O

VECTUSt

I -. 547 - -. 9 1 -. 1215 16 -. 2^) 2! .292
2 23 .7 . " UN -.2 17 -. C4 22 -. 2K
3 .202 8 -. ,5 1. -.:' 7 16 -,10 23 -.2 5
1 -. 557 9 -. N\3 14. .25" 1. .%35 24 -N . JO

3 -.. g6 10 .i " . . 20 .257 25 -. ,.,

Fj .. ... .. .. !I .............. I I' ... ... ..... .... 2 3 . ...... ....... 2
.. ....... . ........ .. 22

.. ~ • - . 2 -

5 ... . ....... .

fi .. ... .. .. ,2 ... .Q ... ... I,

Fig. B-9. Discrete Mode Shape - Mode 9

99



Appendix C

Continuous Mode Shape Plots

Fig. C-i (a) View 1 - Mode 1 - Unloaded

(b) View 2 - Mode l - Unloaded

Fig. C-2 (a) View 1 - Mode 2 - Unloaded

(b) View 2 - Mode 2 - Unloaded

Fig. C-3 (a) View 1 - Mode 3 - Unloaded

(b) View 2 - Mode 3 - Unloaded

Fig. C-4 (a) View 1 - Mode 4 - Unloaded

(b) View 2 - Mode 4 - Unloaded

Fig. C-5 (a) View I - Mode 5 - Unloaded

(b) View 2 - Mode 5 - Unloaded

Fig. C-6 (a) View I - Mode 6 - Unloaded

(b) View 2 - Mode 6 - Unloaded

Fig. C-7 (a) View I - Mode 7 - Unloaded

(b) View 2 - Mode 7 - Unloaded

Fig. C-8 (a) View 1 - Mode 8 - Unloaded

(b) View 1 - Mode 8 - Unloaded

Fig. C-9 (a) View 1 - Mode 9 - Unloaded

(b) View 2 - Mode 9 - Unloaded

Fig. C-10(a) View 1 - Mode at 238.22 Hz - Configuration 6

(b) View 2 - Mode at 238.22 Hz

Fig. C-ll(a) View I - Mode at 257.2 Hz - Configuration 7

(b) View 2 - Mode at 257.2 Hz
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(a) RIB STIrFENED PF*IEL MODE SHAPE UNLOnDED

(b) Rif! STI!fTENED PANEL MODE SHnPE UNLOADUL)

Fig. C-1 (a) View 1 -Mode 1; (b) View 2 -Mode 1 (167.93 Hz)



(a) RIB STIFFLNEfJ PANEL MODE SHAPE UNLOADED

(bR RIB 13T IFTNED PANEL MODE SHAPE UNLOnIO

Fig. C-2 (a) View 1 -Mode 2; (b) View 2 - ode 2 (180.50 Hz)



(a) RIB STIFFENED PANEL MODE SHAPE UNLOADED

(b) RIB STI FENED PANEL MODE SHAPE UNLOADED

Fig. C-3 (a) View 1 M ode 3; (b) View 2 M ode 3 (191.22 Rz)
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(a) RIB ST I FrEND PFOCL "IDE SHAPE UNLOAD

(b) RIB STIF'rENCD PANEL MODE SHAPC UNLOnDED

Fig. C-4 (a) View 1I Mode 4; (b) View 2 -Mode 4 (207.31 liz)
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RIB STIEFENI) PAWIL PlOfC SHAPE UNLOADJED

(b) RIS S)TIFFENED PANEL MODE SHAPE UNLORDCt)

0.25

Fig. C-5 (a) View 1 M Iode 5; (b) View 2 -Mode 5 (237.74 Hz)
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(a) RIB STIrFENED PRNEL MODE SHAPE UNLOADED

(b) P18 ', TIFFENED PANEL MODE SHRPC UNLOADED

Fig. C-6 (a) View 1 M ode 6; (b) View 2 -Mode 6 (252.12 Hz)
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(a) RILI ST[F"T.NFI PANEL MOOF 5HRPE UNLOflUED

(b) RIB STIFFENED PANEL MODE SHAPE UNLOADED

Fig. C-7 (a) View 1 -Mode 7; (b) View 2 -Mode 7 (280.02 Kz)
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(a) RIB STIFFENED PANEL MIODE SHAPE UNLOADED

(b) RIBA ST I FTEED PANEL. MOU1C SW-fP[ UNLDRUED

Fig. C-8 (a) View 1 -Mode 8; (b) View 1 -Mode 8 (292.77 Hz)
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(a) RIO STIFFENCD PANJEL mODE SHAPE uNLoROD

(b) RIB STIflTNED PANEL MODE SHAPE UNLOADED

Fig. C-9 (a) View 1 - ode 9; (b) View 2 M ode 9 (365.00 Hz)
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(b) L 1 STirrCED PANCL MODE SHRPC

Fig. C-10 (a) View 1I Mode at 238.22 Hz -Configuration 6

(b) View 2 -Mode at 238.22 Hlz -Configuration 6



(a) RIB STtrrENEQ PANEL MODE SHAPE

(b) RIB sTIrrENED PRNEL MODE SHAPE

g 1 1.i g

Fig. C-li (a) View 1 - Mode at 257.2 Hz - Configuration 7

(b) View 2 - Mode at 257.2 Hz - Configuration 7
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Appendix D

Computer.Program L-istings
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IF 1or 4 .IO r L *unr rCa II CIFGi ta sn~u
C 14WS 13IA.

C Nlfl.c hI jAPClr 4A?".AL r k P1!.IfSO! 4to,:o rwA..*,

C TO -_eo p NIn.oI4". 1,54Cq i.r WI 7'I I Al IC 573* " AS TAKENI.
C I #, " V I ,*jm - r.110 -oIS 10l 1 AN. I CIACICOA"S RI;S*CCOCELV.

t wie~(,,~O.O rp If 1* 5641) Y OCIRIIS Os 41 WHCH VAL.UES
C or DI, E ,tuICC r ir ARCt Cks.I'.
C NO I ,u ICCIIR j' I, rHI,,s*AV.eA6 16-,5 lroct

C !.lU'iII1 OqCU.
is u O'Ll-SN 144r'PP'6,l

C A1.AVCA VEctOt O LENGD4"S ",' I,,AI5013IYI .llU

C F.10I "Y y ArICC III "INCOION va.69cl.

16 ~ ADA.AO4Rm w~lrO' DeO Crv!3 ik I ItIt6~l6 . I~,NV-.It 1.UY3,OR S~I9OUjI0i

C oILi. JICALLED Of or-IS I OLCJPZ3 SPLINF 1lrCAPQL~AfOefl
III IIEVS ul rc D61I6 #PSlkI-.CIsl
Ah,P'6IPAIIEI. OI IICWIf I"4 x Aum IF otA 00641 RrSPCErK VE~LYINEI&ORSI ,
col,R.N/PARMIONf INMI..

o (.MODULI'S Or SLAMoCOM,.r-ANEL tHoeRdSft, INV. YOUNG-$ KOOIR.USqRHO* 4

Cqh4c N/.f4iDS~', A0 ASPLIW

C CI.EI. LDCoCD 1 'I'0 A-CEOJ ma~s,j Cf-f Lt.At2ot or ADOLO IIAS.6,CDCM. '

11 'A LC' CIf AOFJ j M ";,.LD.OINIERVA VI.1 it 1 0 1M 0 9IECOTI Lr LATKOK
C or ~oa ASS LL?.C6'EIE&L I64 I 01364Of L(f&ILO Of 10010 KSS.

or ACCKJIIN L 4

C'Jp P A.1J ACI

AIAt$

DI.,"'a

RI I

01 Re L'~ll
'Si v NCO IJ1W

IF il .1

A 1.Nit



tPt uit-ot

4.0 t, III
IIItoSt C011411

.1 ~ 00 lL& JJ.t2i

i Il IT 98?

J4C.IrId.L.i.Vt. 116 0 7

LU.IY
L IT :7

C. th tLul iE 2-o ftlrw%'IC 'PL1N1 7":IM
IICAL OICJE',PWNXYt~,IL,,Wti7

C tALCI.lLAT# MIXED PARTLt. OqIlVA1IS Of BI.UBIC SPLINE4 VRof LU0SE
o NA!,S AND PAtL.

CALL UPCEYVU1. "I,E, To O ,L1.1 ,C9 :DRE#N'CORE Y,rPOS, I9)
C r.. XIP I~ta R o.''hi SPLINE crrvIcIENS.

as C rOS IS 1714 Or 1. C0141110ING0 01.7 EVA.1.0111 PICU1411 551.11
o 61U1,W) &NO4 ITS MNTI' PPSTIAL 1VAVSIOEET.t.SE.

C /,USIO llD.JSfYPSA.4//,PtI0/Wlp.E
?I C 4 ISDL/.

.Sill, EJI.1.D3 ElI

Olga, *ov*

.L 1 11 .

k. l t1o. 1 10 4

lIA I WoI AtI IC :rEL LI) RT!PTANGLE

3* OITOAU

CU 1 l - -o

IT r !S.I/,x'C7:p t

CaJ I.14 I31It.712'1 3
1 o3 i . I P

.141up

114



111t ~w .s4t I t I I f:) 01PIVI 4
IPf~rl/S, Y.T U ,

9.14U ,64, * le1 1 E 1 1

I A 4tI.It 10
VAIaOri *1,0 11,.
"A I A

1 ( VIPt II,
MA1

*1A I 0 (j 1 P

fill c - 2

DIi I0*1 iP 5 1.1tttlb

Oil s p J. t ,lI1* /- . It- 1. . L 1 3.44

BAIA

PA1A (CIISP 4. 1,'1 6? 2' 1 / 130,.tpS.J . 3I117 S /

,A, -0*1 0. ;:,!#~7, (6

114 011 kO t t

044

DAI Cl 115



in #tit& Ca

a, i

A, * *aapi ...

V62E-j 4 .WI4it.

:CC III- J * *t11441*
LUI 0 tarU60

LLCFE4 arpn-4

tos . c r..jl.StC4

totlf .tIcZEAS.331f4

itsi

*1411 1 rnwHWE4114o

14.2,07L41,6

Al .. 11TS..m *ttii

fi .1'462 *S3Fa

*ott Ap32or6*?n.

-6ts16Wf .013!1,4014

LII *eF::
lUi 4~

.911,K,

*.*eqt LIcuwisnauae ~ 116



CORE * i.W.6190

Li .L to t1

Lit * tr-a

pg- $I*1 E1

**~~~?'4i:~rt If, q&~GM ttN I~if

APIPtIi .14*.564644

*tIV Ie4
eaREV Ztlr~of#

*,,Ssgt t

is *iu- .m "Nlou .

CCCII LI "AS .114434 Stlrl(

:?oktw-g J*av"E .1.

.ILP V1,

CORE" S II C10ooFCIp# tiMIEI

.'1614 6 .2606II64

666t6o9f OR

50117



Li *

IV 16t 13 .t~lGPRtsllI..,I..

All * akii..Ie

LLt toI

.16211AF611

12 .1O*'2Zt 46.1Z3 8

C411011112 - .10§20' 11ol

Li

911O,460 toilettll$

.w ..s t ....



It C 41S P&OW.RtN iOLVrS 1 11 INC AP-I)tII0E LLJAI1r "Usu"Aa ritiULIeCzS.'

Con %Ilt. E VL~uT I) ' L [IG I Hvta X II 3.1 TYI 'erAsu1..euVlm
C IOL~1UOICAIAUfO 9- IfA-I$ A 91rPI'C SPIIL INICH0,PLATOR).

DINISION rRE1191
Olt(1 Slott GHIIII1

S 1.91 In. MUOIT Or l4ATI*-tAI rREOVEW.kIS 4tlHG EXAMINED.
01041 Sl5' ODHIlt.lI~bH CSPLTIII90.4H

c C-11 P.AIRCI. *:.II411mr SPLINE CfrfrzClclats.
C C0Itf?.*tI!I4MS4 i.11.4'n. 0o f,410 PVtrtt AT WHICH DATA HAS ZAREN.

RII VINT0 ) NItiH. av.0 r.PTD PU1S INI 9 AND I DI'ECIIIIS 4J.CIVELY.

C r,.w01 Y MrCI orrI.~low vMt.

C U I,%.UTI I Ifi o.

C A *1.0 Ui orA a," .1; meTICfK1PI rCkZI(4~~

c 10h;Ui 1"14. POLL04:H: 011A FOR :A:4 4001 0t A OPZiUimAT IONS TESTED$ /
30 94 SIIFPIS G

DA I 4 /.41.0 r ) t

6IT IS,.I4JtvI~
99 ? COTIU

NC14 06414 4,v6

CU 11 111EN210 F174NTOI

so& t V

1204 CoNIIPUH
923 CU NTINlIK

thi Llv.JJJ- .4

C.44.111119



916*tA4 10 F.I1%1. 0--1 rilld.I .0J1,11, 0.9ilosi

to Y, 31-1.k

CS CI"INII,lhjJI-CItIJ

it t~1lb

1* O o I' Mls.e 310
'145 01 Ip ISP, 0 .IPRfiIlI*

1.2 PIATllL,3t68

'No

st"'PI OR Pit *ciNCP. lIT?. 041- PTO .. 16-mob UI11lIb l. J97.11

' 1415 SU9;,UI~tIIt I-PU1rS VALlt- or PSiE jhhiILE- reflUipto Ato glIEit
C SOLVe S IRE EITEililLtJr rpotf. Po; "It ILIAL0 WMIVAL . EOUCKiILS.

SIJPFDU1.4 14G W I,r% 0t C,A41S,VAL I VfCCP*OII.NO .4S,L tLTI
to IM " IPA *A I A , v p

P Oflo.l ANA jS1, -in#, VALIM01 3l, 1,.1191,VFI( 0hb1 r*tl 1014
DI ll oh GAO1 Gl103,4IN01

twll ,P.owP4Z* .6 R IXWPIlDW'P4OWAhII* Ij P14IDY. .

itiilov
DAiAS! Ikilhl 3IKIlit I ~lIGIIciCCsiL
W. Or RK.1.10
lIt 16.!.G 160TO 2F

CAIL S~CLil~66,APuI~2,~V2

IDVPillC lC~

CALL IISIIGING4. ll AIS$# INOvAL,Ci 40kyj
2400 it I-Itwo

00 It J-101)

CIR)II~ ILISb I 103 IUtI P- rift IIGL.ALb 1.11;%LVIC9

I ilull OFU1111!O -wullrSP N3llf,4

W0 if 1-10.4
Do UI J01#4

to L AILLRI.ft "11,O -A.A OUTSVAtiffT Of us ICu SPu'IO& SPPROXIMATEO
c NILt SHAPES.

CALL TCVIIl11,YlVLe,,iIIS
C PUs jS A vfCiTIT it or tmc 6 COMIILNG 141 tVILUALO PZCIJIZC SPLINT

a SILJ,VO £140 ITS ilIXCU PPkljtLL 1qTAIEEOI.INTIPIZ.

01410T.403 131

to to Cols mm

120



24~ ~CA 0S IVII 1.1l,"1*I3". Z, ,,4b.1*3"

DT~A1 It p(,LtI.I-i, V$i.J ,.3*I-.^. 15,.P6 .
4

1 '01

44CiA 

0*P 40pe5,..11 /.0.I,0kA~*. I

DATA OKOSSI3.I 1l', 9-5 1fl-.( 13,., .~*I .3p21

ii 31*1* DATA ~ I.ll I2,2-.7* l,. -4
DAAKM1N101#
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iAta

AVe

1 SW&SoE aSLTO Ohltf#Os .IISU1lbs 6117419484* 4ME41toSL .3§25941i&St .%TA9 .ll39tb,

COIPUOM~34 ijqI

LOOM~ PLtE thdAMOOSh

In, 1"

Ali.

title
CON,! wPAy!11tUIVv a

L0010 Pt.&E VNEOR it1

AVgd Mta1

IN

to

COM~IoUffAtlaqdNtti4 2

122 _ _ _



* .2 ill.1991!0

49 *91.st-1600,

II *.1qt'lt.@li .h1Sdai4&, WWEitS 66, 0*3b91im, .15SKI4IO*StiE*. at* ..U S to~b .*sisloss

.1 *;-Pf4Sve

Ws""S,.s~tt,423%~,##36tD,#.FSE6 ils6

*Aa

2p .0f49

5* *.1 t-t

.1 :t, $E6Ii. * 47 6 .11 tili *.4v996%1411696 1pf!6) ti. 6t 14l1~

is * 119~ ' tui~t za.r.*38ti, 1Ii'~ "U.Ii. ~,5Cg.*It9~

"Nb121



An

at * 4eU-j

It A .2fle-s.

LOA-)t b. L~t e sf*k

* *j ". s I 4
Oh * nwe-3. ~e~,3 .~ze~., 1E~f~u .zb9E~, jf*,tii ~ .~eg9g

Am

tost

too *0.8tA ' E M tfsil 12i-3 1sE.0 kv*I-f

ks -W* 49 69*t*P'-HTS410A62ot.bt.Ptft~( .,~b-(, .I4%A

ltk* .iS-A

SN rtu~y * pi,,.stUim.et ~ ~ ,*ai#..***.~ *~.Ci,.FtL.g iii~.

LO A PL* RiaTIEIS.

.53tltl A.~l~l 4969M1
03 3.4~A'to,*i3~..t&n, *4.Etes fleI'S *9r-186tiES6*j9t* . ,1fe..& 14,

.9052110C4.
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SO~tA l.&" ;./1. * 1$. P1. .. 1 01 A in It-it.

C 1411 .i'. UALI-.4' *.Ilk rfE-I.LMO P aIprml Atoll r.LvIrRALIFP
c StjrreF ' II oI~ r 1.-64 1 OE~ rOk AD Poory COvrlcu.,t .I4S AS THE US'A4
C MIMSII DAYS.

FlvtIIAf W1411Ortl *iftlnPUT sIAPEAINAMU?v Ixr£.OPUI -LfILS.JI

C PIIIWI, wl-q9: PH r ,ev* IM r??tIat (SI S 1.0 I.C t bll l~oPFIIEY
SW Dliii $~01U111 tP. 11 '. .III,1,1 HiIZI

Co r OIIIOP~ T11I.* or P/tILS 1)4t5 At -HICLlon f A W C TAKEN.

C or Ilf diItc~ FoLIuIE ARE IIESIRI

I'l orroUUI "E 0.IsI OI'Lj.1,1 WAIP/1':rS5#S3,PDSPI
o KWt Vt1(10 -I! Lr 14 tAMPS, ill 4sI (yit-3. I.Sl,.S2jNf3.rolk

SC $iVIiUIhIE 19/SC J.
c P/PD MYT 141 MlIPW OP PIICTION 14.1106

20 C ol ,, w RK VECTOR orLt~iPA~ftI~pSPI 31111 .r0- Sunltovrgmt
C 111 tUICILL1O W 5111 A SJ8OSPLI4E SIE..kPOLIIDR%.

C t.optuS or ELAiTCZTYT.PIIEL IAIVC IW.OUCIWOWLUSBWD.
C PAifIL LIEISIII.

to," k/'1o1I,:DO1 4 IT jrPLIW1
"Pli ILS1I/OAt 91A 4,0SF , C OREXCOWQYpCDOhf"ti1§tt

36 C t/ IT.1 LOC&I 104 or AnrqU m4I,S,rTtlEf.y toASDW or Lpot SPAS1,COtfW.
C VSLUI. UF AN13E 49StLLI~cIIluIAL OPl ;RIO IN IT OI&MI~Olg Of L3CAIIOM
C Or 'MOF It 1 A11S.L.1IFCFrVAL 1.6 1 1111/j50W Of LICIIION Of ADDED MASS.

114 A 1, ',I.N'1,411.1- 092, 0 04#1111,1

SI~~~~~~~i . IM's IIISp~.316.,P~.9.~~~p~.pl..H.,W

IGStot.1GItill00

0101.1.

6r.n 'TO.

1CIL) 'PA 10
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09 tome it.1.14N

hIbf4 LI-1l1

r(4 It. P71

921 Do0u145 J1,1tV
1.4(1 A1,1 ls.JJ2.1Y

IFlt*J.lQ.LX.A.0.CV.E4.LVIC0 TO TO

LU .L.

C CALCK'AFI Z-0 DICISIZC P5IIiC W0IS2IS.

15 ~ ~ L Cii 1'CJ,I, , 41 AI4
1
1,fC.'?1

C CALVlA. FI'W.O PNO,,I1?, DESCYV,:Otc 3f F4 NR3 O LNE

C I'I il OhL4ISF1-1. CIE111CIE "IS.

C OLO,OYA1ITS'fXV, PM

lf 11 CI. %LL ,BVUI,I,Y,4v o ItYecG1 061PPIS0 ilft$

t, v1.11 ciJf PD%0I.

90 . . ;'J) -Y16

I* '.~i to, 1
C A . % (1 I I ZI1T t o ; y

91 C . a'LLU IF tlL v.t I'C!"1 ILu6Dlt)c-.blPUIE bo0hJINTEGRAL USING0
C N4 1Lb AL 11CLI3C M111IE iNIW(L05404A RiCISIIGLT IL.1413V11.4
C _J" 'tI ( TC ME l, OMEC FOR1 I"? LU-PE0 4ASSAIICP RSI.4.S gIN 5(SU4TIIIN

C IT 01I9.LE I'U&Nrifr1ltT.6ULS'.

1111 *IR I

4 IE I)
C 101,PJIL CCIEIPIO~ MIES.

fliiwiil-R401T2l" #CORR
I'.I C £§1FUlt GEUEU1.LF0 S IFFNES.

tie 4.1 '
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-A0 SLO&D .fl 01.1 TWA 4..1p* t./tlfA 0t.92.14

Up111."l t.

CALL SUMPLI.t

AL I ITIlTa4-I
CA LL ". I LI. t5I.'8

iSCALL 111L AA.Zr,1P.Z5 Vir.AD "~?-)F U lolg

All C ('11,05E VIEW Plli r-toI V.4C" 83114 VIEW PLOT.
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Apejnd ixE
Miscellaneous Iformation

Fig- E-1 Sample Transfer Function Plot -Method 1

Fig- E-2 Sample Phase Plot - Methodl

Fig- E-3 Sample Radii of Gyration Calculation
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Appendix F

Recommended Testing Procedures

There are two test methods that would lend themselves well to a study

seeking to determine both the accuracy of the algorithm in predicting

loaded natural frequencies, and the mass loaded forced response. The choice

of methods is largely the user's, but will also be dependent upon the

capabilities of the data processing unit, as the second method covered

here requires knowledge of a very new procedure.

Procedure 1

This one is a very classical approach, but supplies the exact

information required, and is simple to set up and use. The test specimen

could be configured as desired and as fine a grid as is judged necessary

must be laid out on the panel surface. Then, with accelerometers in the

proper locations, the panel is excited by striking it with a hammer at

a single point. The inputs to the HP 5451B (which is capable of performing

all necessary data processing), are the amplified output of one of the

accelerometers, and the amplified output of a force gauge which is attached

to the hammer. This must be carried out for each point at which data is

desired. The fourier analyzer would have computed and stored the input

force power spectrum, the output response power spectrum (from which can be

found natural frequency and mode shape data), and the system transfer

function for each point. This is all the data required for computation

of the forced response.
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Procedure 2

This method is just a repeat of Test Method 1 described in Chapter III.

The set up can be exactly the same and the input force can again be a

broadband random force input. What allows one to now use such a method and

avoid the problems described earlier, is a new data processing procedure

called Overlap Processing, (Ref. 15). It removes the limitation on total

recorded data time, and on the length of the time window over which each

transform is taken. Each frequency response function is computed by

taking many overlapping transforms and averaging them all to yield the

desired result. In such a manner sufficient time may be allowed that the

response signal to a given excitation can decay away to zero. Also,

sufficient numbers of the input and output spectrum can always be computed

to allow adequate reduction of system statistical fluctuation, through

ensemble averaging. It should be noted here that this technique is new,

that AFFDL did not learn of it until approximately two weeks prior to this

writing, and it still had not been implemented at the time of this writing.
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