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ABSTRACT 

This ropoxt is the result of an analytjcal arid empirical research program 
directed taward improving laboratory simulation of space vehicle system acoustic 
f ie lds ,  State-of-the-art methods for calculation of vibratory response of space- 
craft structural members t o  acoustic fields are presented in terms of modal analy- 
ses, statistical energy techniques and coincidence effects. Empirically derived 
vibro-acoustic transfer functions for four panel configurations are compared to 
predicted results, 

Results of the analyses are ut i l i zed  to derive recommended methods and 
procedures for simulating the vibratory response of structures and components 
to acoustic fields 1x1 various types of labroatory facilities. Results of radia- 
t ion  damping, mass loading and exposed surface area analyses and experiments 
are also detailed. Logical recommendations for future efforts are presented. 
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SECTION I. INTRODUCTION 

More comprehensive methods of acoustically simulating flight dynamic 
environments are required to optimize performance r e l i a b i l i t y  relative t o  
weight, volume, packaging, etc. Simulation of the acoustic pessure  spec- 
tral density can usually be performed satisfactorily.  However, current 
testing methods (reverbcrant and progressive wave testing) do not completely 
reflect the wide variance i n  the spatial distribution of pressure amplitudes, 
do riot reflect pressure f i e l d  coherency, and do not  generally provide the 
equivalent damage potential as the flight vibration environment. This program of 
research w a s  designed to alleviate the'above stated problems by improving the 
ut i l i zat ion  of existing acoustic test facilities for the environmental test ing 
of advanced space vehicle payloads and associated equipment. 

This program has employed state-of-the-art analytical techniques to  
derive acoustic-vibration energy transforms. Acoustic field characteristics 
of service and simulation environments are discussed i n  detail in Section IT. 
Section 111 presents techniques of estimating vibratory response of structural 
elements to acoustic loading ut3.lizing normal-mode and statistical energy 
analyses. Expected ef fec ts  of varying the radiation damping, area exposed t o  
the acoustic f ie ld  and equipment loading are also discussed fn Section TII* 

A discussion o f  the empirical program i s  preserkted i n  Section I V  Including 
characteristics of the  test facility and test specimens. The vibratory respoase 
of simple panels, a stiffened panel. and a mass loaded test specimen w a s  monitored 
when aub jectad to progressive acoustic waves at normal and parallel. incidence, 
reverberant srzoustic waves and localized exposure to intense progressive acoustic 
waves at parallel incidence. Test procedures, teat configuration and accumulated 
test data are included herein to make this final report self-contained* 

Sectica B presents comparison of analytical expectations and empirical 
r e s u l t s  i nchding transfer function levels, effects of tadlation damping, mass 
loading and exposed area. 

Section VI preeents recommended methqds fcr airnulatior. of senrice acoustic 
f i e lds  within existing simulation laboratories and Section VII presents logical 
recommendations for the most foxtuitoue expenditure of futu .~e  efforts. 



SECTION 11. ACOUSTIC FIELD CHARACTERISTICS 

Prior to the calculqtion ~f structural vibratory response, it is necessary 
t o  be  knowledgeab1.e of tk.2  pertcnent characteristics of the acoustic fields to 
which a specimen might be exposed. The primary facets  are the acoustic pressure 
spectrhl density, variation i n  the pressure spectral density over the specimen 
surface and the acoustic f i e l d  spatial correlation. Mathematical models are 
developed and presented herein for various service and simulation elzvfronments. 

A.  Service Acoustic Environments 

The acoilstrlc f i e l d s  to  which advanced space vehicle payloads will be 
exposed may be categorized as noise due to rocket engines or motors, turbulent 
boundary layer pressure perturbations, unsteady pressures due to osci l lat ion 
of shock waves and wake impingement pressures. The acoustllc environment of 
operational equfpment located within the payload compartment i s  a function of 
the external surface acoustic pressures but i s  further complicated by acoustic 
energy absorption coefficients of the internal  surfaces, payload campartment 
dimensions normalized by t'rra acoustic wavelength, shielding, internal acoustic 
aources and sound radiated by nearby vibrating surfaces.  Priuary emphasis i n  
the subsequent paragraphs is devoted toward modeling the acoustic environments 
encountered at the external .surf ace of a payload module. 

1. Rocket Engine Noise 

The noise generated by space vehicle booster rocket engines during 
static firing, launch and subsonic flight can b e  well predicted utilizing a 
Chrysler modification (references 1, 2) of the methods proposed by references 
3 and 4.  

PAc=?ustic environments produced by the intense turbulent shear layer i n  
rocket engine exhaust have been characterized by many &nvestigators. Lighthill 
(references 5 ,  6) treated the  source as fluctuating lateral  ?uadrapo,les; however, 
empirical results exhibit characteristics of modified monopoles. It seems that 
no simpls source chain of monopoles, dipoles ,  or quadrapoles can corapletely 
describe empirical resu l t s .  The significance of  ~iglrthill's theory i s  the identi- 
f i c a t i o n  of a dependency of the generated acoustic power on j e t  velocity,  although 

8 2 the Ue D relat ionship i s  not  directly applicable to current high thrust rocket 
motors with highly supersonic exit v e l o c i t i e s .  It has been demonstrated (references 
4 ,  7) t.hat for, large spatial- acoustic source dis tr ibut i ,  !ns (i, e. , for large dia- 
meter engines with exhaust speeds at the nozzle exit plane greater than Mach 3 )  
source directivity can be ascribed t o  sound refraction resulting from thermal and 
velocity gradients in the turbulent exhaust. 

It is possfbie to describe the effective acoustic source location, power 
and dS,rectivity, considering a source chain of manopoles, ut5lizing the following 
assumptions : 

(1) The principle acoutitic power generation mechanism is the flow regime 
of maximum turbulence, 



( 2 )  The acoustic intensity is dependent on the magnitude of t h e  
turbulent  exhaust gas f l u c t u a t i o n s .  

( 3 )  The source frequency is a funct ion  of the  c h a r a c t e r i s t i c  s i z e  
of the f l u c t u a t i n g  eddies which i n  t u r n  i s  a funct ion  of long i tud ina l  position. 

b 

A model f rorn which the engine-generated acoustic environment may be 
defined is shown i n  f igure 1 depicting a s e r i e s  of pos tu la ted  monopole acous t ic  
sources l y ing  along the mean exhaust path. The monopole chain hypothesis places  
the higher frequency sourc.es i n  the proximity of the exhaust plane with the 
source d i s t ance  inversely dependent upon frequerrcy. An empirical determinatiox; 
of source  d is tance  from the e x i t  p lane  is presented i n  f i g u r e  2. 

The source a c o u s t i ~  power as defined empirf.cally by Dyer i n  conjunction 
with the aforementioned source d i s t ance  i s  shown i n  figure 3 .  This power 
spectrum i s  excel len t  f o r  the prediction of acous t i c  levels generated by rocket 
engines of the general. type from which i t  was derived (small  rocket  engines with 
exhaust v e l o c i t i e s  on the order  of Mach 2) b u t  f o r  t h e  current  and f u t u r e  c lasses  
of propulsive systems, sound pressure levels obtained utilizing khis  power spec- 
trum f u n c t i ~ n  are t o o  30w and shifted toward higher frequencies, The proposed 
modification attempting t o  accommodate the flow mixing by the m u l t i p l e  engines 
05 a booster stage is presented in reference 3 .  The current treatment u t i l i z e s  
a model cons is t ing  of (1) a large nozzle uiglth the same f low volume, but w i t h  
a diameter corresponding t o  an e x i t  a r e a  equal t o  the  t o t a l  e x i t  a rea  of a l l  
engines; and (2) mul t ip le  acous t ic  source chains, one for each opera t ing  engine. 
Numerical addi t ion of the mean square pressures predicted for the single equivaf-ent 
rEngine and those predic ted  for a sum a£ separate engines agrees very well wtth 
available empirical  d a t a  UE the Saturn I3 and Saturn V systems. This p red ic t ion  
technique yields a broader spectrurn than that from reference 3 and may exh ib i t  
double peaks one frequency peak corresponding t o  an effective engine diameter 
Deff = D ( N ) ~ ) ~  and one corresponding t o  a s i n g l e  engine diimeter .  The decay 
of sound pressure levels with distance for lower frequencies  is a l s o  l e s s  than 
that of reference 3 but i s  i n  good agreement with Saturn  V measured data. 

Empirical l i f t o f f  indices must be introduced t o  modify the sound f i e l d  
distr-tbution subsequent t o  holddown release and p r i o r  t o  free f l i g h t .  A 
relationshi? t o  determine the amplitude of t h i s  e f f e c t  as a funct ion  of height 
above the launch pad, frequency ilnd vehicle velocity (figure 4) has been calcu- 
lated from ex i s t ing  Saturn f l i g h t  data, reference 8. Other d.ixectivities 
(angular f i e l d  dbs trTbutian~) resuiting from the deflector conf igura t ion  and 
location wi th  respect t o  exhaust may be  considered. However, since o r i e n t a t i o n  
of the booster with respect  t o  i ts exhaust is not necessarily t h e  same during 
checkout firings and launch, only the sound pressure levels on the s i d e  of the. 
vehic le  toward ' the exhaust axe predic ted .  

A "near-field" factor (figure 5) i s  also defined t o  modify values i n  the 
reactive por t ion  of the acoustic field near the source where cor rec t ions  must be 
incorporated.  
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FIGURE 4. DIRECT1 VITY CORRECTION SUBSEQUENT TO HOLDDOWN 
RELEASE 





2 2 The mean square sound pressure ( I b / f t  ) over a frequency bandwidth 
A f  at a particular location is given by: 

Substituting appropriate values for p,, c,, and g ,  the acoustical 
power spectral densities become 

NOTE : SF(f) and R are not identical for (4) and (5). The numerical 
values in (4 )  are derived Eram single engine data; a single hypothetically 
equivalent ayotera is utilized t o  derive the numerical values of (5). The 
absorption i s  set equal to one for simplicity, and the uniform directivity 
(after l i f toff )  around the vehicle surface is ut i l i z ed .  



The longitudinal correlation of acoustic surface pressures may b e  estimated by 
cos k(x-x,). The lateral correlation is estimated to  be substantial ly  greater 
than the longitudinal coefficient as equal wave fronts may b e  visualized pro- 
pagating alang the vehicle surface from the acoustic source. Figures 6 and 7 
present empirically verified octave band longitudinal and lateral c o r r 4 a t i o n s  
of rocket engine noise. Theewentual loss of correlation as the circumferential 
distance i s  increased i s  caused by (a) the shie ld ing  effect of the vehicle and 
(b) the lack of coherency for variaus regions of a sound source of large spat ia l  
extent. 

In addition to the liftoff modification previously discussed (figure 4 ) ,  
engine-generated sound pressure levels during flight are decreased due to: 

(a) An effective increase i n  the apparent. source distance which 
occurs as the vehicle freestream velocizy increases w t t h  respect to the speed 
of sound. The resultant decrease in the acoustic environment is produced by 
multiplying the numerator of equations (4) and (5) by (1 - um/c)2 where Urn i s  
t.he vehicle freestream velocity. 

(b) A decrease i n  the shear velocity which occurs as the vehicle 
speed increases. This decrease is on the order of (1 - u,/u,)~ where the ex- 
ponent 4 appl ies  in the vicinity of the vehfcle surface. This decrease, however, 
is small compared t o  that discussed in the previous paragraph and it is usually 
ignored since engine generated acoustic pressures will not be prop~gated to the 
vehicle when Um/c > 1.0. 

2 ,, Boundary Layer Noise 

Esrf~uatfon of unsteady flight pressures at the surface of a space 
vehicle is facilitated by the categozization of aerodynamic sources - attached 
turbulent boundary f.ayer, separated flow, wakes, and shock. wave osci l lat ion.  
Shock wave osc i l la t fon  and wake envLronmenta1 characterization are treated in 
subsequent paragrapha. Attached turbulent boundary layer noise and unsteady 
pressures due t o  separated flow conditions are bas3-cally similar and are dis- 
cussed below. 

Consider the instantaneous acoustic pressure p (XI, x P ,  t) at a position 
X I ,  xz on a f l a t  r igid surface with an attached turbu?~ent boundary layer, homo-- 
geneous i n  both time and space. The normalized cross-correlation coefficient is: 

from which a wave number-frequency spectrum is obtained. by Fourier transform 

I = -.I J 1 1 E(xls " 2 9  t3 exp [-i(klxl + k2xZ - ut) ldx1dx2dt 
(&I3 -m -m -m 



FIGURE 6 .  EMPIRICALLY VERIFIED LONGITUDINAL CORRELATION 
OF ROCKET ENGINE NOISE 
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Several specialized forms of correlation coefficient and associrted spectra 
are mare recognizable: 

(a) Flotr-wise spatial correlation and cross-power spec-tral 
density 

where 

(b) Trazlsverse spatial correlation and cross-power spectral 
density 

00 - 
E2(k2) - 1 E2(xZ) exp [-ik2x21dx2 

f 
2.rr ,, 

where 

(c )  Surf ace correlation and cross-power spectral density 

(10) 
where 

(d) Autocorrelation and power spectral density 

(e) Analogous functions may be defined t o  describe the true 
temporal fluctuat%ons of the convected wall pressure, which are thechief 
source of sound radiation and qarer t tanef er t o  structural elements at high 
frequencies. \, I 



where 

The convection veloci ty  of eddies has been shown empirically t o  be 
deperdent upon eddy size (frequency) : 

however, by choice of axes 

which is supported empirically by references 9 and 11. 

From equation (14) 

If a separable correlat.ion model is assrumed 

and 

Equation (15) ie not vafid i f  ~ d d y  convection velocity is a function of 
, 

frequency but a.solutiun in the form of equation (16) I s  stillapossible. 

~perJmeatation y ie lds  correlation functions of a type which are 
mathematically determinable: 



Where L is the correlation length and 8 is the mean eddy lifetime. 

Corresponding wave number and frequency spectra are obtained from equations (17), 
(18), and (19) 

These spectra have been evaluated u t i l i z i n g  empirical values (references 
9, 10, 11, 1 2 )  with 8 = 9 6*/U, and L1 = L2 = 2d*,and are shown in figures 
8, 9, and 10. 

The unsteady p~essure spectrum at a f i x e d  point on the vehicle is 

Upon substitution and integration 

where 

6 = 11~,/186* 

This function is presented graphically by fig-nre 11. 



FIGURE 8. LONGITUDINAL BOUNDARY LAYER NOISE WAVE NUMBER 
SPECTRUM 



FIGURE 9. TRANSVERSE BOUNDARY LAYER NOISE NAVE NUMBER 
SPECTRUM 



FIGURE 10. MOVING A X I S  TURRULEHCE SPECTRUM 



FIGURE 11. FIXED POSITION POGlER SPECf RAL DENSITY 



Direct measurement of E f ( w )  necessitates correction due to the finite 

surface area of the transducer. Figure 12 shows - corrected nondimensional 
2 2 measured power spectral density,  W (5) = p (f) /p OA A f  , in terms of the non- 

dimensional f 6*/U,. For comparison purposes 

which includes a factor of 2 since E~ (w) includes both p o s i t i v e  and negative 
frequencies and a factor of 27~ to c~nvert~from radians per unit time to Hertz. 
Figure 13 shows E '  (w) and Ef (w) converted t o  the dimensions of the measured 
quantities. I 

The good agreement 05 W f j f )  with the measured boundary layer noise spectra 
(f 6 * / ~ ,  i m p l i e s  that ~ ' ( f )  is a good approximation t o  the moving axis 
spectrum. 

Given the normalized boundary layer spectrum above a rigid surface, 
the total  mean square acoustic pressure must be related t o  f low parameters . 
in order to compute the pressure spectral density, Figure 14 shows the over- 
all rms pressure normalized to the wall shear stress, T, = 0.5 p urn2 cf, as 
a function of Mach number, where cf is the local coefficient of skin frictf on. 
The following f omulae f o r  boundary layer displacement thickness and local 
coefficient of friction enable the computation of boundary layer noise for a 
f l i g h t  vehicle with attached or separated tl-lrbtrlent boundary layer flow: 

Smooth F l a t  Plate (reference 13) 

Attached Turbulent Boundary Layer (reference 2) 



FIGURE 12. NONDIMENSIONAL MEASURED ACOUSTIC SPECTRA 





FIGURE 14. MACH NUMBER VARIATION OF NOwNLIZED COMPOSITE 
ROOT-MEWW-SQUARE WALL P,RESSURE FLUCTUATIONS 



Separated f low (reference 2) 

3 Oscillating Shock Waves 

Fluctuating pressures of unsteady shock waves have been studied 
empirically by reference 14. The mean shor:k wave posit ion (figure 15) and 
composite pressure coef f icfent (figure 16) were def fned. HowLver, the posi t ion 
of the shock can be defined analytically: 

far 

and 

The data of figure 16 can be fitted satisfactorily by combining the relation- 
ship of the pressure ,at X ~ / D  = O (pOA ) relative t o  q ,  

0 

and the variation of overall scluad pressrlre level relative t o  that at: 
xi/u = 0 which is given by 

for 

and 



FIGURE 15. MACH NUMBER FOR MAXIMUM SHOCK-INDUCED SOUND 
PRESSURE LEVEL, GIVEN TRANSITION ANGLE, AND 
NONDIMENSIONAL DISTANCE AFT OF SHOULDER 
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FIGURE 16. DEPENDENCY OF MAXIMUM SHOCK-INDUCED PRESSt4RE 
COEFFICIENT ON TRANSITION ANGLE APSD NON- 
DIMENSIONAL DISTANCE AFT OF SHOULDER 



The normalized spectral dznsity is given by 

where 

B = 0.617 xlU,/~ 

xi and D are in ft, Urn in ft /sec,  f in Hz, 

2 q, in Ib/f  t and 0 in degrees 

The flucruating shock pressure spectrum level is 

10 log Ss ( f )  + 127.582 
where 

s,(f) = W, (f) 

and for  xi/^ between the shoulder and t he  mean shoclc location, S, (f) should be 
evaluated at t h e  location of the shock wave. 

For  xi/^ af t  of the shock wave the actual value OL vt jD should be inserted into 
the following equations: 

Combining (32) and (35) yie lds  

and sinp lif ying 

where 

Y = xiUm/~ 

One-thf-rd octave band sound pressure levels may be obtained from 

lo log [ f S , ( f ) ]  + 121.22 

and t t s  overall sound pressure level may be calculated 



DA SPL = 10 l o g  S s ( f )  df + 127.582 

or equivalently 

10 log [ Z  fi ssi ( f ) ]  + 121.22 
J 

Thd above analysfa seems more satisfying than utilization of a group of charts 
and is directly related to observable physical phenomena. These equations agree 
well. with measured wind tunnel model data (references 14, 15,  and 16) and e m p i r i -  
cal  data from full scale space vehicle measuring programs (references 6 and 17). 
Coherency of the fluctuating pressure associated w i t h  an oscillating shock wave 
has not been adequately defined at  present; hence a conservative estimate of 
unity within the &ock wave oscillation may be utilized. The rms travel u of 
the shock wave has been estimated a = 0.125 x i ,  (reference 17). 

4. Wake Irnpingerrkent 

The fluctuating pressure environment of a wake has been investigated 
(references 19 and 20), Results suggest that Reynolds and Strouhal numbers based 
on wake momentum thickness characterize wakes from a wide class of symmetric 
bodies .  At very low Reynolds numbers, R < 100, the large eddy structure domi- 
nates the wake. Experiments show that the Strcauhal number of the peak frequency 
[canstant percenkage bandwidth spectra) continues to increase with Reycolds number 
and then seablizes at a value of 0.2 for R > 8 x lo3. Since the Reynolos n k b e r  
f o r  space vehicle systems greatly exceeds txe sensitive range, a Strouhal number 
S = f d / ~ ,  - 0.2  based on the tower diameter can be utilized. Figure 17 prfscnts 
a non-dimertsfunzl spectrum f o r  wake impingement. The rms pressure coefficierrt 
( i . e .  m s  fluctuating pressure divided by freestream dynamic pressure) for wake 
impingement i s  approxi.mately 0.1. Correlation cozf f ic ients  similar to j el engine 
noise may be anticipated. 

5 .. Compartment Noise 

The acoustic fields to which camponents within a compartment are 
exposed are conlposed of a combination of hydrodynamic pressure fields, standing 
wave fields and reverberant acoustic fields. Internal acoustic fields are 
functions of the external pressuve f i e l d s  averaged over all exeernal area, the 
mean transmission loss of the exterior w a l l  structures, thc energy absorption 
characteristics of the interior surfaces and the characteristic acoustic impedance 
of the medium internal to the compartment. The acoustic f iel.!, fox  frequencies 
less than the fundamental acoustic resonance (i.e, where the acoustic wave lengfh 
is equal t o  or larger than twice the rnffxh.um unrestricted cmpartment dimension), 
can he classified as a hydrodynanic pressure field. Since the compartment Is 
not 1~rge  enough to support acousti,.: wave motion, the oscillating pressure field 
which exists ~3.11 be of nearly equal phase throughout the enclosed vo5ume and no 
increases dur to ref lecrion w i l l  occur at compartment boundaries. 





At the compartment fundamental acoustic frequency the sound pressure 
level at the boundaries may be up to stx  dB higher than the transmitted level. 
Correlation coefficients can be approximated i n  this range by cos kx. 

A t  higher frequencies a diffuse f i e l d  w i l l  exist and the resultant 
mean square acoustic pressure will be p r o p o r t i o n a l  to the  acoustic energy 
transmitted through the exterior walls and inversely proportional to  the 
total surface and volume acoustic energy absorption. Correlation coefficients 
in a diffuse field can be expressed analytically as (sin lcr)/kr. 

B .  Simulation Acoustic Fields 

The exact characteristics of simulation acoustic f i e l d s  i n  the labora- 
t o r y  or at a static firing t e s t  stand must b e  determined empirically. Both the 
acoustic pressure spectral level and the correlation coefficient should be 
measured at the surface of structural elements. The subsequent paragraphs 
portray the significant traits o f  p a r t i  culsr f f e l d s .  

Boundary-layer induced vibratory response of structural elements is  
primarily due to the turbulent energy at wave lengths near the free bending 
wave length of the panel. Acoustic simulation of unsteady aerodynamic I.oads 
near the panel free bendfang wave number is not feasible due to the discussed 
wave length relationships i n  the previous paragraph. Generally, acoustic 
simulation of vibratory response even i n  a narrow band of wave numbers about 
the panel bending wave number, cannot be accomplished because in the nomial . 
stationary medium (air), acoustic frequencies corresponding to such wave 
lengths w i l l  generally be greater than the panel response frequencies. The 
situation may be improved i f  exact simulation of the acoustic loading environ- 
ment is not required, that is, if only the vibratory response sitnulatio~ is 
desired. It can be  shown that in the reverberant frequency response rsgion 
of a specimen the reverberant energy may dominate the hput energy in any 
small segment-. In such cases, the response uf the sy3tem will b e  determined 
by the reverberant f i e l d  which is  dependent primarily upon structural damping. 

1 .  Progressive Wave 

An acoustic progressive wave f a c i l i t y  is a convenient apparatus 
for obtaining a re1a:ively high level one-dimensional acoustic pressure field. 
If minor perturbations zre ignored, the acoustic properties i n  such a facility 
with an anechoic termination will be virtually a function of only axial location. 
A wave front should lie along a cross section and the relat ive  phase i n  the 
axial direction should depend upon wave number and relative distance. The 
correlation i n  the vertical and transverse direction should be unity and in 
the axial direction it should be cos kx. Test variables include angle of 
incidence i . e . ,  testing may be performed at  grazing, normal or at c prescribed 
angle of incidence. Tht~s the correlation coefficient along any particuiar 
t es t  specimen may be varied between 1 and cos kx, 



2.  Reverberant 

A reverberant test fac i l i t y  most nearly simulates the environ- 
ment encountered by the equipment wfthin a compartment of the space vehicle 
a t  higher frequencieo. Such a f a c i l i t y  produces a diffuse f i e l d  i . e . ,  the 
acoustic energy density approaches uniformity for all directions at central 
locations within the t e s t  chamber. The acoustic spectrum can be  shaped, 
dependent upon the available power and the energy sbsorp tion characteris t i c s  
of the facility, The correlation coefficient for diffuse f i e l d  conditioris 
becomes (sin kr) /kr . 

The use of air jets as an acoustic source will not greatly in- 
flueace response unless the test specimen i s  placed very near the source. 
That is ,  the use of an air jet source in a reverberation chamber will not 
affect the correlation coefficient in  the reverberant Eie ld ,  e t c .  If the  
specimen i s  placed in the flow, the acoustic f i e l d  will be due to  a combination 
o f  jet noise and boundary layer noise. The direct f i e l d  of an air jet is * i ~ e  
to aerodynamic Bources and can b e  treated similarly t o  the previous dls- 
cussed rocket engine and boundary layer noise. Exact pressure and correlation 
characteristics in such an acoustic t e a t  field should be measured. 

4. Wind TmneLa 

Uti l i za t ion  of a wind tunnel facility as a technique for estimating 
vehicle structural response i s  not generally recommended. A wind tunnel 
f a c i l i t y  may be u t i l i z e d ,  however, i f  defined test conditions are stringently 
maintained and intimate judicious interpretatioa i s  applied to the resultant 
data. 

The primary difficulty i n  much wind tunnel structural response simu- 
lation i s  the isolation o f  the turbulent boundary layer acoustic sources from 
background noise sources inherent i n  the operation of the facility. This 
diff iculty  is present because ma j or txbansonf c wind tunnel aye terns have not 
been designed to meet acoustic criteria.  Figures 18 and 19 portray typical 
sources of unsteady pressure i n  continuou~ and blawdotm wind tunnel. systems. 

The tunnel background noise (reference 21) is  a combination of the follow- 
ing sources which are convected or radiated t o  ttre test  specimen. 

a. Component Resonance 

Component resonances which are excited will perturb l o c a l  
flow, producing variation at the resonant frequencies. 

b. Vortex Shedding 

Screen, heat exchanger tubes, turning vanes, cavities and 
chanbers may shed vortices at various tunnel operating conditions. 
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c .  Wind Tunnel Wall 

A turbulent boundary layer will. b e  developed along the wall 
a£ the wind tunnel Eacilf ty and produce pressure fluctuations throughout the 
wind tunnel system. 

d m  Porous Walls 

Porous or slotted w a l l s  are u t i l i z e d  in the test sect ions  af 
transonic wind tunnel facilities to eliminate the effects of reflected shock 
waves on static pressure measurements. These wal l  configurations do not 
total ly  eliminate shock reflections as can be visualized by shadowgraph or 
Schlieren photography. It is bel ieved that the shock reflection will still 
contribute significantly to h c a Z  unsteady pressure amplitudes. Further, 
hole or s lot  patterns produce acoustic resonances which are dependent on 
the flow Mach number, 

e. Compressors 

Pressure fluctuations are induced by thrust and torque 
components and vortex wakes from each rotor stage, interacting with subse- 
quent rotary elements. Compressor blade vibration and motor speed varia- 
tion w i l l  also produce unsteady pressures. The major components of the com- 
pressor nof se will be a t .  harmonics of the blade passage f requcncy. 

f. Servo Control 

Instabilities in th2 servo-system w i l l  be transmitted to 
the flow stream. In a blowdown fac i l i ty  the control valve is sometimes followed 
by a free supersonic jet possessing regular jet noise sources. The supersonic 
stream can be terminated by atrong shock waves which will interact w i t h  the jet 
noise. 

g. Diffuser 

Normal sl., :k waves at the diffuser throat w i l l  interact 
with the boundary layer a r ~ ~  for subsonic flow disturbances may be transmitted 
upstream t o  the tes t  section. In a clouzd loop system disturbances may pro- 
pagate t o  the t e s t  section for a l l  flow conditions i f  the perturbations are nat 
damped out.  , 

h. Heat Exchanger 

Uneven heating in the heat exchanger causing some hot spots 
may result i n  pressure fluctuation at the t e s t  specimen. 

: Exhaust Systexu 

Acoustic resonances of an open pipe  as well as external noise 
which may be transmitted t o  the tes t  specimen by structural vibration w i l l .  be 
present in the b lowdm exhaust system. 



The resultant pressure at a point, i, of the t e s t  specimen, p , ,  is 
related t o  the background noise, pb, and the flow induced noise at the t e s t  
specimen, p,, (see figure 20) as follows : 

and the pressure cross correlation between locations i and j will be 

if the backgroimd and the flow-induced pressures at the t e s t  specimen are 
s tat i s t ica l ly  independent. The cross power spectral densities are related 
as follows: 

Thus the response of the t e s t  a~ecimen will be due t o  the f low component 

S ~ m  and the background compor.. ~c Spb (S can be .obtained by Fourier trans- 
f o m  of Rpb). In order t o  determine thg structural response t o  S alone, 
the response to Spb must be known, and subtracted from the t o t a l  s!?uctural 
response or Spb << Spm. 

If the response of a structrlral element oaly to the f low field of a wind 
tunnel system As determined, the relevancy of the uwteady flow f i e l d  must 
still be dztermined. 

The cross correlation of flow-noise.fs dependent upon boundary layer 
displacement thickness (references 11, 12 and 22) which is i n  turn a function of 
Reynolds number. The f l i g h t  vehicle Reynolds number i s  usually several orders 
of magnitude larger than .that of a practical wind tunnel facility. Hence, 
the exact dependency of the structural response on the cross correlatfon 
coefficient must be known in advance or the wind tunnel boundary layer must 
b e  thickened. The former requires an a priori knowledge of the structural 
response while the latter mechanism is not practical for most structural 
elements. Also the tunnel s i z e  precludes the use of large t e s t  specimens, 
otherwise flow blockage will occur. 

C. Component Influence an Local Acoustic Field 

The imposition of any structural element m ~ w t  necessarily modify the 
characteristics inhevent t o  the acoustic field existing prior to  insertion. 
Such perturbations aze due t o  scattering of the acoustic f i e l d  and the vibra- 
tory  reaporme of the staructuxs~ element which must inherently radiate a secondary 
acoustic f i e l d .  Thin effect is not further analyzed, since only minor effects 
are anticipat~ed as rang as component volume is less than 10% of a reverberation 
chamber for diffuse f i e l d  testing and the component area is less than 10% of the 
crass- sectioncnl area of a prugressive wave test  faci l i ty  when components are t o  
be immersed in a progreaslve wave field. 



II) 
FLOW DIRECTION 

FIGURE 20. COMPONENTS OF UNSTEADY PRESSURE AT TEST 
SPECIMEN SURFACE 



SECTION 111. EJJ3mNTS OF STRUCTURAL RESPONSE 
TO SONIC EXCITATION 

Two methods of estimating vibratozy response of pailel-type structure 
f.3 presented herein. The modal analysis technique i s  the typical c l a s s i c a l  
analysis ail adapted and developed by Dr. T. N. Lee of Chrysler, Huntsville 
Operations. The statistical energy analysis is  developed from the concept 
forwarded by D;r, R. H. Lyon of B o l t  Beranek and Newman. Incl Transfer function 
1eveJ.s are prepared f o r  the specimen to  b e  utLl ized  i n  the izrnpirical portion of 
the program of work. Effects of radiation damping, equ.il.rmet~t loading and ex- 
posed area are also discussed in th l s  section. 

Previous investigations ef the response of aerospace structures to acoustf c: 
stimuli  such 'as j c t  or rocket engine noise, boundary layer noise  or oscillating 
shock excitation have been largely ,of an empirical nature. Maha£ f ey-S~ni th ,  
Franken, Eldred t?r a l ,  and Barrett (~:eferefices 23 - 28) generally determined 
as a function of a1cou~tic  press9ure, the a c c e l e r ~ t i o ~ ~  normalized by bulk Idescrip- 
tors such as gram vehicle weight, vehicle diameter or vehic le  thrust.  'These 
experimenters generally lacked suffi.cient r e l i u a b l e  data and consequently could 
not adequately define the effects of runny sign:Lficant parameters on the damage 
potential of structural vibration. Measured flight vibration and a c o u s t i c  data 
w e r e  quite spasce ,and often unreliab1,e. Purely theioretfcal treatments oftert have 
become unwieldy, overly compl.isat(ed and impractical due t o  the degree of strtlc- 
tural definition required. 

A. Modal Anallysis ... ,- 

The disple~cem~ent spectral density at point r (x ,y) of a t w o  dirnensiona3, 
structure is givcirr by the following raqulation (see reference 2 9 ) .  

@WW(~ ,u ) )  displacement spectral density as a ':mction r and ru 

3 

r position ve-tor of the concerned 

w = f requenlcy In radians ]per second 
3 

Pjk(r) = normal mode of structure 

* 
=jk. = is the canplcx cc~njug,ate of llj,k 



+- 
%I k 

= I M Fjk(r) dr = generalized mess 

4- 

H = M(r) = mass distr ibut ion of t h e  structure 

k a damping r a t i o  corresponding t o  j, k mode 

"Jk = natural frequency of the structure 

The natural frqque~cies of a s imply  supported rectangular panel reinforced 
by stiffeners are given by (reference 30) 

where 

m s n  = mode indices 

P = mass density of panel 

E = Youag'n modulus of pane2 

E ' Poungla modulus of stiffeners 

v = Poisson's r a t i o  of panel 

h = thickness of panel 

a1 = spacrng of width-direction stiffeners 

= spacing of length-direction stiffeners 



R - length of pnncl. (x = 0 LO x 3 > )  

b = w i d t h  of panel (y = 0 t o  y = b) 

11 = moment of i n e r t i a  oe' one lcng tll-direc tion stiffeners 
with  respect t o  middle axis of cross-section of 
panel 

l2 = momcl~t of inertia of one-width-di rec t ion  s t i f f e n e r s  
wjth respect t o  middle  mis of cross-section of panel 

The c r o s s  spectral density of the  genarnlizad force of the e x c i t a t i o n  i s  
also de f ined  (refert2nce 29) , 

where 
3 

@pp(:1,r29~) = the cross spectral d e n s i t y  funccion of t he  exc i t a t i on  

Many types of acoustic f ie lds may be adequately represented by 

OPP = the homogeneous opectral density  of the pressure 
f i e l d  over t h e  structure 

+- 3 
(xl,yl), (x2,y2) = the coordinates  of locations rl and rz 

w = frequency 

c = speed of sound 

*lsAZ = spatial correlaefon coefficients in the x and y 
di rec t ions  

Equation 46 may be directly utilized as follows 

For bcundary layer noise 



For a plane progressive wave a t  paral le l  incidence 

which can be approximated by simulat$.cn of t h e  f i r s t  zero-crossing 

For a plane progressive wave at normal Tncidence 

and 

For a reverberant acoust ic  f i e l d  

+ + 
m ( , , = Qpp ( l o )  (sin kr)/kr PP 1 2 

which can be approximated by 

(51) 

The envelope of which i s  simulated by 



'+ 
The displacerncnt: response spectral density at any paint r (x,y) is given by 
reference 30. 

a +  

I j kFmnAj kmn j kmn 
Y ,  = st2f.pp(w) 1 --- - 

3 ,lc,m,n 
2 2 2  

Mj k%n" j kw mnc J' krnn 
1 , z 3  1 L 

W 
2 
j krnn = general term of the series 

4 - F  2 
4 , )  = displacement spectral density in (Inch) / rad.  per 

sec. 

2 
% $ w )  = spectral d e n s i t y  of the  excitation in (PSI; /rad. 

p e r  sec. 

S' = b ' ~ '  = area of panel subjected to  excitation i n  
(inch) 2 

b' 3 w i d t h  of panel  sub-j ected to exc i t a t i on  

R' = l eng th  of panel subjected to excitation 

The mode shapes are approximated by those of p a n e h  of uniform thickness 

-I 

= rjk(r) = sin JEL sin 
R b 

3 

Fmn 
= ~ ~ ( r )  = sin -- rnnx sin ra'rry ,, 

R 

where 

b = width of panel  

R = l eng th  of panel 

The modal masses are approximated by those of uniform thickness panel 



M = p h  = mass per u n i t  area 

p = mass density of panel 

h = thickness of punel 
3 
r = posi t ion vector  of p o i n t  concerned 

4- 

XtY = coordinates of z 

w = 2rf = frequency in rad./sec, 

E = frequency in Hertz 

Wjk3winn 
= natural frequencies given by equation (44 )  

2 
Cjkmn - c2 (w) = (w) + B~ j kmn j b n  jkmn(w) 

The normalized cross spectral densfty o f  t he  generalized force of the excitation 
for different  mode cornbinatfans is given by 

for j = m, k = n 

L. 

Ij kmn = IjmIin for j =; rn, k # n 

.1 

I j knm = I;~I& for j # m, k # n 



for k = n 



f o r  3 # m 

k-n 
n -1 + . (-1, A 

L. 

( 2  ) + (k.) 2 2 (n-k) 2 (n+Ic) J 

for k # n 

where 

Al 
= correlation decay conetant in length-direction 

A2 
= correlat ion decay cons tan t  in width-direction 

c = speed of sound in a i r  

+* 2 
The displacement response spectral density at r (x,y) in (inch) /Hertz is 
given by 



tf 2 
Tho acceleraLion response spectral density at  r (x ,y )  i n  h a d .  per sec. 
1.8 given by 

2 The acce le ra t ion  response s p e c t r a l  l e ~ ~ s i t y  i n  g /Hertz i s  given by 

2 The mean-square acceleration is g is given by 

The root-mean-square acce lerat ion  i n  "g" i s  given by 

2 The e x c i t a t i o n  s p e c t r a l  dens i ty  i n  (PSI)  /rad.  per sec .  i s  given by 

The e x c i t a t i o n  s p e c t r a l  dens i ty  i n  decibels /Hertz  i s  given by 

where 

Sgrd(f )  = the one-third octave e x c i t a t i o n  pressure  level i n  
dec ibe ls  (input) 

B, Transfer Function Level Prom Modal Analyses 

An a n a l y t i c a l  t r a n s f e r  funct ion  was obtained from Program RSRCPL, Response 
of Simply-Supported Rectangular Panels Gross-Reinforced with S t i f f e n e r s ,  developed 
by D r .  T. N. Lee under research Contract NAS8-21403. The input acoustic s p e c t r a l  
densicy was nominally equal  t o  100 dB (see figure 21, t a b l e  1 ) .  Vibratory 
responses were calcula.ted f o r  t e a t  specimens I, I1 and 111 (see s e c t i o n  I V  f o r  f u l l  
test apecimen d e t a i l s )  at coordinates  (15, 20), (2 ' 5 ,  30) and (26.25, 35) f o r  each 



FIGURE 21. SPECTRAL DENSITY OF ACOUSTIC INPUT TO COMPlJTER 
PROGRAM RSRCPl 



TABLE 'I. ACOUSTIC EXCITATION INPUT TO COMPUTER PROGRAM 

0NE13RD OCTAVE 
HEAN FREQUENCY 

F3R3 

I N P U T  E X C I f A t I O t 4  

ONE-3RD O C T A V E  LEVEL SPECTRAL DEHSITY 
IN DECIBELS IN DEcIBELs/HERTz 

S3R9 SPPF 



panel f o r  normal and grazing inc idence  progrcssiv~ wilvc and r eve rbe ran t  asuustic 
e x c i t a t i o n .  P red i c t ed  moiSsl f requenc l9s  from equa9;lori ( 4 4 )  f o r  apccimcns I ,  I1 
and 511 are shown in Tables  2 ,  3 and 4 ,  Tablc 5 Y ~ I ~ W R  a sample computer i n p u t  
for  test specimen III a t  coord ina t e  (26,25, 35) excited by an acoustic progrt?ustir.d 
wave a t  parallel incidence, 

A vibro-acous t ic  t r a n n f e r  function Jrr defined as the acceleration level 
in dB re 1 g minus t h e  acoustic level in dB rc 2 4 10-5 N / M ~ .  The computed 
a c c l e r a t f o n  spectral  density from Program WWC1 was converted t o  db re 1 g and 
t h e  c o n s t a n t  100 dB acoustic spectral dcnuity  e x c i t a t i o n  was sub t r ac t ed  from t h e  
v ibra t ion level t o  o b t a i n  the t r a n s f e r  f u n c t i o n  shown ou the  o r d i n a t e  of Figur:s 
22 through 48, Table 6 p r e s e n t s  an Index of  the presented a n a l y t i c a l  transfer 
f u n c t i o n s  

S t a t i ~ t i c a l  Energy Theory 

The theory of t h e  s ta t is  tical t rea tment  of v i b r a t o r y  response of struc- 
tural elements t o  a c o u s t i c  exc i ta t ion  i a  found In the literature,(Sse f o r  example 
references 31-35. ) This theory i s  generally adequate  when t y p i c a l  panel 
dimensions arc larger than t h e  wave l eng th  of p a n e l  bendink: modes, The funda- 
mental r e i s t i o n s h i p s  necessary t o  proceed in the a ta t is  t i c a l  analysis are the 
following 

and 

where 

SG (f ) i s  the  response a c c e l e r a t i o n  s p e c t r a l  density 

S&(f ) i~ the response v e l o c i t y  spectral d e n s i t y  

Sw(f l a  t h e  response displacement: spectral. d e n ~ i  ty  

w = 28f is t he  circular frequency 

rl is t h e  s t r u c t u r a l  loss factor 

Ps is the surface mass d e n s i t y  

n (f; i s  the e x c i t a t i o n  power i n p u t  p e r  u n i t  s u r f a c e  area 

The vibratory response of the simply-supported thin panel t o  convected 
turbulence i s  ca t ego r i zed  by modal behavior ,  depending on t h e  relationship 
of trace wave speed and the convection s p e e d ,  If t h e  p ro jec t ion  of t he  trace 
wave speed along the d i r ec t "o r~  of c o ~ ~ v e c t i o n  is: 



TABLE 2. PREDICTED MODAL FREQUENCIES FOR TEST SPECIHEN 1 



TABLE 3. PREDICTED MODAL FREQUENCIES FOR TEST SPECIMEN I1 

Hertz Hertz 



Hertz 

noo.3i52 16 
34 1. f 2q23 
7 5 9 ~ 4 7 1 5 9  

1347m71802 
2104.74442 
3030 ~27b48 
4324.19989 
5386r49231 
b817*12836 

234*6682D 
40 3.80864 
768*7DL57 

1364eY9693  
2115a60272 
3037m80635 
~ 1 2 9 . & S q u V  
539Qm87207 
6920r633&i  

499r98197  
597aP2554 
9 0 9  mOB94Y 
lY34.4l533 
2161m48093 
J0713e11813 
4153m71330 
54G9-25330  
b835*244~13 

879m94431 
9 3 8 e 6 7 2 8 1  

1 1 5 8 r 6 2 8 7 4  
1607m23454 
2 2 7 9 . 9 9 9 3 0  
31 54 . 82.626 
4 2 1 6 r 8 3 6 3 6  
5457m98773 
6 8 7 3 . 9 7 7 9 1  
1 3 7 l r 1 3 5 0 6  
!409.65729 
lS64m92iJdJ 
1921.06763 
2511.30399 

PREDICTED NODAL FREQUENCIES FOR TEST SPECIMEN 111 

radianfs ec . m 'tl Hertz 

6 3 1  115955 5 b 3 3 2 6 m O i D Z 9  

rad i  =/see. 



TABLE 5. TYPICAL STRUCTURRL INPLT PARAMETERS FOR COMPUTER PROGRAM RSRCPI 

I N P U T  PARAMETERS 

PL - PANEL LENGTH + 0.rOOaOE s t  
0 = PANEL W I D 7 3  = 0.30800E 0 7  
R H O  MASS DENSITY OF PANEL r B ~ ~ S ~ Q O E - Q ~  
H S  r PANEL THICKNESS * O * ~ O O Q O E - O ~  
C 1  r DAHPING R A T I O  r ~ ~ ~ O D U O F ' D ~  
X COORQTf lATE O f  V E C T O R  R = On35000E 0 2  
Y = C O O R D I N A T E  OF V E C T O R  R t O n 2 b Z 5 0 ~  0 2  
FINN CONSTANT TO DETERMINE O C T A V E  B A N D  c E ~ I E H  FREQUENCIES = 0118UO0E 92 
A 1  = D E C A Y I N G  C O N S T A N T  - LENGTH = ~.30000€ o l  
C SPEED O F  SOUND r 0a13500~ 0 5  
PLP = LENGTH O F  PANEL SUBJECTED T O  E X C I T A T I O N  = 0 . 4 0 0 0 0 E  0 2  
BP s W I D T H  OF PANEL S U B J E C T E D  T O  EXCITATION = 0.3n000E a 2  
~2 = D E C A Y I N G  C O N S T A N T  - W I D T H  = o . o o n n e ~ - 3 ~  
E Y O U N G S  HODULUS OF PANEL 1 0 . 1 O f J O O E  0 8  
EP = YOUNGS KBDULUS OF STIFFENERS " Q * f U 0 0 0 ~  0 8  
VIP - POISSONS R A T I O  = U e 3 0 C l ~ O E  O D  
ALA SPACING O F  Y - D I R E c T I f i M  ST IFFENERS = 0 + 1 > 3 7 5 E  0 2  
8 L i  S P A C I N G  OF X - DIREcTInN STIFFENERS = Q.laonOE f l2 
A l l  = MOMENT OF I N E R T I A  OF ONE Y - D I R E C T I O Y  S T I F F E N E R  = 0~53003E-dl 
A12 MOMENT OF INERTIA OF O N E  X 1 OIRECTIOY STIFFENER = 0.5300UE-01 
H2 1 LARGEST HEIGHT OF S T I F F  4ERS A T  VECTOR R = 0 , 0 0 0 0 0 ~ - 3 8  
HP = SMEARED-OUT THICKNESS UP FTIFFENEKS = 9 0 2 8 n O f l E - 0 1  
R A D  - R A W U S  OF SHELL * 0.1Dn03~ 32 
RHO$ MASS D E N S I T Y  OF S T I F F F W E R S  0e25100Fm03  



TABLE 6, INDEX OF VIBRO-ACOUSTIC  TRANSFER FUNCTIONS 

Case Panel  Location 

30"x4O"xe 040 A l ,  Unsti f  f ened 15,20 
15,20 
15,20 
22.5,30 
22.5,38 
22.5,JO 
26,25,35 
26.25,35 
26.25,35 

30"x40f'x 0.20 A l ,  Uns tiffened 15,20 
15,20 
15,20 

22.5930 
22.5,30 
22,5,30 

26.25,35 
26.25,35 
26.25,35 

30"x40"x.040 A l ,  Stiffened 15,20 
15,20 
15,20 
22.5,30 
22.5,30 
22.5,30 
26.25,35 
26.25.35 
26,25,35 

Exc i t a t ion  

Progressive Wave, Normal 
Progressive Wave, P w a l l e l  
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Parallel 
Reverberant 
Progressive Wave, Normal 
f regressive Wave, P a r a l l e l  
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Paral le l .  
Reverberant 
Progressive Wave, NorrnaL 
Progressive Wave, Parallel 
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Parallel 
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Parallel 
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Parallel 
Reverberant 
Progressive Wave, Normal 
Progressive Wave, Parallel 
Reverberant 



FIGURE 22. VIBRO-ACOUSTIC TRANSFER FUNCTION CASE I . A .  1 
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FIGURE 23. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I .A. 2 



FIGURE 24. VIBRO-ACOUSTIC TRANSFER FUNCTION CASE I .A.  3 



FIGURE 25. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I .  0.1 



FIGURE 26. VIBRO-ACOUSTIC I'RANSFER FUNCTION, CASE I.B.2 



FIGURE 27. V I  BRO-ACOUSTIC TRANSFER FUNCTION, CASE I .  B, 3 



FIGURE 28. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I .  C 1 



FIGURE 29. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I .C. 2 

60 



FIGURE 30. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I .  C 3 
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FIGURE 31. VIBRO-ACOUSTf C TRANSFER FUNCTION, CASE I I .A. 1 



FIGURE 32. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE II.A.2 



FIGURE 33.  V I8RO-ACOUSTIC TRANSFER FUNCTION, CASE I1 ,A,3 



FIGURE 34. VIBRO-ACOUSTIC TRANSFER FUNCTION CASE I I B. I 



FIGURE 35. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I I .  B .Z 



FIGURE 36. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I1 .B .  3 
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FIGURE 37.  VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I I .  C. 1 
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FIGURE 38. VIGRO-ACOUSTI C TRANSFER FUNCTION, CASE I I . C .2 



FIGURE 39. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I1 .C.3 



FIGURE 40. VIBHO-ACOUSTIC TRANSFER FUNCTION, CASE I I I  .A .  1 



FIGURE 4'1. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I I I .A. 2 



a)' 
k 

FIGURE 42. VIBRO-ACOUSTIC TRANSFER FIINCTIOM , CASE IT 3 .A. 3 



FIGURE 43. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I1 I .  8.1 
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FIGURE 44. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I I  I .  B .2 



FIGURE 45. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE 111.8.3 



FIGURE 46. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE I 11. C. 1 



FIGURE 47. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE III.C.2 



FIGURE 48. VIBRO-ACOUSTIC TRANSFER FUNCTION, CASE III.C.3 



(a> less than the convection speed (Thc modes arc. classif ied 
hydzodynarnica1l.y slaw - HS , ) 

(b) equal t o  the convection speed (The modes arc cLassiEicd 
hydrodynamically coincident  - H @ .  ) 

( c) greater than the convection speed (Tha modes arc c lass i fed 
hydrodynamically fast - HF.) 

Prom reference  36,  i n  the hydrodynamicaLly slow region, cg c Uc, 
(see f i g u r e  49 f o r  cB). 

P;I G, At (kp 61) w o  
flHS (1/3 octave band) = 

'It l 4- w 2 6  

which becomes, using cons i s t en t  nomenclature 

2 W n,, (1/3 octave band) = POA Gw *t 4n W' (E) 

and the i n p u t  power s p e c t r a l  d e n s i t y  is  

where 

=t 
-1 

Goo (8ps K ck i s  t h e  mechanical point i n p u t  conductance 
of an i n f i n i t e  flat plate 

K = the radius of gyra t ion  ( h / a )  far a flat panel of 
thickness  h 

C l t  
I ( E / P ~ ( ~ - O  1) ' I 2  i s  the  speed of propagation of longi- 

tud ina l  waves i n  the panel  

E = Yaung ' s  modulus far  t h e  panel 

P = panel density 

u = Poisson's , r a t i o  for t h e  pallel 

At = the equ.ivalent c o r r e l a t i o n  area ( f igure  50) a function 
t~f  the plate wave number ( f i g u r e  51) and IS* 

Combining equations (70) and (73) and rearranging terms f o r  the hydrodynamtcal'ly 
8 1 . 0 ~  modes, 



PLATE BENDING WAVE VELOCITY, cg , (f t l s e c )  

FIGURE 49. BENDING WAVE VELOCITY FOR PLATES OF ALUMINUM 
OR STEEL 



FIGURE 50. EFFECTIVE CORRELATION OF TURBULElJ BOUNDARY 
LAYER NOISE 



FREQUENCY (Hz ) 

FIGURE 51. NAVE NUMBER FOR ALUMINUM OR STEEL PLATES 



L 
Sii j  (f) 13.57 Po* Q At W 1  ( f )  f / r i  i t  

P 

. , For t he  hydrodynamictilly coincident region, cg U,, reference 36 
gives for t h e  input power per unit area in a bandwidth A w ,  

in consistent units the power in a unit bandwidth is, 
- 

and 

SC(f 2 
'OA G, fit/2n k P u c s i n  $, 

SZ;(~) = p L  G, f / k  u sin bc qp:, 
OA P c 

where 

8 ,  = cos-1 (w/k U ) P c 

thus for the Ilydrodynamically coincident r t g i o n ,  

In the hydrodynamically fast  region cI1 > Uc the response spectral dens i ty  
is given (reference 37), 

which becomes, in consistent units, 

which y ie lds  
1 
-- 

n, ( f )  = . pi* G At ~'(f) 

and - 
2 

S& (f ) = 3.142 Po* G, At W' (f) f / q p s  



The response of light-weight panels t o  acoustic fLcld; can ba ob ta~ r . rd  
 fro^ references 37, 38 

which is r e m i t t e n  in consistent units 

and 

where 

*P is t he  panel area 

h i s  the pane l  th ickness  

is t h e  panel mass 

is t h e  excitation acoustic pres su re  spectral dens i ty  

c is t h e  speed of sound in air 

ns is t h e  d e n s i t y  of v ib ra to ry  modes i n  t h e  panel 

For a simply supported cylindrical s h e l l ,  

where 

is the cyl inder  radius 

(w/cR) is the lungitudinal wave number 

85 



The results f o r  kQa > 1 apply f o r  a flat p la t e  

a (Q) > is o direc t iv i ty  and corre la t ion function, 

< D ( R ) >  = 1 f o r  a reverberant field 

and the r a d i a t i o n  efficiency is given by 

and 

2 whera Pr is the total panel edge per imeter  and f = 6.6 c / h  CQ i s  t h e  cri t ica.1 
P 

frequency i.e,, the lowest frequency for which wave coincidence occurs, tha t  
frequency for ~ ~ h i c h  c = c g +  

D. Transfer Function Level from Sta t is t ica l  Energy Analysis 

The vibro-acoustic transfer function l eve l ,  TFL, In dB i s  defined as the 
accelerati n leve l  AL i n  dB re Ig minus the sound pressure level. SPL i n  dB S re 20 ~ N / M  . 

A L ( f )  1 10 l o g  Sijij(f) - 30.15 dB 

= 10 log P* ( f )  + 127.582 dB (91) 

where 

and 

- 
2 P (f) 18 92/ft4 

pL (f) = PG* At W' (f) , HS ~ u r b u l e n t  Boundary Layer 

- 
* A , HC Turbulent Boundary Layer = 'OA t 



TFL 

A w 1 ( f ) ,  HF Turbulen t  Boundary Layer 
= P;A t 

Following are the pe r t i nen t  parameters f o r  t e s t  specimens (See also Section 
IV.): 

Test Specimen I 

Test  Specim~n 11 

-4 
a rad * 2 . 8 0 4 ~ 1 0  f E < 1159 

= 1.0 f > 2318 



Test Specimen I11 

2 3 
f's 

= 3.5 x lom2 t - sec /ft 

Other parameters u t i l i z e d  same as Test Specimen I 

U t i l i z i n g  equations (92) and (93) and t h e  abovc parameters, the 
fo l lowing  resul t s  are obtained: 

1. Hydrodynamically Slaw Turbulent Boundary Layer 

Specimen 1: 

- TFLHS - -13.8.3 3- 10  l o g  E 

Specimen TI: 

TFLHS -132.25 + 10 l o g  f 

Specimen 111 : 

- TFLBS - -121.3 + 1 0  log E 

2 .  Hydrodynamically Coincident Turbulent Boundary Layer 

Specimen I: 

TFLHS = -137.57 -1. 10 log (cot @ ) C 

Specimen 11: 

TFLHC = -151.56 + 10 log (cot + ) 
C 

Specimen III : 

TFLHC = -140.57 + 10 log (cot 4 ) 
C 

3 .  Hydrodynamically F a s t  Turbulent Boundary Layer 

Specimen I: 

TFL = -124.61 + 10  l o g  f 

Specimen 11: 

TFL = -138.61 + 10 log f 

Specimen I11 : 

TFL = -127.61+ 10 log f 



4 . Acoustic, Revkrberant F i e l d  

Specimen I: 

TFL = - 2 2 5 . 2 +  10 l.og f E 5795 

Specimen XI: 

TFL = 132.3 + 10 log f E 11.59 

Specimen I11 : 

TFL -128.2 + LO log E E i 5795 

The t r a n s f e r  function levels for test specimens I, 11, and TIT for t h e  
reverberant field acoust ic  e x c i t a t i o n  a r e  s h o ~ m  i n  f i g u r e  52* 

E. Damping Effects 

The damping o f  a panel-type t e s t  s p e c h e n  is due t o  material damping 
of t h e  specimen, edge damping due to the test E i x t u r c  and r a d i a t i o n  damping. 
If f i x t u r e  induced damping i s  negligible only  the  relative material damping 
and the r a d i a t i o n  damping are of importance. Consideration of t h e  damping i s  
ma~da to ry  s i n c e  the mean-square response a t  resonance  is inve r se ly  proportional 
t o  damping squared.  The problem arises from the  desire t o  minimize cross-section 
area of a p r o g r e s s i v e  brave t e s t  facility i n  order  t o  maximize t he  acoustic Eorcing 
pressure  for a given power source, and t o  maximize t h e  frequency of cross modes. 
The r a d i a t i o n  dampSng imposed on a simply supported test specimen, by a pro- 
gressive wave section with cross-sectional area, s,, is as f o l l o w s  ( reference  
39), 

For a homogeneous a1umil;:lni panel 

where a, b are the panel dimensiims, h i s  t h e  thickness 



Frequency (Hz) 

FIGURE 52. STATISTICAL VIBRO-ACOUSTIC TPJINSFER FUNCTION LEVELS 
FOR REYERBERP.NT ACOUSTIC EXCITATION 



m, n arc modal indices in the a, b d i r e c t i o n s  

Equipment Loading 

Loading s t r u c t u r a l  members with equtpmcnt will genera l ly  Lend to reduce 
t h e  v i b r a t o r y  ampl i tude  and the  resonant frequency. The following recults  are  
presented due t o  t h e  i n h e r e n t  mathematical tractability and simplicity in form. 
Considering a s i n g l e  degree of freedom system ar~alogy,  i t  is clear that rhc 
mean square response is a t t e n u a t e d  by o f a c t o r  Fm. 

where 

me = equipment mass 

m s = structural mass 

and t h e  resonant  frequency ~ 1 1 1  be reduced by a f a c t o r  

G. Exposed Area 

When the e x c i t a t i o n  pressure field i s  homogeneous in space, the cross- 
spectral density  of the  excitation can be expressed 

where the  spatial c o r r e l a t i o n  functiuLi of the presfure field R(S,.) is a 
3 function of frequency w ,  and separation d i s t a n c e  ( r l  - r2). 

-f 
Under these condi t ions  the response displacement spectral dens i ty ,  4 w ( r , ~ ) ,  
i s  d i r e c t l y  p r s p o r t i o n a l  t o  the area of the test specimen exposed t o  the 
homogeneous excitation pres su re  f i e l d .  (See equation (52) . ) 

Thus the response a c c e l e r a t i o n  spectral d e n s i t y  i s  ~ ] . S O  p r o p o r t i o n a l  t o  
the square of the exposed area. 



SECTION XV, EMPIRICAL PROGRAM 

Completion of the empi r i ca l  program rcqu i r ed  u t i l i z a t i o n  of an acoust ica l  
t c s  t Eaci l i  t y  , 3, progressive wave f a c i l i t y ,  a r e v e r b e r a t i o n  chamber, f a b r i c a t i o n  
of test  p a n e l s ,  performance of the  t e s t  program and a c q u i s i t i o n  of v i b r a t i o n  and 
ocous t i  c data, 

A .  Test Facilix 

I , Progres s ive  Wave F a c i l i t y  

The a c o u s t i c  p rog res s ive  wave t e s t  f a c i l i t y  i s  shown i n  Eigurc  
53, The f a c i l i t y  walls are a sandwich cons t ruc t ion  (two s h e e t s  of 3 / 4 "  plywood 
bonded t o  a cork compound designed t o  f u n c t i o n  as a constrained layer) with  
a s t e e l  frame, Thc ncessa ry  rigidity i s  furn ished  by t h e  frame and t h e  plywood 
members, the cons t ra ined  cork  layer providea high w a l l  damping i n  resonant  and 
co inc iden t  frequency ranges. The a c o u s t i c  source i s  a Ling EFT-94B d r i v e r  w i t h  
a rated 4000 watt output .  The d r i v e r  i s  joined t o  a 50 Hz cutoff exponen t i a l  
t r a n s i t i o n  s e c t i o n  fabricated by Ling E l e c t r o n i c s  which conver t s  t h e  approximately 
1.5 inch diameter c i rcuJ .a r  e x i t  a t  t h e  t ransducer  t o  a seven inch square  cross- 
s e c t i o n .  The Ling adapter i s  j oined t o  a rectangula7- cross-section l i n e a r l y -  
expanding horn with a cutoff frequency below 30 Hz. The horn i s  mated t o  an 
e igh t - foo t  long t e s t  s e c t i o n  wi th  i n t e r n a l  dimensions of 1 - 9 8  f e e t  deep by 3+69 
f ee t  high.  The t e s t  s e c t i o n  i s  joined t o  an anechoic t e rmina t ion  sec t ion  of t h e  
saye c!%mension ( i . e ,  1 .98 '  x 3.69; x 8 ' ) .  The t e s t  s e c t i o n  accommodates 30" x 40tt 
and IX;' x 13" plane t e s t  specimens i n  t h e  simply-supported mode (see figure 5 4  
f w a oketch of t h e  mounting arrangement) u t i l i z i n g  in t e r changeab le  f i x t u r e s .  

The Beranek and S l e e p e r  l i near  Harvard wedge t e rmina t ion  i s  rep laced  by 
the nrare economical Gustin-Bacon (BBGrN) laminated s t a i r - s t e p  approximation 
( r e f e r ences  40 and 41) .  F igure  55 shows t h e  app rop r i a t e  des ign  d e t a i l s  for 
the two predaminent wedge types with t y p i c a l  measured d a t a .  Both wedges a c t  
as quarter-wave length  absorbers  designed t o  reflect less than 10 percen t  of 
the i n c i d e n t  energy above the cu to f f  frequency. The Gustin-Bacon wedge i s  f a b r i -  
s a t e d  from n o n - i r r i t a b l e  glass  f i b e r s  which are extremely r e s i l i e n t  and durab le .  
A s tandard  model wi th  a 75 Xz low frequency cutoff  i s  u t i l i z e d .  Referring t o  t h e  
f i g u r e  i t  is seen t h a t  a standtng wave r a t i o  of the order  of t w o  dB may be en- 
countered a t  50 Hz. A'DOVP 100 Hz, however, t h e  ratio is on t h e  order of 0.5 
dB or less. 

The sound power l e v e l  capab i l f  t y  of t h e  Ling Modulator as l i m i t e d  by th2  
exponen t i a l  horn section i s  shown i n  f i g u r e  56. Figure  57 shows t h e  maximum 
sound pressure levels  i n  the vicinity of t e s t  specimens. The maximum capability 
of t h e  facility i s  seen t o  be 157.5 dB s i n u s o i d a l  o r  overa l l  sound p re s su re  level 
for a broad band random spectrum. 



FIGURE 53. ACOUSTIC PROGRESSIVE WAVE FACILITY 
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FIGURE 54. TYPICAL PANEL MOUNTING CONFIGUR4TION 
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FIGURE 55. ANECHOIC WEDGE CHARACTERISTICS 
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FIGURE 55. ANECHOIC WEDGE CHARRCTERISTICS (Concluded) 
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FIGURE 55. POWER CAPABILITY OF LING EPT-943 ACOUSTIC SOURCE 
HITH 50 Hz CUTOFF EXPONENTIAL HORN 
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FIGURE 57. MAXIMUM SOUND PRESSURE LEVELS IN PROGRESSIVE WAVE ACOUSTIC 
TEST FACILI fY  



The f a c i l i t y  has been equipped with a d i v i d e r  to enable t he  evaluat ion of 
radiation damping effects on specimen response, The divider may be located a t  3,6, 
12 and 18 inches from the t e a t  specimen. Acoustic cross-modes develop due to 
discontinuous wave expansion and minor surface discontinuities. The cross-modal 
frequencies are  computed from the  conventional equat ion  for acous t i c  modal Ere- 
quenciea i n  a rectangular  psrallelopip~d: 

where 

a, is t he  faci l i ty  l e n g t h  (essentially infinite above t h e  cu tof f  
frequency of the anechoic termination) 

Ey is t h e  width 

k, i s  the height 

c i s  the  speed o f  sound 

and the modal indices 

except ny # n, = 0 , simultaneously 
The frequencies of the cross-modes have been calculated as d e s c r i b e d  

above for up ka the 20 x 20 mode. The number of modal frequencies for vhich 
sound f i e l d  in te r fe rence  (constructive and destructive may occur at the t e s t  
specimen l oca t ion  is as iollows for various divider spacings:  

Distance from Divider 
to Test Specimen 

0.25 ft. 

Interference Frequencies 
(Below 2000 Hz) 

13 

0.75 ft. 35 

1+50 ft. 65 

1.98 ft. 84 

Constructive interference occws  at approximately half of the above 
f requenc ies  , 

The driver air is exhausted via a plenum at the base of the wedges. 



2 . Reverberant Test  F a c i l i t y  

1 ~ s  t Cell  (2-20) a t  the  Michoud Assembly F a c i l i t y  was chosen 
f o r  use after refurbishing as t h e  reverberation chamber Ear the evalluatioc of 
s t r u c t r r r a l  response t o  reverberant a c o u s t i c  f i e l d s .  The  chamber i s  10.0' x 
16.0' x 42.5 '  with a t o t a l  edge l e n g t h  228 f t . ,  t o t a l  surface area 2758 f t 2 ,  
and volume 6763 f t3.  The fundamental acoristic mode occr!rs a t  13.1 Hz. 

Acous t i c  modes f o r  a rectangular room lx x ly x 1, are calculated from 
the  equation (103). This eq,uation has been u t i l i z e d  t o  calculate the acoustic 
modes f o r  Test Cell 2-20 with 1, = 10.0 ', ly = 16.0  ' , and 1, = 4 2 . 5  ' . The 
modal indices have been varied frolrl 0 to 20 producing 9260 calculated room 
resonances (Table 7). 

The room modes may b e  separated into t h r e e  categories - a x i a l  modes, 
tangential modes, and obl ique modes (waves). Axial waves are parallel to a 
chamber a x i s  and two modal  indices  are zero: 

x - ax ia l  waves are p a r a l l e l  t o  the x a x i s  (ny, n, = 0) 

y - a x i a l  waves are p a r a l l e l  t o  the y axis (nx, n, = 0) 

z - axial  waves are para l l e l  t o  the z axis (n,, ny = 0) 

Tangential waves are para l l e l  t o  a w a l l  surface and have one modal index eql;aX 
to zero: 

x, y - t angen t i a l  waves, parallel  to the xy plane (n, = 0) 

y, z - tangential waves, parallel to the y z  plank (11, = 0) 

x ,  z - t angen t i a l  waves, p a r a l l e l  t o  the xz plane (ny = 0) 

Obl ique  waves have no modal i n d i c e s  equal to  ze ro .  

Th i s  d i s t i r ~ c t i o n  i s  important since the o b l i q ~ l e  waves are moxe highly clamped 
than the  tangential waves, and the a x i a l  waves are the least da,mped. 

The number of each type of mode is calculated in Tzble 7: 

General - T e s t  Cell 2-20 - 
Axial Modes N, + Ny + Nz 

(Enclosed by s o l i d  3 *i.ne~) 

Tangential  Modes 2(NxNy + NyNz + NzNx) 1200 
(Enclosed by dashed l ines) 

Oblique Modes I, Ny N, 8000 

where iix = n~maxs N~ = "Yruax' N~ = n h a : :  



TABLE 7.. ACOUSTIC MODAL FREQUENCIES FOR REVERBERANT FACILITY 
(TEST CELL 2-20) 



FACILITY DIHFhcIO:4S l X =  10.0 FFET, I Y =  1b.F FEET, IZ= 43.5  F F f l  

SPFED OF SFUND = 1 l l A . n  FFFT PER SECObiD 



SPfEn OF SCUUD a 1 .  FFFT PER SECn>>!l 



F A C I L I T Y  214FVSlRV~ C X =  1D.r FEET, L'= 1 6 . ' :  CFETt L Z =  47 .3  F F t T  



SPEED OF SnUND = 1116.0 FRET PER SECOND 



F A C l L I T Y  DI9EtSIRUS LX= 1 3 . 0  FEET, LY: 1 ,  FFFT, C t =  47.5 F F t a  

- - - -  - SPEED OF SOUvD ; .. - F&FT PEP SEfOMD 



FACILlTY D14F.dsIqvF Lr: 1n.n FEET, L Y r  6 F F t r ,  :.z= 4 7 . h  F F ~ T  

SPEED PF SOUND = l 1 t c . g  FFET PER SECOkD 



SPEED OF SDUMD s 1 1 1 6 ~ 1  FFET PEQ SECOtD 



F A C I L ~ T Y  DIHFNSIDYS L ~ X  1 6 . 0  FEET, LY= 1 5 . F  FEET. LZ=  47.5 FEET 

SPEED BF SOUFID 1flb.o FEET PER SECGYD 



F A C I L l T Y D I H E N S l n K F  1 x 2  1 0 . 0  FEET. L Y =  6 .  FFET. L2= 47 .5  FFkT 

SPEEn OF SPUND r i l l b . 0  FEET PER SECOuD 

NODAL INDEX NSLlBX r R 



SPEED OF SndblD = llib.0 rfEf PER SECOND 



SPEED OF SFUMD r 1316.8 FFFT PER SECOND 



FACILITY DIHE?4IOnS I.Xr 1 o . n  FFET, LY= 16.- FFtT, L Z +  47.5  FFET 

MODAL INDEX kSUBX z 11 



SCEEB O f  SOUND B 1itb.O FEET PER SECOND 



SPFED OF SCUkg = 1116.0 WET PER SFCOY2 







F & e l L I T Y D I Y E u S I O n S  LXr 1J.O FEET, LYr 1 . 0  FEET, t Z m  42.5 FEET 

SPEED OF SOUND T 1ii6rO FEET PER SECOND 



FACILITY DlqEYSInNS LX. 1 0 . 0  FEET, L Y =  6 FFET, LZ= 4>.5 FFET 

SPEED OF SOUMD r 1116.0 FEFf PER SECOY3 

HODlL INDEX NSllBX r 17 



F A C I L I T Y  P~HENSLONS !.X. 10.0 FEET, LY= 1 6 . 0  FEET* Lh= 42.5 FEET 

SPEED aF SOUND x 1116m0 FEET PER SECOND 

N I D A L  INDEX qSUBX = 1 8  



FACILITY DIMFVSlnNS LX= 0 FEET, t Y r  6 FFE?, L Z =  4 2 e 5  FFET 

SPEED OF SOUND s 1114.0 FEET PER SECOND 

H O D I L  INDEX NSUBX r 19 



8?EED OF IBUiUD o 1116.0 FFfT PEP SECBND 



The number of modes may b e  counted in frequency space utfl~zing a s t a t i s -  
t i ca l  approach, 

where N is t h e  t o t a l  number of standing wave modes of all types  up t o  frequency 
f , The modal density  is simply 

For Test Cell 2-20 u t i l i z i n g  the above dimensions and s o n i c  velocity of 
1116.0 f t / s e c . ,  equat ions  (104) and (105) become: 

and 

Equation (107) i s  g r a p h i c a l l y  disp layed  i n  figure 58 showing the modal d e n s i t y  
f o r  t h e  reverberant f a c i l i t y  as well as t h e  components due t o  edge l eng th ,  sur-  
face area, and volume. The f requency a t  which t h e  s t a t i s t i c a l  modal d e n s i t y  
equals 1 can be determined from equation (107). 

P i g u r e  59 shows t h e  c a l c u l a t e d  mads1 d e n s i t y  for f r equenc ie s  up t o  200 
Hz, as c a l c u l a t e d  from equa t ion  (103) . The ampli tude is shown with a non- 
zero bandwidth s i n c e  each mode has an a s s o c i a t e d  magn i f i ca t ion  f a c t o r  and 
response bandwidth, 

The c l a s s i c a l  approach provides a de termini= tic, exac t  r e su l t  whereas 
the s t a t i s t i c a l  technique is only approximate. For f r equenc ie s  whose modal 
d e n s i t y  is greater than one, t h e  statistical method may be used with con£ idence.  
For example, t h e  t o t a l  number of modal occurrences on figure 59 I s  237 as com- 
pared with 238.7 from equation (206)  , 

A figure of merit or q u a l i t y  f o r  a reverberation room i s  the frequency 
above which t h e  modal response of the room becomes continuous and every source  
frequency component will be ampl i f ied .  If  t h e  wall abso rp t ion  c o e f f i c i e n t  i s  
0.02 then the magnification f a c t o r  i s  50 and t h e  modal response bandwidth i s  
0.02 times t h e  modal frequency. ( In  a c t u a l i t y  aaxial 0.02, Uoblique ' 0.04 
and c t t a n g e n t i a i  = 0.03 f o r  lower f requenc ies . )  A uniform c o e f f i c i e n t  of 0.02 
which would y i e l d  minimum modal overlap i s  utilized for mathematical expediency, 
The  number of modes p e r  room respans& bandwidth f3f can thus be calculated from: 

and f o r  Test Cell 2-20, 



FEQUEKCY (Hz) 

FIGURE 58. STATISTICAL MODAL DENSITY FOR ACOUSTIC REVERBEPANT 
FACILITY (TEST CELL 2-20) 



FREQUENCY (Hz) 

FIGURE 59. CLASSICAL MODAL DENSITY FOR ACOUSTIC REVERBERANT FACILITY 
(TEST CELL 2-20) 



This func t ion ,  w i ~ h  the volume, area, and length ccomponcntB is shown graphi- 
c a l l y  i n  f i g u r e  60. Figure 60 skiows t h e  chamber e f f i c i e n c y  t o  be good for 
f requenc ies  above 16 Hz. Refer r ing  t o  f i g u r e  59, the modal response is ob- 
se rved  t o  b e  r e l a t i v e l y  dense above 65 Hz except  in t h e  immedlntc v i c i n i t y  of 
86 and I00 Hz. 

The absorption coefficient is  shown i n  figure 61, Absorption 
is shown, sub-divided into three categories, wall absorp t ion  which is pro- 
p o r t i o n a l  t o  the square  r o o t  of frequency, molecular energy abso rp t ion  which 
is s t rong ly  dependent upon relative humidity e f f e c t s  on molecular  r e laxa t ion  
p r o c e s s e s , . a n d  c l a s s i c a l  energy abso rp t ion  due t o  hea t  conduction and r a d i a t i o n ,  
v i s c o s i t y  and diffusion processes, Wall. absorption accurs  only  a t  chamber 
boundaries ,  but molecular and c l a s s i c a l  abso rp t ion  occur during normal pro- 
pagation of sound i n  a i r ,  

An estimated lower limit of 0.02 i s  provided i n  f igure  61, Wall absorp- 
tlon i s  es t imated  Erom previous measured da ta ,  r e f e r e n c e  42 i s  utilized as a 
basis for p r e d i c t i o n  of molecular absorp t ion ,  and r e fe rence  43 is developed t o  
provide c l a s s i c a l  absorption values. Molecular and classical absorption are  
dependent upon t h e  chamber volume, but: a r e  shown as psuedo-areal c o e f f i c i e n t s  
i n  f i g u r e  61. 

Figure 62 i s  obta ined  d i r e c t l y  from f i g u r e  6 1  by mul t ip ly ing  t h e  total 
surf ace area times the total e f f e c t i v e  s u r f  ace absorp ti on c o e f f i c i e n t  , The 
EPT-94B source  and horn increases the t o t a l  abso rp t ion  above t ha t  f o r  an 
empty chamber. The increase i s  es t imated  t o  be 6 Sabins (6 square  f e e t  of 
t o t a l l y  absozbing area). 

Figure 63 p resen t s  t h e  r eve rbe ra t ion  time of Test Cell 2-20 determined 
Erom the  fo l lowing  equat ion:  

- 
Equation (110) utilizes an approxjmmation a e -2.30 loglO (1 - a ) , however 
t h i s  approximation y ie lds  an over e s t ima t ion  of t h e  r eve rbe ra t ion  t i m e  by less 
than 16% at 10,000 Hz, 6% at 2000 Hz and 5% a t  500 Hz, the r e l a t i v e  error 
approaching zero as the absorption coefficient appxoaches zero, Figure 63 
i s  very impor tan t  i n  t h e  empi r i ca l  eva lua t ion  of the r eve rbe ran t  f a c i l i t y  since 
the r eve rbe ra t ion  t i m e  is measured r e l a t i v e l y  easi ly .  (The r eve rbe ra t ion  time 
is the time i n  seconds f o r  t h e  chamber response t o  decay by 60 dB when the i n -  
put  s i g n a l  is  ins t an taneous ly  teminated.)  

Figure 64  presen t s  the  maximum sound pressure l e v e l s  n e a r  the c e n t e r  o f  
the reverberant f a c i l i t y  u t i l i z i f i g  the Ling EPT-94B a c o u s t i c  source. The 
sound pressure levels axe  c a l c u l a t e d  from the copvent ional  formula, 

SPL = PWL + 10 l o g  ( 4 )  - 10 l o g  (1 Aiai + 4mV) (111) 

where 1 Ajai 4- 4 mV is the t o t a l  absorption as presented in figure 62. 



100 1,000 

Frequency ( Hz ) 

FIGURE 60. STATISTICAL RESPONSE FOR ACOUSTIC REVERBERANT FACILITY 
(TEST CELL 2-20) 
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FIGURE 61. EFFECTIVE WALL ABSORPTION COEFFICEINT FOR 4COUSTIC REVERBERANT 
FACILITY (TEST CELL 2-20) 



FIGURE 62. TOTAL ABSGRPTION FOR ACOUSTIC REVERBERANT FACILITY (TEST CELL 2-20) 
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FIGURE 63. Rtr ERBERATION TIME FOR ACOUSTIC REVERBERANT FACILITY (TEST CELL 2-20) 
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FIGURE 64. MAXIMUM SOUND PRESSURE LEVELS IN ACOUSTIC REVERBERANT FACILITv 
(TEST CELL 2-20) 



Above LOO Hz the c ross -co r re l a t ion  coefficient  of t h e  a c o u s t i c  field 
should approach sin ( k r ) / k r  where k i d  t h e  wave number and r i s  t h e  distance 
relative to the o r ig in ,  

0 , Test Specimens 

Four t e s t  opecimens were exposed t o  the s p e c i f i e d  a c o u s t i c  exci-  
t a t i o n s ,  the response being monitored by a complement of a c c c ~ e r o m e t e r s ,  The 
four specimens are flat pane l s ,  two homogeneous aluminum punels  and one s t i f f e n e d  
panel wi th  and without an a t tached  maas loading system. These specimens arc 
i l l u s t r a t e d  i n  f igure 65 and are d e t a i l e d  below: 

1. Test Specimen X - 
Homogeneous aluminum panel  with t e s t  dimensions of 30" x 40" 

and 0.04" th ickness .  The fundamental mode of v i b r a t i o n  fo r  t h i s  specimen i s  
i n  t h e  neighborhood of 6 t o  10 Hz. The acoustic c r i t i c a l  frequency should 
occur a t  1 2  kHz, Thus w i t h i n  the frequency range of t h e  a c o u s t i c  source  panel 
motion will be p r imar i ly  of t h e  r eve rbe ran t  v i b r a t i o n  type ( i  . e m  composed of 
h igh  v i b r a t o r y  modal indices). This  specimen has  been designed t o  s tudy the 
c h a r a c t e r i s t i c s  of reverberant v i b r a t i o n .  (See f i g u r e  66 fo r  measurement l o c a t i o n s . )  

2 . Test Specimen 11 - 
Homogeneous aluminum panel  w i t h  test dimensions of 90" x 40" 

and 0 rn 2" thickness ( f a b r i c a t e d  us ing  .190 Al) . The fundamental v i b r a t o r y  mode 
of this panel is 31 t o  50 Hz and the acoustic c r i t i c a l  frequency should occur  
a t  approximately 2300 Hz. Panel  response i n  t h e  modal, reverberant and coin- 
cidence frequency domains i s  monitored fo r  this specimen. (See f i g u r e  
G7 f o r  measurement l o c a t i o n s . )  

3 Test  Specimen I I X  - 
A flat aluminum panel  as i n  1 above (fabricated wi th  ,05 A 1  

s k i n ) ,  bu t  w i th  two stiffeners i n  each d i r e c t i o n ,  d iv id ing  the pane l  i n t o  nine 
bays. The fundamental mode of the sub-panels i s  i n  t h e  range of 60 t o  100 Hz; 
the a c o u s t i c  c r i t i c a l  frequency should be  9.6 kHz for t h e  0.05 th ickness  sheet. 
Panel motion of the modal and reve rbe ran t  types i s  for t h i s  s t r u c t u r e .  
(See f i g u r e  68 f o r  measurement locations. ) 

4. Test Specimen IV - 
Test specimen 111 as described above, bu t  w i th  s imulated 

equipment loading. The a l t e r a t i o n  of the amplitude and modal frequencies i s  
examined in terms of s h i f t e d  resonant f requenc ies ,  mass a t t e n u a t i o n  and coupling 
interaction. (See f i g u r e  69 for measurement l oca t ions . )  



(Stiffened Specimen I) (Mass-Loaded Specimen 111) 

FIGURE 65. TEST SPECIMENS FOR COMPARATIVE ANALYSIS OF ACOUSTIC 
TEST1 NG TECHNIQUES 
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0.5 Typical  Border Beyond Knife Edge 

Notes: I. A l l  Dimensions In Inches 
2. Test Location 5 Corresponds to Location A, Table 6 
3. Test Location 4 corresponds to  Location B, Table 6 
4. Test Location 3 Corresponds to Location C, Table 6 

FIGURE 66. ACCELEROMETER LOCATIONS FOR TEST SPECIMEN I 



i t -  0 . 5  Typical Border Beyond Knife Edge 

0.190 Aluminam, 7075-0 QQ A-250112 

- 
.t 

37.5 
- 38 .75  - 

Notes: 1. A l l  Dimensions In Inches 
2. T e s t  Location 5 Corresponds to Location A, Table 6 
3. T e s t  Location 4 corresponds to Location B, Table 6 
4. T e s t  Location 3 Corresponds to Location C, Table 6 

FIGURE 67. ACCELEROMETER LOCATIONS FOR TEST SPECIMEN I1 



I \  U e  Typical Border Beyond Knife Edge 

Loc 

1 
2 
3 
4 
5 

Notes: 1. 
2. 
3 .  
4. 

(9.05 Aluminum st f f fenpd by 1 x 1 x 1/8 Jagle) 

X Y Loc X Y LOC S '4 

38.75 29.05 6 33.25 20.0 I1 19.875 20.0 
33.125 25.0 7 26.6875 20.0 12 6.875 5.0 
29.9375 22.5 8 25.0 18.75 13 5.750 10.0 
25,3125 21.25 9 23.375 17.5 14 13.3125 10.0 
26.6875 24.825 10 20,O 15.0 15 13.3125 5.125 

All dimensions in Inches 
T e s t  Locatian 10 Corresponds to Location A ,  T2bLe 6 
T e s t  Location 4 Corresponds to Locatioa B, Table 6 
T e s t  Location 3 Corresponds to Location C,  Table 6 

FIGURE 68. ACCELEROMETER LOCATIONS FOR TEST SPECIMEN 111 



1 1  O -  Typical Border Beyond Knife Edge 

- 

(0.05 ~iuminum stiffened by I x 

X Y Loc X Y LOC r b  :J .* 

Eoc 

1 38.75 29.05 6 33.25 20.0 11 19.875 30.0 
2 33.125 25.0 7 26,6875 20.0 12 6.875 5.0 
3 29.9375 22.5 8 25.0 18.75 2.3 6.740 10.0 
4 28.3125 21.25 9 23.375 17.5 14 13.3125 10.0 
5 26.6875 24.825 10 IS. 0 15 13.3125 5.125 20.0 

Notes: 1. -411 dimensions in Inches 
2. T e s t  Location 10 Corresponds to Location A, Table 6 
3. T e s t  Location 4 Corresponds t o  I-ocation B,  Table 6 
4. Test  Locat ion 3 C~rresponds t~ Locatiqn C ,  Table 6 

FIGURE 69. ACCELEROMETER LOCATIONS FOR TEST SPECIMEN IV 



C, Test Conf igura t ions  

A ma t r ix  was cons t ruc ted  ( f igure  70) t o  f a c i l i t a t e  p lanning ,  
execution B I I ~  analysis  of simulation t e s t i n g  . Each required t cs  t i s  assigned 
n t ~ p t  number. Figures  7 1  - 73 por t r ay  photographica l ly  t e s t  appara tus  and 
suppor t ing  in s t rumen ta t ion ,  

Tests 1, 5, 10 ,  and 14  wece performed wi th  a r eve rbe ran t  f i e l d  
i n c i d e n t  on one a i d e  of the test  specimen. The test s e c t i o n  was placed near  
a room wall such t h a t  the plane  of t h e  t e s t  panel  was not p a r a l l e l  o r  per- 
pendicu la r  t o  any room s u r f a c e .  For a l l  t e s t s  i n  the  reverberant f a c i l i t y ,  
the  Ling EPT-94D w i t h  t h e  model 5756 hypex horn and the  Chzyslcr l i n e a r  expansion 
horn was utilized as the a c o u s t i c  source ,  

F l a t  test pane ls  were i n s t a l l e d  i n  the  test  s e c t i o n  of t h e  progres-  
sive wave f a c i l i t y  wi th  the  smooth s u r f a c e  inward f o r  t e s t i n g  wi th  t h e  a c o u s t i c  
p rogrees ive  wave a t  parallel i nc idence  ( t e s t s  3 ,  7 ,  12,  and 16). Acoust ic  test-  
i n g  a t  normal inc idence  ( t ee ts  2 ,  6 ,  11 and 15)  was completed w i t h  t h e  pane ls  
mounted i n  the  progressive wave t e s t  s e c t i o n  b u t  with t h e  a c o u s t i c  source-horn 
axis pos t t i oned  normal t o  the  test panel, 1.5 f e e t  from the  mouth of t h e  horn 
t o  t h e  test pane l ,  w i t h  t h e  2 '  horn dimension p a r a l l e l i n g  the 30" pane l  dimen- 
s i o n  and t h e  horn axis a t  the c e n t e r  of t h e  test specimen s u r f a c e .  Normal 
inc idence  t e s t i n g  was performed in a c e n t r a l  p o s i t i o n  of the r eve rbe ran t  f a c i l i t y  
o r  under quas i - f ree  f i e l d  cond i t i ons .  X t  was es t imated  t h a t  t h e  direct f i e l d  
was 16  to 20 dB g r e a t e r  than the r eve rbe ran t  f i e l d ,  

Local ized e x i a i t a t i o n  of the f l a t  panels ( t e s t s  4 ,  8, 13 and 17) was 
accomplished by u t i l i z a t i o n  of a Chrysler wave guide. The test panels were 
mounted (smooth a i d e  i n w a d )  i n  t h e  progressive wave test s e c t i o n  with t h e  
source  end sea l ed .  The wave guide was a t t ached  t o  the internal s i d e  o f  the 
progres s ive  wave test s e c t i o n  along one of t h e  40" test specimen sides. 

I n  each s imu la t ion  t e s t ,  testing was performed u t i l i z i n g  a broad 
band random n o i s e  source .  Data record ing  was performed a f t e r  t h e  testing con- 
d i t i o n s  had s t a b i l i z e d  (two minutes were allowed f o r  s t a b i l i z a t i o n )  . An itis t ru -  
mentat ion block diagram i s  shown i n  f i g u r e  74. Ins t ru inen ta t ion  was s i t u a t e d  
i n  a manner t o  measure s t r u c t u r a l  response of test specimens in t h e  modal, 
coincidence and r eve rbe ran t  response r e g i o n s ,  t o  implement measurement of the 
acoustic Ef eld. 

Light-weight accelerometers  (approximately 2 gram weight - 4 gram 
waight with mounting b l o e l ~ )  w i t h  a frequency response t o  10 kHz were u t i l i z e d  
f o r  vibration measurements. High frequency response was corrected as appl i -  
cab le  for ths  accelerometer  mass. 

Environmental e x c i t a t i o n  and response  data were reduced i n  t h e  
form of constant bandwidths, log ampli tude vn log f requency by a S p e c t r a l  
Dynamics analog Bystem. Acouotie excitation was monitored f o r  each test 
condi t ion ,  



NOTE: ARABIC NUMBERS IN THE TEST W T R I X  REFER TO 
ASSIGNED TEST NUMBERS FOR THE APPROPRIATE 
CQIMBINATION OF TEST SPECIbIEN AND EXCITATION 

TEST C,ONDITIONS 

TEST SPECIMENS 
(Section IV,B) 

FIGURE 70, TEST MATRIX 

1V.B.I FLAT P U T E  - TEST SPECIMEN I 
(Reverberant Response) 

1V.B. 2 FLAT P U T E  - TEST SPECIMEN II. 
(Coincidence and Modal Response) 

IV.B.3 FLAT PLATE - TEST SPECIMEN I11 I (St i f fened)  

u 

I 

IV.B.4 FLAT PLATE - TEST SPECImN TV 
(S ti£ f ened and Mass Loaded) 
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FIGURE 74. INSTRUMElTATION BLOCK DIAGRAM FOR DETERMINATION 
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Tes t  configuration sketches are provided i n  figures 75, 76, 77 and 78 f o r  
progressive wave excitation at normal incidence, progressive wave excitation at 
parallel inc idence ,  reverberant acoustic field e x c i t a t i o n  and lcrallzed exci- 
tation with a progressive acous t i c  wave at para l le l  incidence.  The sketctkes are  
approximately 1/50 scale, the cross -sec t ion  of tile acoustic progressive wave 
apparatus was approximately 2 ' x 4 ' .  The test s e c t i o n  and terminat ion s e c t i o n  
were each eight fee t  long.  The reverbera t ion  room had dimensions of 10' x 16' 
x 42.5 ' .  The cross s c t iona l  area of the l oca l i zed  incidence wave u i d e  was 5 approximately 0.48 f t . The excited area of the panels was 500 i n . $  as compared 
t o  the whole panel area of 1200 i n . 2 .  

Typical acoust ic  s p e c t r a l  d e n s i t i e s  of the  excitation a r e  shown in f i g u r e s  
79, 80, 81 and 82 for the progressive wave t e s t i n g  a t  normal incidence,  pro-  
gressive wave testing a t  parallel incidence,  the  reverberant acoustic f i e l d ,  and 
the localized acoustic progres s ive  wave excitation at parallel Incidence. Fig- 
ures 8 84,  85 and 86 are smoothed s p e c t r a  acquired by averaging the a c o u s t i c  
excitat,.t,n from each t e s t  run f o r  the four lest conf igu ra t ions .  The o v e r a l l  
sound pxessure level was nominally 140 dB re 2 x lov5 N / M ~  f o r  testing with 
progresgive wave a t  normal incidence,  pxogrsssive wave at  parallel incidence 
and reverberant  field e x c i t a t i o n .  The overall sound pressure level for the 
localized progressive wave excitation was 150 dB, 

D Test Data 

Vibratory response data is organized in numerical order (figures 
87 - 104) by test number (figure 70) and within a given t e s t  by accelerometer 
1ocntrL:rn (figures 66 - 69). The data i s  produced i n  power spectral d e n s i t y  
format, l o g  arnplStude vs log frequency. Test locations and composite l e v e l s  
(where available) are indica ted .  



Tests 2 ,  6, 11, and 15 (X.X.1 ~ests) 

NOTES: 

I. Test sectiori on end as described in the test plan. 

2. T e s t  panel is loca ted  1.5 feet from the horn. 
3 .  Microphone 6 inches in f ront  of center of test panel. 

FIGURE 75. TEST CONFIGURATION I - PROGRESSIVE WAVE TESTING 
AT NORMAL INCIDENCE 



Tests 3,  7', 9, 12, 16, 9B, and 16B (X.X.2 Tests) 

Notes : 

I. Microphone diaphram located f lzsh w i t h  inside surface immediately ahead 
of test specimen. 

FIGURE 76. TEST CONFIGURATION 11 - PROGRESSIVE HAVE TESTING AT 
PARALLEL INCIDENCE 



NOTES : 

1. T e s t  section i n  corner behind mouth of horn a t  a nominal 30° angle with longer 
side of test cell. 

2. Microphone six inches i n  front of center of t e s t  panel. 

FIGURE 77. TEST CONFIGURATION III - REVERBERANT ACOUSTIC FIELD 



NOTES: 

1. Microphone as f o r  progressive wave testing at parallel incidence. 

FIGURE 78. TEST CONFIGURATION I:' - LOCALIZED EXCITATION 



ooor 



100 

Frequency, Hz 

FIGURE 80. TYPICAL ACOUSTIC SPECTRUM FOR PARALLEL INCIDENCE 
PROGRESSIVE HAVE TESTING 



l o o  

Frequency (Hz) 

FIGURE 81. TYPICAL ACOUSTIC SPECTRUM FOR REVERBERANT FIELD TESTING 



100 

Frequency (a) 
XOOO 

FIGURE 82. TYPICAL ACOUSTIC SPECTRUM FOR LOCALIZED EXCITATION TESTING 



100 

fiequency (Hz) 

FIGURE 83. SMOTHED PSD OF ACOUSTIC EXCITATION FOR PLANE P R O G R E S S I V E  
W E  TESTING AT NORMAL I N C I D E N C E  (OA SPL 140 dB) 



Frequency (Hz: 

FIGIJRE 84. SMOOTHED PSD OF ACOUSTIC EXCITATION FOR PLANE PROGRESSIVE 
WAVE TESTING AT PARALLEL INCIDENCE (OA SPL 140 dB) 



100 

Frequency @zj 

FIGURE 85. SMOGTHED PSD OF ACOUSTIC EXCITATION FOR REVERBERANT ACOUSTIC 
TESTING (OA SPt 740 dB) 



100 

Frequency (Hz) 

FIGURE 86. SMOOTHED PSD OF ACOUSTIC EXCITATION FOR LOCALIZED EXCITATION 
PROGRESSIVE HAVE TESTING AT PARALLEL INCIDENCE (OA SPL 150 dB) 



Location 1 32 .4 Grms 

Location 2 38.3  G,,, 

FIGURE 87. TEST # 1 DATA 



Location 3 

Location 4 
2723-197 

38.2 G,, 

1(' ICY' 
t-rdrncf, 'E 

FIGURE 87. TEST #1 DATA (continued) 
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Location 5 
2721-197 

FIGURE 87. 

159 

TEST #I DATA (Concluded) 



Location 1 
2729-197 

Location 2 
2723-157 

FIGURE 88, TEST # 2 DATA 
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Location 3 3 5 . 3  G,,, 

Location 4 

FLJ.dO:m, ic: ' 1  

FIGURE 88. TEST #2 DATA (Continued) 



FIGURE 88. TEST 62 DATA (Concluded) 

162 



Location 2 

FIGURE 89. TEST # 3 DATA 



Location 3 

Location 4 

FIGURE 89. TEST #3 DATA (Continued) 





Location 1 64.7 Grms 

Location 2 70.6 G,, 

FIGURE 90, TEST # 4 M T A  



Location 3 61.8 Or,, 

272'1-137 
Location 4 67 .7 G,.m, 

FIGURE 90. TEST #4 DATA (~on t i nued )  



Location 5 76 .4  !;,,, 

FIGURE 90. TEST #4 DATA (Concluded) 

168 



Location L 
27,,7.]4.: 

Location 2 
-23 -19 

FIGURE 91, TEST 4' 5 DATA 



Location 3 
2723 -197 

*.a u 
C : 
181 I.. 

FIGURE 91. TEST #5 DATA (Continued) 



Location 5 

FIGURE 91. TEST #5 DATA (Concluded) 

171 



Location 2 
2723-157 

FIGURE 92. TEST # 6 DATA 





Location 5 

FIGURE 92. TEST #6 DATA (Concluded) 

174 



272'-197 Location 2 

FIGURE 93. TEST # 7 DATA 



Location 4 6- '8  G,, 

FIGURE 93. TEST P7 DATA (Continued) 



Location 5 7.42  Crms 

FIGURE 93. Tk'ST P? DAYA (Concluded) 



Location 2 7.96 G,,, 

FIGURE 94, TEST # 8 DATA 



Location 4 

5 11 114'  
kT&dRif?f, '1;. 

FIGURE 94. TEST #8 DATA (Continued) 



22.1 G,, 

FIGURE 94. 

180 

TEST #8 DATA (Concluded) 
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Location 3 

Location 4 
aa-19.7 

FIGURE 95. TEST #9 DATA - 3" SPACING (Cont inued)  



FIGURE 95. TEST #9 DATA - 3" SPACING (Concluded) 

183 



I '  ' 

Location 1 

Location 2 

?I I 

FJ&'lTl:m, 5: 

FIGURE 95. : ,'ST #9 DATA - 6" SPACING 

184 
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FIGURE 95. TEST #9 DATA - 6" SPACING (Concluded) 



'I,ocntSon 1 2.1 :; rms 

Location 2 

ULJ FIJ, '?~:?,  '.' 

FIGURE 95. TEST #9 DATA - 12 1/2" SPACING 



Location 3 
..I..,' 

Location 4 

FIGURE 95. TEST #9 DATA - 12 1/2" SPACING (Colt t i  nued) 



FIGURE 95. TEST #9 DATA - 12 1/2" SPACING (Concluded) 



Location 1 
2121 -157 

1.93 (; rms 

2721-19'1 
Location 2 4.4  G rms 

- FREWUICY, IE 

FIGURE 95. TEST #9 DATA - DIVIDER REMOVED 



Location 3 
rX'23-197 

Location 4 

FIGURE 95. TEST #9 DATA - DIVIDER REMOVED (Continued) 

191 



FIGURE 95. TEST #9 DATA - D I V I D E R  REMOVED (Concluded) 

192 



2723-197 
Location 2 20.5 G,,, 

FW.UIFFICY, ie 

FIGURE 96. TEST #9B DATA 



Location 3 

Locat ion 4 19.3 Grms 

FIGURE 96. TEST #9B DATA (cont inued) 



FIGURE 96, TEST #9& DATA (Concluded] 

195 



Locat ion 2 3 5 . 3  G,,, 

FIGURE 97, TEST # 10 DATA 



Location 3 3 2 . 4  (;,,, 

2721-1'17 
Location 4 

FIGURE 97. TEST Ell0 DATA (Continued) 



Location 6 

FIGURE 97, TEST #10 DATA (ContSnued) 



Location d 8.25 G,,, 

Locat ion 8 
27;L!-147 

2 2 . 4  G,,, 

1tm 5 
1 

FTSd"I1:FIo IE: 

FIGURE 97. TEST #10 DATA (Continued) 



5 11 k 
' I d  

l ~ : , ' ~ ~ ' ~ y : ,  ' 

Location 10 35.3 G,,, 

FIGURE 97. TEST #I0 DATA (Continued) 



Location 11 1 4  a 7 Grms 

FIGURE 97. TEST #I 0 DATA (Concluded) 
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Location 1 
2721-1's' 

Location 2 32.4 Grms 
2721 -1'17 

FIGURE 98. TEST # 11 DATA 
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Location 3 26.5 Glms 

Location 4 

FIGURE 98. TEST #11 DATA (Cont inued)  
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Location 7 
,!?k J-:m, 

Location 8 
273-197 

L 

FIGURE 98. TEST #I 1 DATA (Continued) 



Location 10 
a23 -197 

FIGURE 98. TEST #I1 DATA (Continued) 



Location 11 

FIGURE 98. TEST #I 1 DATA (Concluded) 

207 



Location 3. 
,. ;*' %"I . 

FIGURE 99, TEST # 12 DATA 



Location 3 

Location 4 
2723-197 

11,53 G,,, 

FIGURE 99. TEST #I2 DATA (Continued) 



, , < 8 .  * 9 * , .  , , 
s i :  . .. 
* . *  

1: . . i , 
. .  

t i .  
i !  
: I . .~ 

Location 6 6 + 4  G r m ~  

FIGURE 99. TEST #12 DATA (Continued) 
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I 1 i 
I ! ' , ? " ? ' ,  

Locat ion 8 

FIGURE 99. TEST #12 DATA (Continued) 



Location 9 19.2 Grms 

Location 10 
2721-197 

FIGURE 99. TEST #I2 DATA (Continued) 





Location 2 

FIGURE 100. TEST # 73 DATA 



Location 3 

Location 4 38.2 Grms 

Fp.pIX!;CY, !6 

FIGURE 100. TEST #13 DATA (Continued) 

215 



Location 5 2 2 . 4  G rms 

2723-197 
Location 6 24.1 Grms 

FIGURE 100. TEST #13 DATA (Contirruad) 

216 



Location 7 17.0 G,,, 

Location 8 47 0 Grms 

FIGURE 100. TEST #13 DATA (Contfnued) 

217 



Location 9 

Location 10 73.5 G,,, 
2723-197 

FIGURE 100. TEST #13 DATA (Continued) " .  



Location 11 
271:-197 

FIGURE 100. TEST #I3  DATA (Concluded) 
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Location 1 16.2 G,,, 

FIGURE 101. TEST Y 14 DATA 



n 2 r  sw Location 3 28.2 G,,, 

Location 4 

FIGURE 101. TEST #I4 DATA (Continued) 
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Location 5 

Location 6 

FIGURE 101. TEST #I4 DATA (continued) 



2723-197 
Location 8 20.6 G,,, 

FIGURE 101. TEST #I 4 DATA (Conti nued) 



Location 9 
&T>?slGrr 

Location LO 3 8 . 2  Grms 
2721-197 

FIGURE 101. TEST #14 DATA (Continzed) 



Location 12 50.0 G,,, 

FIGURE 10 'I 5T 114 DATA (Continued) 
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Location 13 11.2  

Location 14 8 . 5 4  Grms 
272'-197 

5 ;It0 
nddm:l?i, ,!;; 

FIGURE 101. TEST #14 DATA (Continued) 







Location 3 
:72:.31, ' 

823-197 
Location 4 4.7 G r m s  

FIGURE 102. TEST #15 DATA (Continued) 
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Location 6 
2723-197 

FIGURE 102. TEST #!5 DATA (Continued) 

23 0 



w 

FIGURE 102. TEST #I5 DATA (Continued) 



Location 10 

FIGURE 102. TEST # I 5  DATA (Continued) 

232 



Location 11 12.9 Grms 

Location 12 35 .3  G,,, 
2723-1'1'7 

FIGURE 102. TEST #I5 DATA (Continued) 
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Location 14 8 . 8 4  G,, 

FIGURE 102. TEST #I5 DATA (Continued) 

834 



. I 

Location iS 
/ .  I 

FIGURE 102. TEST #15 DATA (Concluded) 
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Location 4 
21234n 

5 . 3  G,, 

FIGURE 103. TEST #I 6-1 68 DATA (Continued) 

23 7 



Location 5 

loo 
t11EQ;rnlV, '1;:  

FIGURE 103. TEST #I 6-168 DATA (Ccnt i i~ued)  

238 



Location 7 
azl-19-1 

W L  

Location 8 14.1 G,, 

FIGURE 103. TEST #16- 168 DATA (Conti  nued ) 



Location 9 
2721.117 

Location 10 
2721-1'17 

FIGURE 103. TEST #16-16B DATA (Continued) 
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Location 11 

Location 12 
2723-137 

FIGURE 103. TEST #16-16B DATA (Continued) 

241. 



Location 13 7.07 C,, 
2721-197 

FIGURE 103. TEST #I6468 DATA (continued) 

242 



Location 15 
2?J"1', ' 

:/;$I ! ; !; j::i!/;:;ji;!;{:;;;lld . .+( :... :+.. -.?? , 

FIGURE 703. TEST #16-168 DATA (Concluded) 
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2723-197 
Location 2 56.0 Gms 

FIGURE 104. TEST # 17 DATA 



Location 4 11.3 G,, 

l i r a  

FIGURE 104. TEST #I7 DATA (Continued) 



272-197 
Locatior# t. 22.1 G,, 

FF1yp:sr, lr; 

FIGURE 104. TEST #I7 DATA (Continued) 

246 



Location 8 
2723-197 

FIGURE 1043s TEST #17 DATA (Continued) 

247 



Location 9 

Location 10 7385 G,, 

5 Ln i ini  t'PI.Ymld, IC 

I 

FIGURE 1C4. TEST #17 DATA (Continued) 
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Location 14 
2723-197 

16.5 G,, 

1T:J $1 rF.r:fl, I L! 

FIGURE 104. TEST #17 DATA (Continued) 



I i 
! i 
'.! 
J ;  
I I I.. 

FIGURE 104. TEST #I7 DATA (Concluded) 
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SECTION V ,  COWARZSONS 

Cornparism of experimental r e s u l t s  with t he  a n t i c i p a t e d  ana ly t ica l  rc- 
s u l t s  i s  effected i n  t h i s  sac t ion.  Empir ical  v i t r o - a c o u e t i c  t r a n s f e r  f u n c t i o n  
levels f o r  test specimens I ,  I1 and IT1 are compared t o  t h e  p r e d i c t i o n  from a 
modal analysis computer program and t h e  s t a t f s t i s o l  t rea tment  provided before- 
hand (Section IZX), The vibration responses  of specimens I and I1 f o r  va r ious  
r a d i o t i a n  dainplng c o e f f i c i e n t s  are compared. The responses  of t e s t  specimens 
IXX and ZV are compared t o  e v a l u a t e  mass load ing  and the  r c s t t l t s  of localized 
progres s ive  excitation are compared t o  full pane l  progressive wave e x c i t a t i o n  
(bo th  a t  para l le l .  i nc idence ) ,  

A, Vibro-Acous tic Transf ex Functions 

Empir ical  v ib ro -acous t i c  t r a n s f e r  f u n c t i o n  1,evels were der ived  by 
s u b t r a c t i n g  t h e  acous t i c  level (dB r e  20 p ~ / ~ 2 )  from t he  a c c e l e r a t i o n  l e v e l  
(dB re 1 g) . This ope ra t ion  was performed manually f o r  t h r e e  l oca tons  on 
test specimens I, IL and 111 f o r  t h r e e  types  of e x c i t a t i o n  - progres s ive  wave 
normal inc idence ,  p rogress ive  wave p a r a l l e l  i n c i  dencc and r eve rbe ran t  f i e l d .  
The r e s u l t  are shown i n  f i g u r e s  105-113. The r e s u l t s  of a n a l y t i c  calcu- 
l a t i o n  a r e  also presen ted  on t h e s e  f igures  and the r e s u l t s  of s t a t i s t i c a l  
energy c a l c u l a t i o n  a r e  g iven  f o r  t h e  r eve rbe ran t  a c o u s t i c  e x c i t a t i o n .  The 
empir.Lca1 t r a n s f e r  func t ion  levels are observed t o  be  q u i t c  v a r i a n t  a t  fre- 
7uencics  w i t h i n  a decade of the fundamental  f requency,  Above this frequency 
data Erom t h e  t h r e e  measurement l o c a t i o n s  tend t o  co inc ide  and g radua l ly  the 
response becomes smooch as frequency i s  f u r t h e r  i nc reased .  The pred ic t ed  
response Erom t h e  s t a t i s t i c a l  energy t rea tment  ( f o r  r eve rbe ran t  a c o u s t i c  
e x c i t a t i o n )  i n t e r s e c t s  t h e  low frequency response and i s  g r s d ~ i a l l y  approached 
by t h e  smoothed response i n  t h e  h igher  frequency r eg ion ,  A t  1000 Hz t h e  aver- 
age dev ia t ion  for test specimens I ,  11, and 1x1 i s  4 dB, t h e  a n a l y t i c a l  method 
p r e d i c t i n g  a h igher  v i b r a t i o n  response  than a c t c s l l y  measured. The c l a s s i c  
modal analysis  shows good agreement fox  t e s t  specimen 111 normal i nc idence  
p rog res s ive  wave response,  however, a combination of c i rcumstances  prec ludes  
val id comparisons f o r  o ther  c a s e s .  

The computer program c u r r e n t l y  operates only on modes up t o  9 x 9 .  
No mode wi th  an index g r e a t e r  t han  9 i s  considered.  Thus t h e  program u t i l i z e s  
a l l  modes f o r  t e s t  specimen I only between 6.6 and 196 Hz, for t e s t  specimen 
I1 only between 32.9 and 982 Hz and f o r  test specimen 111 only between 100.5 
and 4435 Hz. Also the  c o r r e l a t i o n  model u t l l i z e d  i n  t h e  a n a l y s i s  could n o t  
b e  perfectly s imulated f o r  p a r a l l e l  i nc idence  p rog res s ive  wave and r eve rbe ran t  
field a c o u s t i c  exc. i ta t ion.  The complicat ion of an a s c i l l a t i n g  f i e l d  could 
n o t  be t r e a t e d  i n  t h e  funded e f f o r t .  Thus, f o r  the  above f i e l d s  t h e  model 
u t i l i z e d  is adequate only f o r  low f r equenc ie s  o r  low s e p a r a t i o n  d i s t a n c e  
where o s c i l l a t i o n s  do n o t  occur .  For a s e p a r a t i o n  of 20 inches  such as would 
be  considered us ing  t h e  pane l  c e n t e r  as an o r i g i n ,  t h e  f requency must be  
less than 150 Hz t o  p revent  an  o s c i l l a t o r y  c o r r e l a t i o n  f i e l d  f o r  s i n u s o i d a l  
c o r r e l a t i o n  func t ions .  



Case I.A.1 ........... 
Cnsc IwB.1 -- -- - 
Case 1,r I -*- 

P r e d i c t i o n  

100 

Frequency (Hz) 

FIGURE 105. COMPARISON OF TFL, SPECIMEN I ,  NORMAL INCIDENCE 
PROGRESSIVE NAV, 



I . . . * .  

----- 

LOO 1000 

Frequency (Hz) 

FIGURE 106. COMPARISON OF TFL ..'LCIMEN I ,  PARALLEL INCIDENCE 
PROGRESSIVE NAVE 



100 
Frequency (Hz) 

FIGURE 107. COMPARISON OF TFL, SPECIMEN I ,  REVERBERANT FIELD 
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Cass 1 . A . l  . 

==---- 

100 1000 

Frequency (Hz) 

FIGURE 108. COMPARISON OF TFL, SPECIMEN 11, NORMAL INCIDENCE 
PROGRESSIVE WAVE 
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Frequency (Hz) 

FIGURE 1JY. COMPARISON OF TFL, SPECIMEN Z I ,  PARALLEL INCIDENCE 
PROGRE~SLVE XAVE 



FIGURE 110. COMPARISON OF TFL, SPECIMEN IT, REVERBERANT FIELD 
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100 

Frequency (Hz) 

FIGURE 11 1. CONPARISON OF TFL, SPECIMEN I I I ,  NORMAL INCIDENCE 
PROGRESSIVE WAVE, 



I *  .,,.... l . .  

-I-- 

Case 1,C.l 

100 

Frequency (Hz) 

FIGURE 11 2. COMPARISON OF TFL, SPECIMEN 111, PARALLEL INCIDENCE 
PROGRESSIVE WAVE 
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Case f . A . l  . ..*... -.-*. 
Case I . R . 1  -- -- -- - 
Case T.C.1 -- 

- - I - - -  -- .. . . . - - - . . . 

\ '**, .: / 
I I ! :.# I \ 

I"\ 
I 

4 * 

\ 4 

: \ '+*, 1 
v I 1 I r 1  I \ :. I I  \ 1 1  I \  I I I 1 1  

; 7\ 

100 
Frequency ( H z ' )  

FIGURE 113. COMPARISON OF TFL, SPECIMEN 111, REVERBER4NT FIELD 



Empirical  data was obtained u t i l i z i n g  a ten Hz bandwidth Eil tcr  and 
thus hlgh Q modce can n o t  be clearly asce r t a ined  below 100 Hz. Also i n  many 
caves data is n o t  extant below 60 Hz or obsve 2000 Hz. Csincidcncc effects 
were not noticed i n  the measured frequency range, Thc c r i t i c a l  frequency 
f o r  Specimen 11 wae 2300 Hz, s l i g h t l y  above measured frcquencics .  Thus t h e  
most meaningful comparison of p r e d i c t e d  and measured transfer Etu~ct ion level 
i s  given by figure 111. The comparison f o r  t he  panel center (1XI.A.I) is 
very good at. t h e  fundamental mode b u t  gradual ly decreases r e l a t i v e  to the 
mcasuxed data as frequency inc reases .  A second predic t ion  for the  l o c a t i o n  
u t i l i z i n g  Program RSWC2 (not available e a r l i e r  for use) shows direct input 
of t h e  measured e x c i t a t i o n  f i e l d  ( f i g u r e  1 1 4 ,  sac a l so  figure 79) computing and 
p l o t t i n g  displacement, v e l o c i t y  and acceleration s p e c t r a l  d e n s i t i e s .  The 
program a l s o  computes and p l o t s  the t r a n s f e r  funct ion  l e v e l  on a l inear scale 
(figure 115).  The revised estimate of the TPL shown on figure 111 shows t h a t  
the shape of the  TFL i s  a function of t h e  excitation spectrum, i . e . ,  the 
t r a n s f e r  f u n c t i o n  level i s  genera l ly  not a simple linear operator  since t h e  
response a t  a s i ng l e  frequency i s  due t o  a summation of 625 modal components. 
Figure 115 is another predic ted  t r a n s f e r  f u n c t i o n  level f o r  t h e  ccntdr of spaci- 
men 111 utilizing a damping r a t i o  of .04 and more increments per octave t o  
improve t h e  frequency r e s o l u t i o n .  The amplitude of the paaka of t h i s  TFL i s  
shown on figure 111 by X'S. It i s  expected that s i m i l a r  improvments  could 
be  obtained for other  panel  loca t ions  if further e f f o r t  were expended. 

A coarse  comparison is shown i n  f i g u r e s  116-118 of t h e  mean t r a n s f e r  
function level for each e x c i t a t i o n  on test specimens I, TI and 111. There i s  
good separa t ion  on test specimen I ( f i g u r e  116) throughout t h e  test frequency 
range showing maximum energy transfer f o r  reverberant e x c i t a t i o n  and minimum 
transfer for p a r a l l e l  incidence progress ive  wave e x c i t a t i o n .  The vibratory 
response t o  the  reverberant  f i e l d  i s  3 t o  6 dB higher than the normal incidence 
progressive wave, the difference increasing with frequency. The response a t  
normal. incidence exceeds the response t o  p a r a l l e l  incidence progressive wave 
t e s t i n g  by approximately three dB. As the frequency tends toward modal Ere- 
quencies,  the t r ans fe r  funct ions  become more i r r e g u l a r  and numerical differences 
are more d i f f i c u l t  t o  ob ta in  and l e s s  r e l i a b l e .  However, t h e  reverberant  ex- 
citation is  general ly  the most severe and the p a r a l l e l  incidence progressive wave 
the l e a s t  seve re  excitation. 

The func t ion  <D(G!)> was not evaluated for progressive wave f i e l d s ,  
however, preliminary empir ica l  equa t ions  may be derived from the  d a t a  of t e s t  
specimen I In the  sane format as equation (97). For the progressive wave 
at  normal incidence,  

TFL = -125.2+ 6.5 log (f) f .: 5795 

- - -75.70 - 3.5 log (fp) E > 11590 

For t h e  p a r a l l e l  incidence progress ive  wave, 

TFL = -128.2 - 6.5 log (f) E < 5795 

- - -78.70 - 3.5 log (fp) 



OA SPL = 140.0 dB 

FIGURE 114. REVISED ACOUSTIC EXCITATION SPECTRAL DENSITY,, PROGRAM RSRPCL 



FIGURE 11 5. TRANSFER FUNCTION LEVEL, CASE I I I .A .  1 . , PROGRAM RSRPCP 
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100 

Frequency (Hz) 

Reverberant Field 
7 

Normal Incidence 
. ** . . - *  - . - . *  

Progressive Wave 
L 

Parallel Incidence --- - Progressive Wave 

- Statistical Energy 
Approximations are 
Linear Averages - 

- - 
. - - - *  

FIGURE 116. MEAN TFL'S FOR TEST SPECIMEN I 

1 I 1 I 1 I l l  

1 

I I 1 I 1 1  I I  I 



I J 1 1 1 i 1 1 1  1 I I I 1 I 1 1  L 
+ 

Xeverberant Field  
- 

Norma3. Incidence - . - - . * * - - - *  

Progressive Wave 
- 

Parallel Incidence -- - 
Progressive Wave 

- 
'S ta t is  t i c a l  Energy 
Approximations are 

- Linear Averages 

100 

Frequency (Hz) 

FIGURE 177. MEAN TFL'S FOR TEST SPECIMEN I1 



Reverberant Field - 
Normal Incidence _ - _ - _ _  _ *  - _ -  _ - 
Progressive Wave 

Parallel Incidence -- - 
Progressive Wave 

Frequency (Hz) 

FIGURE 11 8. MEAN TFL'S FOR TEST SPECIMEN III  



the nbsvc equations u t i l i z e  t 1 1 ~  following v a l u c ~  of 

(: D (sl) s = (E)-'~~, f f p / 2 ,  normal incfdcncc progressive 
wave 

( 1 1 4 )  

Using t h e  above empirical values of D ( $ 4 )  2 ,  t r a n s f e r  function level 
cxpectot;ions were derived for test specimens I T  and 111, These functions a r e  
shown on figures 117 and 118 and agree t o l e r a b l y  well. with the  measured data, 

B . Radiation Damping Ef fec t s  

Evaluat ion of t h e  cffeczs of a r a d i a t i o n  damping on v i b r a t o r y  respanee 
of a specj.men located it1 the wall of n progressive wave test: f a c i l i t y  was ef- 
fected by obtaining comprative response measurements on a given t e s t  specimen 
(11) u t i l i z i n g  the variable cross-sect ion feature of t h e  progressive wave 
f a c i l i t y .  Following are t h e  pertinent parameters of the f a c i l i t y  f o r  u t i l i z a t i o n  
of equation 98, 

Depth ( i n , )  Height  ( i n * )  sr (in. ab ( in .  ) ab/s, 2 

Figure 119 shows the radiation damping ratio, cr/cc for a range of 
X values and f o r  the various area ratio encountered during the c u r r e n t  testing 
program. Table 8 shows the pred ic t ed  r a d i a t i o n  damping r a t i o  for t e s t  speci-  
mens I and TI. The r a d i a t i o n  damping should be neg1ig: '~~le f o r  a l l  spacings 
a t  f requencies  above those  shown i n  t h e  table. Figure  120 shows va lues  of 
c a l c u l a t e d  r a d i a t i o n  damping r a t i o  as a function of frequency for var ious  ratios 
of panel. 2rea t o  e f f e c t i v e  f a c i l i t y  cross-sectional area, The mean-square 
vibratory response i s  inversely propor t ional  t o  the damping ratio; therefore 
only t h e  maximum est imated r a d i a t i o n  damping i s  shown i n  f i g u r e  120. 



FIGURE 719. RADIATION DAMPING FOR A SIMPLY SUPPORTED PANEL 
a x b IN A PROGRESSIVE NAVE F A C I L I T Y  KITH CROSS- 
SECTION Sr 



TABLE 8. CALCULATfD DAMPING MTIO FOR TEST SPECIMENS I M i D  I1 

TEST SPECIMEN I 

requency 38.2 47.4 59.3 42.2 69.8 63.5 

Spacing \ KJZ = 1.72 x 10 3 KZ3 =1.39x l o 3  KCJ~ = 4 . 9 4 ~  10 2 K b 1 = 3 . 5 2 x  10 3 3 
KI4 = 2.12 x 10 KS1 = 1.49 x 10 

3 
4 
0 



TABLE 8. CALCULATED DAMPING RATTO FOR TEST SPECWENS I AND I1 (Concluded] 

TEST SPECIMEN I 

Fr~qu2ncy 

\ 
76.1 114.9 75.9 88.8 

Spacing KS2 = 3.01 x 10 2 2 -1.85~10 KI4 = 2 . 0 6 ~ 1 0  K43 2 = 2.170 x 10 2 
%5 

!EST SPECIMEN I1 

ta Frequency 32.9 68.5 96.2 131.8 127.8 201.6 

Spacing \ KI1 = 1.60 x 10 4 3 3 2 
KZ1 = 1.92 x 10 K12 = 1.36 x 10 Kz2 = 2.49 x lo2 Kjl = 4-57 x 10 Rl3 = 2.90 x 10 2 



FIGURE 120. MAXIMUM CALCULATED RADIATION DAMPING FOR TEST SPECIYENS 
I ,  11 AND 111. 

k - I  I I 1 1 I t l  I i I  I 1 1 1 1  I I  1 & I l l 1  1 I I  t 1L IU  - 1 I 
- - 

I 
- 

e 1 - - 
- 
- 
- 

- - - 
A - - 

- - 
- 

Typical Structural 
Damping Range 

- I - 
I - 
I - 
1 
i - I 
f 
I 

I I I I I I I I  

I 

I 
I 
I 
I 
I 
I 
I I I I 1 1 1 1  I i I I I I I I  

- 
- 
- 
- 

- 

- 

I I 1 1 1 1 1 1  



T y p i c a l  measured r e s u l t s  a r e  shown i n  figure 121 f o r  the c e n t e r  of test: speci- 
mens E and 11. Data i s  n o t  p resen ted  f o r  t he  1 2  1 / 2  and 18 inch  spac ings  since 
i t  i s  nearly i d e n t i c a l  t o  t h e  24 inch spac ing ,  Empir ical  rcsults are compared 
t o  p red i c t ed  relative response3 f o r  t h r e e  modal frequencies of t e s t  spec inen  XI 
i n  tabl ,e  9. The data complicated by t h e  a n a l y s i s  bandwidth shows t h e  expected 
t r ends  however the agreement between a n a l y t i c a l  and empi r i ca l  r e s u l t s  i s  not 
s u f f i c i e n t  t o  e s t a b l i s h  t he  theory.  

Mass Loading 

Effects of mass load ing  may be ob ta ined  f rom comparison of t h e  re- 
sults of test specimens 111 and LV, Figures  122  and 123 show t h e  mass a t tenu-  
a t i o n  produced by a d d i t i o n  of a 0.945 Ib weight a t  measurement location 4. The 
frequency s h i f t  appears n e g l i g i b l e  b u t  t h e  a t t e n u a t i o n  is p r o p o r t i o n a l  t o  the 
square  of t h e  frequency.  This i n d i c a t e s  that t h e  l o a d ~ n g  mass should b e  compared 
w i t h  the modal mass r a t h e r  than the whole pane l  mass, Table  10  shows comparative 
levels a t  va r ious  measurement l o c a t i o n s  dur ing  p a r a l l e l  i nc idence  and reverberant  
testing. It i s  observed t h a t  t h e  mean square a c c e l e r a t i o n  of the s t i f f e n e r s  i s  
decreased by loading t h e  s t i f f e n e r s ,  whi le  the amplitude of s k i n  segments i n -  
c r eases  somewhat. 

D. Exposed Area 

The e f f e c t s  of varying t e s t  specimen a r e a  sub jec t ed  t o  p a r a l l e l  
i nc idence  p rog res s ive  wave a c o u s t i c  e x c i t a t i o n  was examined i n  Tests  3 ,  4 ,27 ,  
8, 1 2 ,  13, 1 6  and 1 7 .  The series of t e s t s  involv ing  whole panel (1200 i n .  ) 
e x c i t a t i o n  were performed a t  140 dB OA SPL. The cen te r  12.5 inches  of the 
test specimens (500 i n m 2  area) was subsequently subjec ted  t o  150 dB OA SPL. 
Derived t r a n s f e r  f u n c t i o n s  l e v e l s  f o r  the center of t e s t  specimens I, 11 and 
111 are shown i n  f i g u r e  124 .  These l e v e l s  a r e  very near those prev ious ly  pre- 
sented f o r  p a r a l l e l  inc idence  p r o g r e s s i v e  wave e x c i t a t i o n .  Table 11 allows 
comparison of a c t u a l  and normalized l e v e l s  wi th in  and o u t s i d e  of t h e  exposed area. 
The r e l a t i v e  m s  levels a t  the center of the pane ls  exposed to 150 dB 08 SPL 
e x c i t a t i o n  would be  3.162 times the l e v e l s  a t  140 dB e x c i t a t i o n ,  y i e l d i n g  85.8, 
23.5 and 66.4 gms f o r  specimens X, 11 and 111. 

The r e l a t i v e  v i b r a t i o n  l e v e l s  of tes t  speclmen 1 seem r e l a t i v e l y  un- 
a f f e c t e d  by e x c i t a t i o n  area. The relative v i b r a t i o n  l e v e l s  of test specimen 
111 likewise seem unaffected by excitation area. The thicker test specimen 
I1 however, shows a pronounced dec rease  o u t s i d e  of t he  e x c i t e d  a r ea .  The de- 
crease i s  throughout the whole panel response frequency r eg ion .  Utilization 
of a smaller a r e a  of excitation may have produced more observable  effects, 
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FIGURE 121. TYPICAL MEASURED RADIATION DAMPING EFFECTS FOR TEST 
SPECIMENS I AND I1 



TABLE 9, COMPARISON OF MEASURED AND PREDICTED RADIATION DAMP1 NG EFFECT 

TEST SPECIMEN TI 

Frequency - 32.9 (40 Hz Measured)  

Spacing P r e d i c t e d  Relative Response Measured Relative Response 

Spacing 

Spacing 

Frequency Range 68.5 - 9 6 * 2  (80 Hz Measured) 

Predicted Relative Response Measured Relative Response 

Frequency - 127*8 (128 Hz Measured) 
P r e d i c t e d  Relative Response Measured Relative Response 
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FIGURE 122. MASS LOADING EFFECTS, PARALLEL INCIDENCE PROGRESSIVE 
WYE EXCITATION [LOCATION 4) . 
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FIGURE 123, MASS LOADING EFFECTS, REVERBERANT FIELD EXCITATION 
(LOCATION 4) 



TABLE 10. RMS ACCELERATION DURING MASS LOADING EXPERIMENTS 

P a r a l l e l  Incidence Reverberant 

Location 16 16/12 10 14 14/10 

Tests 1.0 and 16 were loaded with a 0.945 weight aluminum block mounted at 
the jun.ction of two stiffeners and separated from the  panel skin by 0.1" 
at location 4 .  Measurement 4 was loca ted  on the  loading maos f o r  t e s t s  14 
and 16. 
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TABLE 11. EFFECT OF EXCITATION AREA ON COMPOSITE ACCELERATION 

TEST SPECIMEN I 
_IU 

Test 3 (Whole Poncl Exposed) T c n t  4 (Center Section Expasad) 

Locst&on RMS Normalized Compsitc lUfS Normalized Corn v s i t c  

Test 7 (Whole Panef Exposed) Test 8 (Center Sec t ion  Exposed) 

Location RMS Normalized Conposite RMS Norntalized Coniposi t c  

TEST SPECIMEN 211 - 
Test 12 (Whola Panel Expoaed) Test 13 (Center Section Exposed) 

Location RMS Normalized Composite RMS Normalized Composite 

* Estimated from PSD 
** Invalid data 

' .  Whole panel incl t~des 1200 in, 2 

Center section includes 500 ine2 spaced equally above 
and below longf tudina l  axis of panel. 
Tests 3 ,  7 ,  12 performed at  140 dB OA, 4 ,  8 13 performed at 150 dB OA. 



SECTION SIMULATION METHODS 

The results of t h i s  program of rcscarch do no t ,  i n  thcrnsr?lvas, cons t i tu te  
a juet i f icat ion f o r  concrete  specification of acous t i c  testing methodo and 
procedures, Certain conclusions may be drawn, however, and qualf  catzve assess- 
ments may be presenred concerning srlltabla acous t i c  Fields, proccd~ircs, rclctive 
severity, and reasonable tolaranceo i n  the  test cundition~ 

Sound F i e l d s  

Any available acous t i c  f i e l d  ehould b c  sa t i s fnccory  f o r  exc i t ing  
s t r u c t u r a l  o r  component v i b r a t o r y  response providcd that the c h a r a c t e r i s t i c s  
of the f i e l d  are known. 'Lhis includes spat ia l  v a r i a t i o n  In t h e  e x c i t a t i o n  
s p e c t r a l  density and corrcl .ation c o e f f i c i e n t ,  

B . Procedures 

The component s h o ~ l d  be  I s o l a t e d  from any ex te rna l  v ib ra to ry  source, 
a c t u a l  o r  induced by the a c t i o n  of t h e  acous t i c  f i e l d  rr an objec t  e x t e r n a l  t o  
the test specimen. Test  specimens may b e  or ien ted  i n  any manner w i t h  rcspoct  
t o  t h e  sound source ( f o r  example, a t  any angle of incidence t o  a progress ive  
wave source) provided t h a t  t h e  o r i e n t a t i o n  effect on response s e v e r i t y  i s  con- 
s idered ,  Nominally the wall-mounted test specimen su r face  area should not  cx- 
ceed the cross-eect ional  a rea  of a progressive wave tube and the  component 
volume should not  exceed ten percent  of a reverbera t ion  chamber volume with- 
out ad jus t ing  the  e x c i t a t i o n  f o r  the  e f f e c t s  of the f a c i l i t y  on the  specimen 
response, I n  a r t v e r b e r a t i o n  chamber, the f a c i l i t y  should  be  l a r g e  enough t h a t  
the f a c i l i t y  a c o u s t i c  modes provide a continuous e x c i t a t i o n  throughout the test  
frequency range ( a t  l e a s t  the  component response frequency range).  Components i n  
; reverbera t ion  chamber dhould not be located within a quar t e r  wave length of 
the test facility w s l l  f o r  f requencies  wi th in  the test frequency range. 
Measurement of the acous t i c  f i e l d  c h a r a c t e r i s t i c s  should be obtained i n  t h e  
immediate proximity of t h e  t e s t  specimen with  a dummy specimen in place  t o  
account for per tu rba t ion  of the  acoustic f i e l d  by the specimen, 

C. Exci ta t ion  Levels 

The test e x c i t a t i o n  s p e c t r a l  density should be t h e  actual  a n t i c i -  
pated s p e c t r a l  dens i ty  ad j i~s ted  by a safety marain and uncer ta in ty  f a c t o r .  
Further ,  the spectrum must be modified by t h e  d i f fe rence  i n  acoustic f i e l d s  
in ozder to  provide adequate t e s t i n g  without requiring severe o v e r d e s i ~ l l  of 
structure and components. Fur example, analysis of the current  results  show 
testing i n  a reverberant  acous t i c  f i e l d  may be 7 dB or  more severe than testing 
i n  a prngressive wave EaciLi ty  a t  p a r a l l e l  incidence a t  the i d e n t i c a l  inpu t  
acous t i c  s p e c t r a l  dens i ty .  Since the bulk of vehicle and payload struc;urcl 
is exci ted  by a quas i -pa ra l l e l  incidence progressive acous t i c  wave, testing 
i n  a reverberant  chamber could be  performed by u t i l i z i n g  an acous t ic  s p e c t r a l  
densi ty  up t o  7 dB o r  more less than t h a t  of the  se rv ice  field. Actual. 
numerical d i f f e rences  require further e f f o r t .  Care must be maintained t h a t  no 
high level s t a r t i n g  o r  terminat ion t r a n s i e n t s  occur. 



Tn order f o r  any t e s t  specification t o  be reaaonablc,  it must include 
tolerances In  the  amplitude and t e s t  duration. Acoustic t c ~ t  t;pcsifications 
ore ustlnlly presented i n  one-third octave band l eve l s .  It: is poss ib le  t o  
maintain the  ompl.itudc wllE~in two dB of a desired lcvcl ,  pravided the  adjacent: 
third octaves do not  d i f f e r  by morz than 10 decibe ls  from t h e  third-octave 
band considered. Tolerances in t hd  duration can bc  easily maintained with-  
in n few seconds, 



SECTION VII. RECOMMENDATIONS 

The results of t h i s  dtudy show qu i i k&tn t i vc ly  tha t  reverberant f i e l d s  
produce more s e v e r e  response than progressive wave t e s t i n g  a t  normal inc i -  
dence and normal incidence t e s t i n g  more severe than para l le l  incidence pro- 
g r e s s i v e  wave I n  t h e  frequency range of rcvcrberant v i b r a t i o n .  This resul t  
needs further s t u d y  namely, 

1. The response v a r i a b i l i t y  with test specimen size and shape. 

The r e s p o n s e  v i ~ r i a b i l i t y  w i t h  e x c i t a t i o n  ampl i tude  and spectrum. 

3 .  Numerical d i f f e r e n c e s  which may be u t i l i z e d  f o r  d i f f e r e n t  types  of 
tes t  f a c l l i  ties. 

Further exper imental  e f f o r t  would also y i e l d  an improved value of 
<D(Q)> as a semi-empirical estimator for u t i l i z a t i o n  of s t a t i s t i c a l  energy 
t echn iques ,  Also  t h e  u s e f u l  f r equency  range fo r  a p p l i c a t i o n  of t h e  s t a t i s -  
t i c a l  energy methods could b e  improved. 

Improvements may be  made i n  the a n a l y t i c a l  p r e d i c t i o n  of rnodal response 
t o  a c o u s t i c  f i e l d s  by,  

I.+ Improved models of p h y s i c a l  space correlations. 

2 ,  Expansion of a n a l y s i s  frequency range. 

Further  study may be  performed t o  obta in  t he  response of space vehicle 
s t r u c t u r e s  t o  boundary layer no i se .  Such s tudy  :;;ay be  performed advanta- 
geous ly  i n  a wind t unne l  f a c i l i t y  where both the acoustic f o r c i n g  field and 
t h e  v i b r a t o r y  response may b e  thoroughly analyzed, provided a low ambient 
acoustic background is mainta ined,  

Better d e f i n i t i o n  of the c o r r e l a t i o n  of the  s e r v i c e  excitation f i e l d  
is r e q u i r e d  i n  o rde r  t o  b e t t e r  s imu la t e  s e r v i c e  a c o u s t i c  f i e l d s  i n  t h e  
l a b o r a t o r y .  
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