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ABSTRACT

The vibratory response of thin flexible panels excited by
turbulent boundary layer pressure fluctuations is measured experi-
mentally in order to investigate the effects of hydrodynamic coin-
cidence on panel response. Experimentally determined cross
correlations and cross spectral densities of the panel response
are used to investigate the presence of travelling waves in the
panel response in comparison with standing wave response. The
various mechanisms for damping of panel response are examined.
Values for radiation damping coefficients are experimentally
evaluated and compared with analytically derived results. Values
for purely mechanical damping coefficients are experimentally
determined and compared with values for the total damping in the
system that were determined from experiments involving the decay
of energy in the panel. The radiation damping in air is shown
to be negligible compared with the mechanical damping. The
comparisons between damping values show acceptable agreement.
Verification of the presence of convected wave patterns in the
panel response is obtained only for limited test conditions.

Thesis Supervisor: Professor Patrick Leehey
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CHAPTER I

INTRODUCTION

At a time when the trends in aerospace technology necessitate

high speed lightweight vehicles with more complicated and delicate

instrumentationan understanding of the development of a noise

environment in the vehicles as a result of pressure fluctuations in a

turbulent boundary layer on the thin skin of the vehicle is important.

It is important from the point of view of fatigue and vehicle

operation by a human in the noise environment.

This thesis considered the vibratory response of thin panels

to a turbulent boundary layer pressure excitation and the subsequent

radiation of sound by the panels. The panel response was investi-

gated in order to determine information concerning broadband and narrow-

band convection velocities for travelling waves in the panel. The

significance of travelling wave response in comparision with standing

wave or normal mode response was considered. The panel response was

also measured so that an experimental investigation of the mechanisms

and levels of damping in the panel could be carried out. Radiation

damping associated with an acoustic media facing the panel on one

side was experimentally investigated. The purely mechanical damping

through nonideal end supports and through losses internal to the

panel was also experimentally measured.

An interesting phenomenon associated with the panel response

to the strongly convected turbulent boundary layer pressure excitation

is hydrodynamic coincidence. Turbulent boundary layer pressure



fluctuations are considered to be travelling waves of different

frequencies where the convection velocities,UC , are frequency

dependent. As seen from Figure( 4 ), the convection velocities

are not significantly frequency dependent. A single representative

value for the convection velocity was used to qualitatively describe

the pressure excitation. When the spacial and temporal variations in

pressure, as characterized by a wave number k and frequency 4) match,

the wave number in the direction of flow kM and frequency w , for

the panel a resonance condition known as hydrodynamic coincidence

exists. The region where hydrodynamic coincidence can exist for

the panel is defined by a semicircle in k space of the functional

form:

Maestrello has experimentally shown the presence of a convected

wave pattern in the panel response whose connection velocity matches

the convection velocity of the boundary layer pressure field.

The convected wave patterns are associated with hydrodynamically

coincident response of the panel. It can be shown analytically that

the presence of hydrodynamic coincidence leads to increased amplitudes

[2]of the modal forcing functions for the panel. This analysis for the

panel response follows a normal mode approach and while this approach

predicts a stronger response for modes hydrodynamically coincident it

does not indicate the presence of convected wave patterns. Cross

correlation and cross spectral density techniques are used in an



attempt to obtain broadband and narrow band information concerning

conrection velocities in the panel vibratory response.

The second phase of the thesis dealing with damping was

divided into two areas, one, the damping associated with radiation

to an acoustic mediimand two, with the purely mechanical damping.

The radiation damping was investigated by experimentally evaluating

radiation coefficients and comparing these with analytically

derived coefficients. The mechanical damping was determined

experimentally in a manner described further on and compared with

values for the total damping determined from energy decay of panel

response experiments. The total damping evaluated includes

radiation effects which were shown experimentally to be negligible

in comparision with the purely mechanical damping.

The analytical background for the radiation coefficient experi-

ments has been done by Lyon and Maidanik. The derived result

used in this experiment was:

Ip ) /S(Co) ?/c0 )( Rrad/er )(2WTr r() -

The derivAtion of this expression involves the use of the concepts

of statistical mechanics. A complete statement of the assumptions

and restrictions present for the application of this expression to

an experiment such as the radiation from thin panels excited by a

turbulent boundary layer has been given by Leehey. A listing

will be given here: It is assumed that the panels are lightly

radiation loaded, such is the case for panels in air. The panel
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modal excitations are assumed to be statistically independent and

of band width greater than the effective band width of the corre-

sponding uncoupled panel modal response. The modal excitation in

this case relates to the pressure fluctuations in the boundary

layer. The panel and acoustic field modal damping must be small and

the gyroscopic radiation coupling must be small in comparison with

either of these uncoupled modal damping values. In air with thin

steel panels these restrictions are satisfied. The acoustic field

must be reverberant and the panel vibratory field must also be re-

verberant or have only a single mode in the frequency band of interest.

The modal densities for the panels used in these experiments have

values yielding a minimum of approximately 10 modes in& 1/3 octave band

with a center frequency of 200 cps for the thickest panel. There are

approximately 22 room modes in this same 1/3 octave band. The

number of modes per 1/3 octave band increases with frequency and

with decreasing panel thickness. Only resonant interactions between

acoustic and panel modes are considered in the analysis. Many modes

in a frequency band allow for the assumption that the modal energies

in the band are approximately equal if the modes in the band are

lightly coupled through the presence of the acoustic medium.

The expression was further adapted taking into account the

reverberant chamber. P. Leehey used the following relations:

p tjC. 2/ V [r



and

r(D)4V /2 Tr3

for the reverberant chamber to obtain the final result:

TTO(Oa) = RrQJ(-)) S4()

This expression was used to obtain the experimental values for

Rrad ((a) - Analytical values for the radiation coefficients were

obtained by evaluating the following expressions:

(d' ( 32 /rAp)( k2 /k 3 )(L + L for kLkL<31r
M nnV9'P Q P - 3 ) fr L kL3w

and

(G=mnvg(32/Wr 2A )(k /k3) + (4/Tr A )(k2/k?)(L,+L 3 )

for kILI, kQL3> 3Tr

where

Rrad e= aca Ap(Gmn)avg

These expressions have been derived for acoustically slow modes,

i.e., for kmn( p(k2 + )1/ kc . It is seen from

Appendix 4 and Figure ( 5 ) that the frequency range of significant

panel response lies well below acoustic critical frequency and thus

the resonant response of the panel is comprised of acoustically

slow modes. Nonresonant contributions of acoustically coincident

modes driven well above their resonant frequencies are taken to be

negligible.
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The expression for k4.. , 3 (3TT was obtained for corner

modes resonant in the frequency band o . For either or both

kQL i ,k L 3  >31T edge mode contributions are taken into

account along with corner modes. These results were primarily

derived by Maidanik15 1 and modified by Davies to include the

frequency regime where the acoustic wavelength is comparable to

the dimensions of the panel.

A method for the experimental determination of the mechanical

damping was investigated. The purely mechanical damping,as distin-

guished from radiation dampingcan be considered to arise from two

possible sources. As damping implies a flow of energy from a system ,

vibration of the boundary of the panel would constitute a form of

nondistributed damping. If the panel is considered to be mounted at

its boundaries on an effectively infinite elastic foundationthere

will be a flow of energy into the foundation at the boundary of the

panel. It was noted experimentally that the level of vibration at the

boundary was significantly smaller than a typical level of vibration

for the boundary layer excited panels in the central region of the

panel. The other source of damping would be a distributed form of

damping occurring internally within the panel material.

The method involved the excitation of the panel by an acoustic

field within the reverberent chamber surrounding the wind tunnel

duct in which the panel was mounted. The resulting acceleration

spectrum of panel response, Sl(W), the excitation sound pressure

spectrum, P ((aJ) , and previously determined experimental values

for Rrod(Q>) , were used to determine the mechanical damping,
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R j(ld from the following equation, derived by Lyon and

Maidanik 31:

S, (0) /r ub a) A (44)

where

r~'() 2 TT ( n (O) /M)( C/ )

and

-, ()= Rrad/( Rrod+ Rmech)

R mech is the only unknown in the above equation. The application

of this expression to this test setup was contingent upon the

satisfaction of the same restrictions as for the experiment to

determine Rr cd .- Whereas before the turbulent boundary layer

excitation was considered to be effectively whitenow the

speaker excitation of the reverberent acoustic field must be

effectively white. The results were compared with damping values

obtained from panel energy decay experiments involving 1/3 6ctave band

filtered white noise excitations and decay in 1/3 octave bands.

The reverberation times obtained from these energy decay experiments

were used to calculate the energy loss facter

For a single degree of freedom spring-mass-dashpot oscillator

,the energy loss factoris defined as R/ M . R is the

constant of proportionality for the dashpot, M is the mass of the

resonator and (0 0 is the resonant frequency for the system;

Wo'= (I-1/4 )0a (0o . The short time average of the



total energy in the system is E = E0ee-ot where E 0 is

the initial energy for the natural or unforced vibrations.

Crandall( 1considers a multimodal system where several modes

have resonant frequencies lying in the frequency band of excitation.

The excitation at t= 0 is abruptly switched off and the decay

response observed. The short time average total energy of a jth

mode after t=0 is shown to be given by:

U ( t )= U ( o ) e- jt

where Q is a modal decay rate factor defined byQ =C /M

M is the total mass of the system and C is a modal damping

factor determined from C (M) (i) k(1) dx jk C
C (i) is the distributed damping coefficient for the system

and appears in the differential equation for the system in the

form C(x) 7 ,

where y(7,t) is the response being considered. () and

Y ( R*) are orthogonal natural mode shapes for the system. For

the panelP (X1 ')3)=(2/Ap)sinIrkI sinknx3.

For the system response which is the sum of modal responses

the initial decay rate of the short time average of total energy of

the system is U= -U(o)
d ti - j\Jt=o



A weighted average of modal decay rates

j eIU1 (t=o) / :l- U1( t=o)

is used to obtain the following result

-- (I d U

U dt t

This relation was used to experimentally determine for modes

lying in a 1/3 octave band for the panels. is related to the

energy loss factor 11 by the following =0 1 , where (.) is

taken as the center frequency of the 1/3 octave band under considera-

tion. For the case where many panel modes are resonantly excited

by the 1/3 octave excitation, it was assumed that spacial variations

in the decay rate over the panel surface due to modal effects

are negligible. It was also assumed that the short time average

of the total energy of the system is proportional to the short

time average of the squared displacement. This assumption was neces-

sary as it was the decay of the short time average of squared

displacement that was used experimentally to determine and YZ



CHAPTER II

EXPERIMENTAL PROCEDURE

The object of the experimentation was to obtain directly

values for the sound power radiated, T ,(W) , and panel velocity

spectrum, Sv(->) , for use in the calculation for the radiation

coefficients, Rrod ()

Three test panels of surface dimensions L1 =ll",L: 3=13" and thick-

nesses .006", .003", .0015" were used. The panels were made of

stainless steel shim stock marketed by Precision Brand, Inc. The

panels were attached to aluminum frames using a commercial Ecco

Bond epoxy. The panels and frames were flushed mounted in the

bottom wall of the wind tunnel ducting, a schematic of which is

shown in Figure ( I ). Details concerning the wind tunnel can be

found in a publication by C. Hanson. The turbulent boundary layer

pressure fluctuations were created by mean flows in the center

of the duct of 30 m/sec, 45m/sec, and 55m/sec. Panel displacement

data in the form of an amplitude vs. time history was taken using a

non-contacting optical displacement gauge, commercially known as the

Fotonic Sensor, Model KD38 marketed by M.T.T. The gauge uses

principles of fiber optics to shine a beam of light at a reflecting

surface and to receive back the reflected light. The intensity

of feflected light received back by the gauge is dependent upon the

distance between the reflecting surface and the receiver tip. The

reflected light received by the probe tips is transmitted through

fibers to a photocell which transduces the light intensity to a
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voltage signal proportional to the intensity. The overall charac-

teristic of voltage output versus the distance between the probe

tip and the reflecting surface looks like:

voltage

linear range

displacement

The level of the voltage output depends on the intensity of the

light that is emitted from the transmitting fibers in the probe

and the surface reflectivity, assuming that the surface is not

optically diffuse. A section of the front portion of the characteristic

curve is sufficiently linear and with sufficient sensitivity to be

used to meter the panel response. The intensity of the transmitted

light can be adjusted so that the value of the maximum voltage

corresponds to a prescribed value, thus taking into account

differences in surface reflectivity between the test surface and a

surface used during the calibration procedure. The sensitivity of

the characteristic curve for the test condition then corresponds to

the sensitivity of the calibration characteristic curve. The

averaged displacement of the panel vibration during test is adjusted

so that the averaged voltage output lies in the middle of the linear

range of characteristic curve. A.C. displacements of the panel then

occur as oscillations about this D.C. set point.

The probe containing the light transmitting fibers and receiving
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fibers was mounted in a traverse to allow for positioning on the

surface of the panel. The traverse itself was attached to a rig

resting on the floor. Two probes were used in the experimentation

to provide concurrent time histories at two positions on the panel

surface needed for cross-correlations and cross spectral densities.

The electrical signals analogous to displacement were amplified

using Ithaco low noise amplifiers, Model 225, and recorded on two

channels of a four channel Precision Instrument tape recorder,

Model 6200. A photograph of the panel, sensing and recording

apparatus is shown in Figure ( 2. ).

A signal to noise ratio check was undertaken to insure that the

data recording technique was sensitive enough to accurately record

the panel displacement. The signal to noise ratio check was

performed by assembling the recording apparatus in a manner identically

as for actual test conditions. The B & K analyzing apparatus was

used to determine signal levels in 1/3 octave bands for the case

where the panel was not excited by a turbulet boundary layer. The

worst condition for S/N developed for the thickest panel at the

lowest flow speed where S/N was approximately 10db at the highest

recorded frequency. For other frequencies S/N improves and reaches

a maximum of near 40 db. For other test conditions and frequencies

a value for S/N of 15 db appears to be a minimum limiting value.

It was concluded that the recording apparatus was sensitive enough

to provide accurate records.

As the velocity spectral density needed for the calculations is

a quantity averaged over the area of the panel, displacement levels
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at various points on the panel surface were measured. Time histories

for the two probes were recorded for longitudinal probe separations

of .375", .8", and 1.2". The probes were located in the central

region of thepanel for these measurements. The displacement of the

panel at the boundaries is very nearly zero. Signal levels in

1/3 octave bands will also be zero at the boundaries. The manner in

which these levels go to zero was determined experimentally by

measuring the displacement at various positions near the boundaries.

It was determined experimentally that the panel velocity signal

levels in 1/3 octave frequency bands are essentially constant over

the central reqion of the panel. The drop off in level at the

boundaries was sharp. This result depends upon a high panel mode

density where individual model variations across the panel are buried

amoungst the response of the many other modes in the 1/3 octave

band. The average over the panel of the velocity spectral levels

was determined using an averaged value for the central region

modified by what was assumed to be a linear drop off in level at

the boundaries.

Sound pressure and sound power levels in 1/3 octave frequency

band width were measured by H. Davies[6 I for the same test conditions

as existed for the experimental results presented in this paper.

The 1/3 octave band displacement spectral levels were produced

using continuous time histories provided by tape loops made from the

recorded data. A B & K frequency analyzer, Model 2105,and Graphic

Level Recorder, Model 2305,were used in conjunction with B & K 1/3

octave stepping filters to produce the spectral plots. The velocity
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spectral levels were obtained by multiplying the displacement

spectral levels by WV , I)Wo being the 1/3 octave band center

frequency. The spectral density of velocity response of the

panel was determined by dividing the spectral level by the bandwidth.

For the acoustic field excitation experiment a speaker was

placed in the reverberant chamber surrounding the tunnel duct in

which the panel was mounted. A white noise generator and MacIntosch

40 watt amplifier were used to drive the speaker. The resulting

spectral density of panel displacement was obtained as before, and

the acceleration spectral levels in 1/3 octave bands obtained by

multiplying by Q0 . Sound pressure signals were obtained by using

the B & K equipment as before. The resulting values for mechanical

damping were compared with values obtained from energy decay in experi-

ments performed by the author and H. Davies. Energy loss factors in

1/3 octave bands for the three panels used were obtained by mounting

the panels in the wind tunnel duct and exciting them using an electro-

magnet. The excitation through the electromagnet was 1/3 octave

band filtered white noise provided by a B & K Random Noise Generator

MOdel 1402. The excitation was cut and the "reverberation" time for

the decay of panel displacement signal was measured in the appropriate

1/3 octave band using the B & K frequency analyzer and graphic level

recorder. Energy loss factors were then computed from the reverbera-

tion times. These experiments were performed on the panels for test

cases where there was a mean flow in the tunnel duct. The electro-

magnetic excitation was therefore superimposed upon the turbulent

boundary layer pressure excitation. The decay of the response of the
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panel due to the electromagnet was measured; the response due to

turbulence remaining.

In using an electromagnet as an excitation it must be noted that

the mechanical force exerted on the panel is proportional to Isin w t

where Sin.0 t is the electronic signal input to the electro-

magnet. The force then contains a D.C. component, a component at

(2 Q ) and high harmonics of lesser significance. This can be shown

by evaluating a Fourier series for Isinot I . There is no compo-

nent at ( w ) . This was the reason for filtering the panel

response in a 1/3 octave band an octave higher than the 1/3 octave

input to the electromagnet. The decay of panel response due to

the higher harmonics was not of interest.

Cross correlations for the panel displacement data were

obtained using a Par signal correlation, Model 100. Cross spectral

densities of panel displacement were obtained using Spectral Dynamics

tracking filters of 50 Hz bandwidth, Model SDlOlA, driven by a Spectral

Dynamics sweep oscillator, Model SD104A-5. The coincident and

quadrature components were obtained from a Spectral Dynamics CO-Quad

Analyzer, Model SD109A. Graphical plots of the coincident and

quadrature spectra were obtained as continuous functions of frequency

on an X-Y plotter. In conjunction with the efforts to demonstrate

the presence of travelling waves, the .0015" thick panel was narrowed

transversely to a width of 4" and data for longitudinal probe

separations of .375", .8" and 1.2" for flow speeds of 30 m/sec,

45 m/sec, and 55 m/sec was obtained. The cross spectral densities

are normalized against the square root of the product of the power

spectral densities of the individual signals- from the two probes.



23

CHAPTER III

EXPERIMENTAL RESULTS

Spectral levels, in ]/3 octave bands, of panel response averaged

over the area of the panel were determined by considering that the

spectral levels in the centeal region of the panel were essentially

constant and that near the boundaries the spectral levels decreased

linearly from a representative average level over the central region to

zero at the boundaries. The average over the panel of spectral levels

would then be equal to the product of the representative average level

for the central region and the ratio A ff/Apanel Aeff is approxiamately

equal to 1/2 times the area of the region of the panel near the boun-

daries where the spectral levels are assumed to decrease linearly,

added to the area of the central region of the panel where the spectral

levels are essentially constant. The dividing line between the two reg-

ions of spacial variation of spectral levels of panel response was

experimentally determined. The transition between regions was marked.

Spectral levels in the central region varied by approxiamately 2 or 3 db

over the region. The accuracy of this technique was sufficient for its

intended purpose. Low S/N ratios for reduced signal levels at the

boundaries prevented a more definitive interpretatiOn Of the drop off.

Values for Aeff/Apanel lie near .9. A typical plot of SV(w)is given in

Figure ( 5 ). A plot of the radiated sound power is given in Figure ( 6 ).

Analytical and experimental results for Rrad are found in Figure ( 7 ).

Damping values for the panels in 1/3 octave bands are found in Pigure ( 8 ).

The results of the experiment where the panel was acoustically excited



are added to the plot for the .006" panel. The values of S0 (Z)averaged

over the panel area, used to determine Rmech, were determined in the same

way as for S(o)using an average value for A ef/A nel for the same

panel thickness.

A k-space plot showing the location of the resonant coincident

panel modes along a semicircle is shown in Figure ( 9 ). Cross

correlation curves are shown in Figure ( O ). Cross spectral density

plots are presented in Figure ( I ] ). Narrow band cross correlations are

shown in Figure ( J2 ).



CHAPTER IV

CONCLUSIONS

Cross correlation and cross spectral density plots were

obtained to yield information concerning convected wave patterns in

the panel displacement response. If convection is present in the

signals a cross correlation will in general be an uneven function

of time delay. The major peak will appear shifted from'T = 0 to a

value T = 'T . An autocorrelation of a random signal has its

maximum value atT = 0 - If we consider two random signals indenti-

cal except that one is delayed in time by 0 / UC , a cross

correlation viewed about 7 0%0/UC will appear as an autocorrelation.

The maximum value will occur at o , the time delay between

the two signals.

A bro.adband convection velocity could then be defined by the

ratio %Towhere S 0 is the separation between positions where the

panel signal is being cross correlated. Maestrello has-presented

experimental results where the broadband convection velocity determined

from 30 / '7 matches the corresponding broadband convection velocity

of the turbulent boundary layer pressure field which is exciting

the panel. Cross correlations of data from this research work do

not reveal dominating conVection patterns in the panel response.

For the 11" by 13" panelsconvected patterns in cross correlations are

found for the thinnest panel (.0015") at a flow speed of 55 m/sec

and probe separation of 1.2". Convection is found in the downstream

direction and less definitely in the upstream direction. For smaller

probe separations the presence of convection is less discernable.
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For the other panels convection was not apparent in the cross

correlations of panel displacement response.

Cross correlations for the narrowed panel reveal a more dominant

convection pattern for convection in the downstream direction. The

presence of convection in the upstream direction, as before, is less

certain. Narrowing the panel in the lateral x3 direction has the effect

of increasing the spacings between modes in the k3 direction in k space

by approximately a factor of three in this case (i.e., from 13" wide

to 4" side). This would significantly decrease the number of panel

modes resonantly excited by the boundary layer pressure. It would

nota ffect that part of the panel response for which the panel appears

infinite, that is, the convected or travelling wave response. The ef-

fects ofboth responses are formally represented in the series expansions

in panel eigenfunctions for the response. Associating the travelling

wave response for which the panel appears infinite with the effects of

hydrodynamic -coincidence one sees that this travelling wave response

will not be affected by altering the panel dimensions. It will there-

fore be of greater significance in comparison with the reduced resonant

modal response. Cross correlations of the total response would then

show stronger travelling wave or convection effects. This agrees with

the comparison between results for the 13" wide and 4" wide panels.

It would also explain the dominate effects of convection obtained for

Maestrello's experimental results. The resonant mode density for the

panel used by Maestrello was approximately 1/16 the value for the

.0015" by 11" by 13" panel used in these experiments.

For both the 13" wide and 4" wide panels at 55 m/sec, the

downstream broadband convection velocities were approximately
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250 ft/sec. The broadband Convection velocity associated with the pressure

field was ]20 ft/sec corresponding to a free stream velocity in the tunnel

duct of ]80 ft/sec. This value for the panel response was nearly twice

what would be expected. This might be interpreted to mean that the convected

response for these limited circumstances is not strongly associated with

hydrodynamic coincidence, in that the spacial and temporal variations in

the convected panel response and the pressure fluctuations do not match.

It is necessary to distinguish between convected panel response, for which

the panel appears infinite, and panel response that is spacially defined by

the panel mode shapes. Hydrodynamic coincidence strongly affects the

standing wave response as well as being thought of as directly relating to

the convected panel response, It is possible that the presence of the

significant standing wave response is affecting the locations of the peaks

of experimental cross correlations and that the convection is actually

associated with hydrodynamic coincidence.

The cross spectral density is essentially the Fourier transform of

the cross correlation:

TMO
4(X IX 2,X2X ) $R (xl,x ,x, ,2~ e d1

If R( , )is a combination of even and odd functions, its product

withe will involve real and imaginary components which are combinations

of even and odd functions. (,,,,)will have both real and imaginary compon-

ents which are the integrals over the even parts of the real and imaginary

components of the integrand. For cross correlations where the maximum

value is shifted from l- =0, this is exactly the case and the correspond-

ing spectral density will have both real and imaginary components.



If the shift in the maximum of the cross correlation from 7=0 is

associated with convection effects it then follows that the presence of

the quadrature component is also associated with convection effects. The

experimental determination of the coincident and quadrature components

of cross spectral density involve the use of two phase matched narrow

band filters. These do not exist in reality and the result of the actual

phase mismatch between filters is to give a value for the quadrature

component on the order of 15% of the coincident component for test

signals where the quadrature component should be zero, that is, when there

is a zero degree phase difference between the test signals. There is a

great deal of uncertainty involved with the interpretation of cross

spectral plots as a result of this instrumental error.

Narrow band convection velocities are obtained from cross

spectral densities by assuming that the phase information of the

cross spectral density is contained in a factor of the form ei /U0

Other dependencies on lateral and longitudinal separation would be real

and would constitute an amplitude factor. This functional form para-

llels a form used in describing the turbulent boundary layer pressure

field and is presumably valid where the signal is strongly dominated

by convection, as is the case with the turbulent boundary layer. Its

application to the panel response becomes obscured as the response of the

panel is not dominated by convection effects; on the contrary, the

experiments tend to show that the opposite is true for the panels used

in this experimentation.

If this method is applied for the 1]" by 4" by .0015" panel at

45 m/sec at a probe separation of 1.2" where the quadrature compon-

ent appears to be significant in comparison with possible IA--



strumental errors one finds that the narrow band convection velocity

obtained is 119 ft/sec at 2400 cps. The turbulent pressure field

at 2400 cps is convected at 99 ft/sec. This result more closely

approximates the expected result though the panel narrow band

convection velocity is still significaftly higher than expected. It

is to be noted that this is a single isolated data point. In

general the cross spectral density plots do not have significant

quadrature levels and therefore do not reveal the presence of

convection in the panel response.

Narrow band filtering of the two displacement signals and

a cross correlation of the filtered outputs provides a check on the

cross Epectral density plots obtained. The coincident spectral value

at a frequency . , the center frequency of the narrow band filter,

corresponds to the27= 0 value of the narrow band cross correlation.

The quadrature spectral value at frequency L3. corresponds to the

value of the narrow band cross correlation at 7 =T/ 2 wo . The

experimental results obtained agree with the cross spectral

densities and did not alter the conclusions concerning narrow

band convections in the panel response.

The agreement between the analytically determined and experi-

mentally determined radiation coefficients is within 5 db for the

most part. The most n6table deviations occur with the thinnest

panel at the highest flow speeds. The experimental curve lies

significantly above the analytical result. In the higher frequency

regions of the curves the experimental results appear to drop off

sharply. An explanation for this is not known. A factor which might
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affect the experimental results has to do with the presence of a

static pressure differential across the panel. The differential

is due to the presence of flow in the tunnel duct on one side of

the panel. An attempt was made to reduce this differential but

residual leakage between the chamber surrounding the duct and the

outside maintained a pressure differential across the panel suffi-

cient to cause deflections at the center of the panel on the order

of a few panel thicknesses or more. If the pressure differential

is significantly largemembrane effects in the panel will become

of importance. A membrane term will have to be added to the differential

equation for the panel. An attempt to determine the order of

magnitude of these effects and their dependence on the panel thick-

ness and the magnitude of the pressure difference is carried out

in Appendix I. The results indicate that a pressure differential

across the plate will decrease the value for k at a given frequency.
p

In determining the magnitude of the effectit was initially assumed

that the value of the tensile stress at the center of the panel was

representative of a constant value for the whole panel. The actual

solution for the additional membrane term is much more complicated, in-

volving the tensile stress as a function of position. The value for the

tensile stress of the center is too high a value to use, it is the

maximum value on the panel. It is seen from Appendix I that the

effect of tension at 1000 cps adds approximately 16.4 db to the

analytical result for Rrad for the .0015" thick panel at 55 m/sec.

This value is too great as a result of the simplifying assumption

that the tensile stress is spacially constant. A lower value would
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correspond better with the experimental deviations. An approximate

method taking account of spacial variations in tensile stress would

add only 1.43 db at 1000 cps to the analytical result.

As a result of this analysis the presence of a pressure differential

across the panel is a plausible explanation as to why the experimental

values lie significantly above the analytical results, though an exact

analytical correction is not available. It is seen from Appendix I

that the effects of tensioning increase with increasing pressure

differential (i.e., flow speed) and decreasing panel thickness. The

relative significance of the bending and shear stress term and the

membrane term is such that for higher values of kj the bending and

shear stress term is of greater importance. The membrane term is

proportional to k2 while the bending and shear stress term is

4
proportional to kp . As ) monatonically increases with k for

resonant situationsthe membrane or tension effects are less important

at higher frequencies. Excluding the unexplained marked drop off of

the experimental radiation coefficient at higher frequencies the

deviations above the analytical result diminish with increasing

frequency being most significant at the lowest frequency considered.

The experimental results show trends much like these for the two

thinner panels at the two higher flow speeds.

Values for R determined from the experiment where the panel
mech

was acoustically excited are presented in Figure ( Ba). It is to be

noted that for 1/3 octave center frequenciesother than 315, 400, and

500, the signal to noise ratios of the panel displacement signal

are less than 5 db;for these points,values of 9 or 10 db for S/N exist.



The results of the energy decay experiments are presented in

Figure ( 8). For the thicker panels ( .006", .003" ) the results for

different flow speeds and pressure differentials across the panels

converge within approxialately 2 db. For the .00]5" panel the results

at zero flow speed differ significantly from those taken with a mean

flow over the panel. The results at flow appear to converge within

approxiamately 2 db. This discrepancy may be explained with reference

to the static pressure differential that existed across the panel. The

decay of panel response to the electromagnetic excitation may have been

affected in two ways as a result of this pressure difference. The

pressure differential tensiornthe panel and this may have caused a stron-

ger coupling of the panel to the support frame at the boundaries; thus

providing for a greater flow of energy from the panel through the non-

ideal boundaries. The pressure differential also causes a static

deflection of the panel. It is conceivable that a significantly stronger

interaction of the panel with the turbulent boundary layer as a result

of the static deflection allowed for a flow of energy from the panel to

the flow when the electromagnetic excitation was removed, It was

experimentally noted that the static deflection of the .00]5" panel was

significantly greater than for the other two panels. This could be be-

cause the thinness of the panel made it difficult to mount the panel

properly in the support frame. The damping measured is the total damping

of the coupled panel and acoustic system. In tir the radiation damping

is small and we can compare the total damping with the purely mechanical

damping obtained from the acoustic excitation experiment. The comparison

provides an acceptable agreement.
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APPENDIX I

EFFECTS OF TENSION ON THE MEMBRANE TERM IN THE DIFFERENTIAL EQUATION

The fact that the static deflection at the center of the panel

was large necessitates a large deflection analysis. A reference

for this analysis is found in Timoshenko, The Theory of Plate and

Shells. 91The approximate analysis considers the static deflections

of a clamped square plate under a uniform load q0 . The dimensions

of the square panel are 2a by 2a by h.

The load q0 is considered to be the sum q1 + q2 , in such a

manner that q1 is balanced by the bending and shearing stresses from

the theory of small deflections, the part q2 being balanced by

membrane stresses.

The deflection at the center for the theory of small deflections

is

Wo = 0.73qa40/Eh3

where q, becomes

3 4
q, = woEh3/0.730

The deflection for a membrane is

Wo= 0.8o2 (q2a /E h )1  from which

2= W3 E h /0.516 a 4

The deflection Wn is found from



q= q t q 2 =WOE(1.37 4 1.94 W2/h /a4

where q is a known variable, the static pressure difference across

the panel.

For a flow speed of 55 m/sec the pressure differential q is

equal to 4.54 cm of H20 or 6.45 x 10-2 psi. The corresponding

values for 30 m/sec and 45 m/sec are .826 cm of H20 and 2.48 cm

of H20 respectively. Assuming the following values for the constants:

E = 3 X I Opsi, h = 3.38 Xl1(5 n3 , a= 6in

for the .0015" thick panel, the expression for q becomes:

2 -5 5 2 2
6.45x10 psi = 7.81x1O psi W0 ( 1.37 +8.63xI0 WO / in )/ in

A solution to this is WCF 9.85X -10in ; there was only one

real root. The corresponding loads q1 and q2 are q I =1.05 X i65si

and q 6.43X I 2Psi . It is seen that the small deflections

term is negligible in comparison with the membrane term. The tensile

stress level at the middle of the panel due to the membrane term is

(T = 0.616 EW 2/ a and evaluated isT = 4.98X 103 psi
2 2

If we now consider that the tensile stress Cr is constant

across the panel the added membrane term to the differential equation

becomes: C V W where c 2m a



B is the tension per unit length and }.A is the mass per unit area.

Cr x h andp =.2 81bm h ; evaluating C 2 .

in3

C 2-=6.86% )106 in2 / sec2

The dispersion relation for the panel becomes (AC L) 2 k4-t-c2  2
L p m p

For the .0015" thick panel :A CL = 88.5 in2 /sec and the

51 3 4 4  6.2 22
dispersion relation becomes i805x10 in kpt 686x10 An kp2 63

A general expression for C would be:

C 2-=1.41 (q 2 Ea 2/ h2 ) 1/ 3

A ratio of C2 to ( :CL) 2 would become:

C m/ CL)2  q2/3 / h4 /3

From this we would expect the magnitude of the tension effects to be

greatest at the higher flow speed (i.e., higher q's) and thinner panels.

As the dependencies involves k raised to different powers the membrane

term will become less significant with higher values for kp.

Using the previously derived dispersion relation to calculate the

effect of a pressure differential for 55 m/sec on the .0015" panel

at 1000 cps we obtain the following results; without the membrane

term kp= 8.34ini ; and, with the membrane term k P =2.35in .

In the analytical expression for R Xk appears as I/ k3  . The
rad p p

reduction in k due to membrane effects would mean a 44 fold increase
p

in the calculated value for R radfor this particular case. On a db

scale this would be 16.4 db.

If the variations in tensile stress of'er the panel are taken



into account in an approximate way, the following result is obtained:

.) = ('Xc)(k + 5Tr/64a 2 (w./h)k )L p p

where the assumption is made that this result for a square of side

a can be applied to a panel of dimensions 11" by 13".

Evaluating this expression for k at 1000 cps where a is taken

to be 12" and W is the previously calculated deflection in the

-l
middle of the panel,k becomes 7.57 x 10 inches. This would add

p

1.46 db to the analytical result for Rrad at 1000 cps. This is a

significant change in the calculated effectaf tension.
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APPENDIX II

CROSS SPECTRAL DENSITY OF PANEL DISPLACEMENT RESPONSE

BASED ON A NORMAL MODE APPROACH

The basis for this approach was taken from a text by Y. K.

Lin. 3] The results are presented here:

0 q~~xxl)

VU is the cross spectral density of panel response. Y)m( )and

Y ( ) are orthogonal natural mode shapes for the panel.

Ym4X I )X3 ) = (2/A'-Xsin mTx/LI ) (sin nlrx3 /L3 )

H mn(U) is the modal response function taking into account fluid

loading effects on one side of thepanel. These are taken into

account through and an added mass term, , and an acoustic or

radiation damping term, 2

mn D D

i4-)a ao~ n
D mp

mP is the mass per unit area of the panel and D is the flexural

rigidity for the panel.

LmI 0 L3 L3

Imnop 1 0 X 3 X pp XI'3Y I 3 j) mn op )Y

is the cross spectral density of the turbulent pressure)
field.

.... w.mo.

lm~~op'XL m ,(X)x3 )V X',x;) Hm Aw) H p(W) mow)
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Using a Corco's model to approximate experimental cross corre-

lations;

()g ) )B rf)A( ~

where r= X' - X1 and r3= X - X3 The functions

A( ) and B( ) may be approximiated as exponentials of

the forms

BC ) e- Ir 3 1(
U C (3

and

A )= e UcO(1

For the test conditions used in these experiments, Blake in

his doctoral thesis has shown experimentally that -1. and

C<. .8 [10]
1* [12]

If a Dyer criterianis applied and it is assumed that cross

modal terms are negligible m. m Cn() becomes:

Tmnp(k-((k m+ )4- K(4-

where I= W/o(I UC and 3 W / 0( 3 Uc. The cross spectral

density of panel displacement responses then becomes:

m n(X X )@mn(x;,x I |H m4W ) 12 1 MW )

which is a real number. The application of a Dyer criterionrto this

normal mode result drops out the quadrature component of the cross
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spectral density and therefore does not analytically predict the

presence of convected wave patterns in the panel response.
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APPENDIX III

PARAMETERS OF THE PANEL AND TURBULENT BOUNDARY LAYER

1. Panel Dispersion Relation

k(=.> /i CL

2. Panel Mode Density

n,(w>)= A p/4T'X C L

h=.oo6"

h =.003"

h =.00 15"1

h=.o06"

h=.oo3"

h =.00 15"1

N CL= 2.456 ft 2 /sec

Y( CL= 1. 2 28

'CL= 0.614

ft2 /sec

ft2 /sec

ns(QO)= .03225 sec

n, (J)= .0645sec

n,(w)=.129sec

3. Pressure Field Convection Velocities

u .0
180.4 ft /sec

147.6 f t /sec

98.4 ft/sec

Uc
120 ft/sec

99 ft/sec

63 ft/sec

Values obtained from Blake's doctoral thesis

4. Acoustic Critical frequency

LOc= 78000 cps
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Figure (13)

Broadband Vibration Levels

Panel Thickness .006"

Flow Speed

30 m/sec

45 m/sec

55 m/sec

Panel Thickness .003"

Flow Speed

30 m/sec

45 m/sec

55 m/sec

Panel Thickness .0015"

Flow Speed

20 m/sec

45 m/sec

55 m/sec

Mean Square Displacement

6.93 x 10-8 in2

4.14 x 10 in2

4.33 x 10 in2

Mean Square Displacement

1.76 x 10 in2

2.20 x 10 in2

2.86 x 10 in2

Mean Square Displacement

2.61 x 10 in2

4.07 x 10-7 in

3.28 x 10 in2


