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} SUMMARY

Y 1he problem of acoustie radiation of panels excited by random pressure

»
Suh oy, {,}.,, .

flucturation of the turbulent houndary layer hus-heon-lurther investipated, In

the past, experimental investigators have coneentrated only on certain phases

of the general problem: for example, the statistical behavior of the pressure

field (Ref. 1), or the motion of the panel (Ref. 26). Recently the author presented
a comprehensive set of experimental vesults (Refs, o1 and 5) that include all

statistical information concerning both the forcing function; that is, pressure

- -

fluctuntion and the response functions of the panel motion as well as the radiation
field.

N b

‘I'he main purpose of lhi§ paper is to show by using a refatively simple funetional
representation of the space-time correlation of the wall pressure fuctuation, :
and by the use of Lyons-Dyer method (Re!%—‘!ﬂ), that motion and vadiation intensi- ;
ty of a simply-supported panel agree reasonably well with the-author's:
experimental results,

TR R

Ui

<
S

The most striking feature of the excitation mechanism is the so-cilled ¢oin-
cidence which has profound celfects on the response of the structure and power

adiations,  Jf, under certain conditions, a mismateh oceurs between wave speeds ]

on the panel and the pressure lield, panel displacement and acoustic radiation
should be veduced, Such a mismatch is caused by a turbulence pressure eddy

N !
which decays fuster than the mode’s wavelength on the structure,
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NOMENCLATURE
- pliate model damping
- lengths of panel sides
= consiant
- hcmling:suﬂnclss
- Young's modulus

- frequency (w -~ 2nf)

:

panel thickness

wiave nuinbher

mode number

Mach nsumber

- plate mass

= rms wall pressure fluctustions

- power spectral density of the wall pressure fluctuations
- total sound power level

- correlation coefficient

- free stream velocity

- convection velocity

- coordinates

- panel displacement

- eddy lifetime

-~ wave form

- houndary layer displacement thickness
- time delay

- lateral partial separation
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¢ y = y' = longitudinal partial scparation

Tw - will shear stress

g - standard deviation

ﬂAC,ﬂS‘l‘ - acouslic and structural daniping

l‘m’ n - cigenvalue

8 m.n - total damping ratio
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THE 'ﬂf’”ﬂ COMPANY

- TEST RESULTS FROM BOUNDARY LAYER PACILITY
(THEORY AND EXPERIMENTAL COMPARISON)

I. INTRODUCTION
The exterior surface of an aireraft is excited divectly by twrbulence as well as by

sound gencrated by the turbutent boundary layer, ‘The aireralt skin is flexible and

iy

. the fluctuating pressure in the boundary tayer (forcing ficld) causes the surface to
vibrate. ‘This surfice vibration scts as a radiator of sound. Measurements of
. . . . . A
the wall pressure flucturation, panel response, and acoustic radiation character- §
N

Y

islics of typical pancls have heen reported by many investigators, ‘The intention
in this paper is lo discuss some of these measurements (primarily those made by

the author) and to develop a theoretical model for comparison with experiments,

Censider the surface pressure fluctuation, since the flucturation forcee on the

wall in any frequency band causes the panel structure to vibrate al wavelengths

e ,
e i RN 3

of the order of the scale of the pressure lield, ‘Pypical wall pressure power

spectra and correlation ficlds can be seen in Refs. 1 through 7 for subsonic flow

and in Ref. 8 for supersonic tlow, ‘These data show that the mean square

Q;;; pressure flucturation is a stowly varving function of Mach number. ‘These
i
speetra are in good agreement for Struhal numbers gt /U>0.2. At lower i

values, the various measurcements do not agree well, The differences in results,
may possibly be due to vaviations in Reynolds number or Mach number or to
extrancous notse. U is not pussible to lind the characteristic length and velocity
that climinulcs_lll'c.;l{uynul(l's aumber effect, Reference 9 shows for instance
that the ratio J |)2/T W approaches & constant ouly for very high Rvynol(l's‘
number,  Furthermore, the non-dimensional power spectrum p(w)U/Twza’
shows similar behavior only in a limited nondimensional wave number range. !
The Mach number range of the various experiments extend from zero to almost

five, and it is not surprising that differences in the shape of the speetrum are

found,

i
T v
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Intevference at low frequencies due to extrancous noiste sources is commonly
encountered in wind el faeitities. ‘The cause ol this noise in the wrious iypes
of wind tunnels depends on type of blower system and on the air control, and

installation environment. I the present test facility. 15 feet of acoustic muffler
arce used ahead of the settling chamber.  Each component is mounted on an
independent conerefe pad Noating on sand, However, interference still oceurs at
frequencies of 100 eps and lower and varies somewhat with the flow speed and
diffuser setting (Ref, ). vidence of acoustic interference is shown hy the
narrow band spatial correlation measurements of the wall pressure made at low
{requencies (Rel, 10), These measurcments clearvly show a very strong acoustic
pressure superimposed on the turbulent pressure. It may only be practical to
limit low Irequency power spectrum measuremenis to flight tests,

The response of panels to turbulence has also been the subject of various
papers [rom bolh experimental and theoretical aspects (Rels. 11 to 23). These
papers are concerned primarily with the vibration correlation response near
the I'ree hending wave length of the panel. which accounts for most of the eXeita-
tion. Theory in Rel, 16 is based on the acceeptance of the pressure ficld by the
beam. indicating the influence on the displacement response and, hence, the
stress of the structure. ‘Thesce 1 esonant effects ol matehing the bending wave
number and frequency ol the panel with the turbulence wave number and
frequency (acro-dynamic coincidence) have been observed experimentally
(Rels. 5, 20, 21, and 22). Reference 5 extends the experimental results for
the conditions below and above coincidence both in terms of model displacement,
panel stresses and acoustic radiation, - Reference 21 includes a brief resume of
the behavior of the panel displacement obtained by space-time corrvelation over
a complex panel, These results are associated with the measured total mean
square displacement and Lotal acoustic power radiated,
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It turns out that the amount ol energy fed into the structure will depend on the
wave number component and amplitude of the pressuve field, On the other hand,
the amount of energy acceepted by the structure witl depend on how nuy struc-
tural modes the pressure field will excite, However, not all the energy aceepted
by the structure witl be converted into displacement amplitude but witl e
partiatly dissipated internally and partially radiated back. This loss corre-

sponds to the total damping consisting ol ncoustic and structural damping.

Finally, the acoustic power radiated has been the subject of considerable

investigation, expecially by the Bolt, Beranck, and Newman Corporation
(Refs, 25 to 27). Their analysis has-shown that the sound power radiated {rom

a reverberant field tor simply-supporied panels is proportional to the perim-
eter of the panel for vibration up to the critical fvequency. When comparing
simply-supported or tlamped boundaries, it was found thut the clamped case was
the most etficient radiator, Measurements of {he acoustic damping tor various
modes of vibration have been made and reported by the author, (Ref, ). The
change in radiated power with velocity has shown the effeet of aerodynamic
coincidence, as well as a marked cancellation ¢ffecet which reduces the acoustic
power law from a 1\15 to a Mz"'(lupmldcncc. The change is cauzed by a pro-
gressive inerease in wave number for coincidence where a similar wave
number of the panel mode hecomes larger than the corresponding wave

number ol the turbutent pressure field,

Owing to the complexity of the problem, a measured input covariance was used
in predicting panel response due to turbulence, The panel is tlat, rectangular
and has cither simply-supported or clamped edges. ‘I'he vibration of the
surlace is coupled to the turbulent pressure field heaeath the panel and to the

radiuation field.

ho o e o, i e i we b, B,
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11, PROPERTIES OF THE WALL PRESSURE FLUCTUATION
We have proposced in the previous work Ref (5) two functional representations of

the wall pressure covariances based on experimental observations of data from

a turbuient channel flow, Since the structural panel is excited randomly, e, by

turbulence. the flow model is useful in studying coupling hetween the wall s
pressure and the panel surince, 1'he model consists of i convected wall pres \ g
sure pattern with space and time dependence. It retains the characteristies of ' E
the superposition of a wave system with phase and amplitudie related to wave

number and frequeney spectrum,  ‘This model may not be sulficiently rigorous
to insure a detailed deseription of the fow Tield, bul # proves to be us- "ul
deseribing the responsce of the panel structure to turbulenee because it provides

a means for studying the effcet of pressurve fluctuations on the motion of the panel,

The representation chusen here to deseribe the wall pressure Hucetuation i a

moving frame is given by the linear combination of two Gaussian distributions, cach f
of which has a maximum valuce that decays in time and chunges in separation with
&, . L . . . . K
} time, The behavior in the moving frame reference of the cross -correlation ;
function R(E,n.7) has heen represented by: ;
4
IXXL, Y ) P(x+E.yin tiT)> : E
R(E,y.7) SV UPSHE yin.UT)>,
P2
|£] Uzzl,z U onZ o2l ey 2
- L 1 : - [(t- 1 2 ]
U0 (& UT) ] -Ul (& CT) ] ] "o'z
¢ i
. e Age PA,C n ’
&
Alter decomposing cach individual correlation R(E.n.7) intotwo Gaussian distribu- i
tions, an"upper” oncanda "lower one, a single decay rather than an individual
decay lor each ol the Gaussinn distribwtions was used, ‘The decay ol the ¢ross-
* . . ’ ¢ B
correlationis given by exp <(J¢] /U 0)* rather thanby eap (|7} 9). as in the previous ,
!
AN
~r tAppendix A discussed the cholee using one of Lwo lorms ol decay.
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paper. ‘The panel does not respond similarly for alt frequencies and wave numbers
of the turbulence; certain combinations of wave aumber and frecueney are excited
more strongly than ethers, When ihe wall pressure matehes both the wave
nmber and the frequency of a pasticular panel mode, a condition called coincidence
oceurs, ‘This resulls in o very strong excitation of running flexural waves on

the panel. Thenthe amplitades of any Pouricr components of the panel displice-
ment depend on the amplitudes ol the characteristic leagths ol the pressure
fields, Uco. The characteristic length or correlation length is a function of

Loth wave number and frequency, implying that Uc( Kl ;w). ‘The moving Irame

speetram shows that a very uniform encergy content up to the wave number

lxl 170 g exists, beyond which the energy diminishes rapidly. The following
¢
specetrum was obtained from a Fourier transform of the envelope of the correlation
maxima exp -1€l/U g. Pigure 1 shows the eddy lifetime and the moving frame
¢
speetruin,

uag -1
: . Ly By %yt )
PEUY = (KU T

The cquivalent representation in terms of the wave number and frequency spectrum is
obtained from the triple Fourier Lransform,

o -1 K E iR, n1wT)
l,»(l\'l, l(z,w) - —(—)«l-)-:- /[/ R,y 7 ¢ l > dédydr (3)
21 ~w
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3 The problem is to integrate (3).  Let us first obtan hrom (1) the power spectram, f
H

2 9 Zb D) ) 9 )l D)

o1 -~ "’w" Y E Ead

A o, S Bt / I Ao, _02 /2 e
pPO,t,wy — ¢ f == (1)

u_ 2 U J2n :

and the avtoceorrelution

2 2 2, \2
gt (gt
R(,0,7) -~ :\i v t A )

The power spectrum of equation (1) is plotted i Fig, 2 andcomparedwith the measured
spectrum. A good it is obtamed @t the lower frequencies lor wd*/ U <1.5;

at the higher Irequencies the Gaussian spectrum distribuizon falls ol much faster
Ky than the measured spectrunm, ‘Fhese difterences i the power spectirum were

L4 discussed previously in Rel, 5 where an exponential space-time correlation was
ohtained contnining higher trequency components than the model desceribed by kg, 1o
Also a comparison is made in Fig.2 between the measured autocorrelation and

the one desceribed m equittion (5).

From cyuations (1) and (3). the longitudinal cross speetral density becomes:

P(w) I/l'(_l) l/l!(.()

"(Kl 0,w) o7 T Ty T T »! ) T
’ - 1 - £]] - - K .- YW o
(I/l(.O) Hw icllxl) (l,UUO) 1w l(_ I\l)

w/U 1K w/l - K
¢ ¢ 1

A —— e e g

3} ) ? '_)
, 2 ; . ) 2 , .
(I/U(.()) t {w ”c ' l\l) (1 u‘_o) b w U l\l)

-

P(w)
2

(o i) (1)

3N

¢
i S
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Sinee the eross speetral density is complex, giving information about the

amplitude and phase. equation (6) can also be written as

-I(K| w) '
DK, 0,w) - [IK,. O.w)lc ' (6"
Then the phase angle is given by
O(K, 0.0) tan”! Bl ()

Similarly. the lateral spectral density

l) 2
[y & () 0) - Lol V.
Alo‘lz 'Glzw“/ZUc“ 0 Ky s
b) 4 - ——— (Y ) t
1 (()llxz,w) 57U e ¢
¢
2. 2 2.2
“\20_2 -0'20) /ZUC -0‘2 l\z /2
M T o
e

On combining (6) and (8). one obtains the two dimensional eross power spectrum

l’(l{l, K., w) between the vectors KJ and K,,.

The cross power specetral density shows the rate of transfer of energy from
small to large wave numbers. The most coherent pattern of the pressure eddy
moves with the convection velocity at different Drequencies and wave numbers.
Uselul delinition of the convection v::lucity has been given b, Rels. 12 and 28,

where it is shown that the mtegral time scale is the maximum in the frame of

reference moving downstream with this velocity. Smee only the Iateral correla
tion shows no moving axis, exp- (1),’[100) - 1; the time scale 0 is constunt and
very small along 7 axes,  In all other components, the value of 0 is large.

The eddy lifetime 0 were assumed (o correspond to the time in which the value

of the correlation coellicient obtained from the envelope of the correlation
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¥y
maxima dropped to 1/e. Since it is known that the conveetion veloeity is not the
\ same for different wavelengths and frequencies, it is convenient to define a
| 2
' . o ) »1f \r & 4 < NIy . rhe - W ) I -
convecelion velocity (‘.’O/l\1 ug (wo’hl)buch that when K| = K}, then 2 (!\J’ 0, ) é
is & maximum,
o
The magnitude of the spectrum given by Eq. 6 is: v ?
' 9 9 29 .
) R Ll ¢ B -f) - H f
’ 5 1pw)? Ly 707 (11 0707 (9) ;
P(K;, 0,0)" =5 23 2, 2.2 b
(21} lnw 0 “'UcKj/“’) ]llnw“o (l—UcK1/w) T
By maximizing IP(KI,U, w) | 2 with respect to Kl’ where Uc and 0 are constant, |
We observed the lollowing: ;
a 2 22  * ;
[P(w)] (1U,707); at K" ~ 0 whenwo <0 i
3 4 LA - ¥
X . | Pw)] 5 5ial K° = 0 whenwl<) i
s (l/Uc(l)" ! (w/Uc) h
2.2
, 2U.70
2 [P(w) [~ 5= al l\’.*l - 0 when w0 = 1
Wi = 2m” )
IPK,,0,0 . = =< ) (10) ‘
0<K] < w . )
2 22 It 2(12
[P |y 0" =
w \/wzo?‘-l
) * "~ o g
al K1 =\/\uz/U _'3— 1/U _'202< l-‘)i’ . and when wo >l
C (§ ¢
I'rom (10) the convection veloeity UJ is given by:
“r U+ u 922 ~
'Q," (§ S { 2('02_ I R
|
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The first three conditions simply mean that the notion of convection velecity is not |
a useful concept. It is of considerable significance that in the regionw8>>1 the
peak amplitude varies like l\'l* 'Sw/Uc. In this ease Uc . Uc'. 1t can he seen

that the convection velocity incereases rapidly with deercasing wavenumber until

its speed relative to the free stream velocity will e larger than the sound

velocity. This region corresponds to the Mach wave radiation discussed in Refs.

29 through 32.

A plot of the measured (real part) one-dimensional wave namber spectrum is
shown in Fig. 3. It is compared with the real part of Equation (6). ‘The mea-
sured real part is obtained by the Fourier transform of the narrow band spatial
correlation which also gives the phase information, The differences in the
lower frequency region are due {o variation in U (’;; at high frequencies the dil-
ferences are introduced by a measuring technique which uses a wider effective

bandwidth filter.

Figure 4 shows the computation of the real, imaginary, and absolute value of
the longitudinal specetrum. The phase information is obtained from the ratio of
the real and imaginary part. This figure shows that energy dcc.rcascs with
increasing frequency and wave number. Furthermore, it can be seen that in
the lowest wave number region there exists a noticeable diftference between the

maximum of the absolute value of the spectrum and that of the real part.

Figure 5 elearly shows that the average convection velocity corresponds to that
ange ol wave numbers where the disturbances are coherent (Ué ~ gonstant
independent of wave number). On the other hand, the lowest wave number distur-
bances are incoherent, moving with significantly ditferent convection velocity.
The resufts summarized in Fig. 5 confirm the conjecture of Ref. 32 that the low-
et wave number disturbance can produce Mach wave radiation even in a

subsonic boundary layer, PFigure 6 shows the region of supersonic and subsonic

wave veloeity .,
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V&\g [, MEASUREMENT OF THE PRESSURE FLUCTUATION

Y

L]
Either static pressure Huetuation at a wialdl or total pressure in the stream

S o

have been measured,  However, measurement of the stream total pressure

e Y,

R
fluctugtion in a channel flow has heen associated with the measurement of the

wall pressure fluctuation, The total pressure fluctuation is usceful in studying the
impingement effect of the turbulent flow on the surfuce, U is also presently used

to measure the radialed acoustic energy from the houndary laver by mounting the

PR S Y I TR

(SIS

transducer in the unperturbed region of the free stream,

A

»

—— e~ e -

The sensing element in the total pressure iransducer is a solid piczoclectric

cerimic eylinder with an effective diameter of 0,04 in, It is mounted on a cone

tip of a 3/16-inch diameter tbe (Mg, 7). ‘T'he signal output due to vibration of

IR R

the transducer when nounted on the duct was lound to be very smali compared Lo

the pressuresignal, ‘The vibrationinereascas the transducer was moved into the )

\ stream; however, up o an extension of 1.6 inches from the wall, the vibration

A
W

output was considerably tower than the signal due to pressure fluctuations. : J

{

‘To facilitate the comparison of the wall pressure with the stream pressure v
lluctuations . the stream pressure transducers were made te be adaptable for :
Mush mounting in the duct wall, It was acertamed that the measured wall
pressure corresponds o the power spectrum distribution measured previously
with different transducers.  As expected. the rool mean square stream pressure
luctuation is higher than the wall pressure (FFig. 8). ‘'he distribution of the
pressure across the duct shows a maximum near the wall m the region of higher
shear Huctuation,  The pressure level decereased towards the center ol the duct,
indicating a hehavior sinntiar to that of the velocity fluctuation,  Figure 9 1s a
plot ol the stream pressure spectrum and wall spectrum. ‘The stream prcssuré

spectrum has a shape simitlar to the usual veloeity spectrum,
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Spucc-limc correlation measurements of the wall pressure fluctuation were made
over the fuselage skin of the 727 airplance to determine the wall pressure
covariance to be used for siructural and acoustic response study. The power
specetrum distribution with frequeney is similar to the one obtained previously, -
Reference 4, on the 707 prototypse aneplane.  Considerable attention was given
in the measurement of the lowest frequency region in an attempt to clarify the :

argument about the behavior of the power spectrum in this range.

Five Bruel and Kjacr Type 1136, 0. 25~-inch diameter micophones were
mounted on 1/1-inch thick plates at various distances apart in the direction of
flow. ‘The plate was flush mounted on a cutout portion of the airplane panel
above the wing level approximately 71 feet [rom the nose. In the vicinity of
the transducers, a Preston tube was mounted on the plate for the loeal skin

friction measurement.

ic wall pressure speetra was recorde requencies as low as 20 eps an
The wall pr re speetra was recorded for frequencies as low as 20 eps and

‘v

-~
é up to 20,000 eps. A typical speetrum is shown in Fig. 10 at Mach number 0.97. L
This power spectrum does not roll ofl with decreasing frequency like the Hodgson .
spectrum measurentent over the wing of a glider (tef. 2) for very low speed.
The differences between spectrum on the 727 airplane and the one obtained in the

Boeing boundary layer facility occurs at a fower frequency which shows that the

duet spectrum slightly increases in amphitude while the airplane spectrum

\ remains constant,

Figure 11 shows that the ratio of the root mean square pressure fluctuation with
the wall shear stress plotted in terms of Mach number for the 727 airplane
compures with the prévious measurement in the duct flow and with the houndary
laycr [low of Refs. 1 and 7. As expecled, the 727 data are slightly lower than
the wind tunnel speetra because of bandwith limitation of the instrumentation,
However, the overall picture shows the tread of the variation of the ratio

\/ F?T;\\'ith Mach number tor relatively high Reynold's.number,
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Since the study of the stiuelural response to turbulence requires not only the
mean square vajue of the pressure field but also the eneigy contuined in a
speceifie frequerey band corresponding to a resonant frequency of the strucutral
panel, the filter center frequency and the bandwidth has to be seleeted to it

the particular mode of interest. A narrow band spacial correlation measure-
meit of the wall pressure reported in Ref. 5 has shown that the corrvelation
coefficient has a unique dependendency on w&/ U, and it decays as exp-(|E|/ UGO)
for the longitudinal correlation cquation obtained from (1) after tuking the trans-
form with respect tor,

the longitudinal eross power spectrum hecomes:

- ——

o -

PE0) ¢ P ¢ © feos @ - g 84 (12)

‘The real part I’(g,o,u.)R is identical 10 experimental data obtained by a narrow
band spacial correlation. The imaginary part can be obtained experimentally by
shifting the phase of one signal 99-degrees at frequency w before corretating

the two signals.

Assuming that the filter characteristics are constant within (w] -Aw to

wy ! Aw) and zevo elsewhere, the amount of energy per bandwidth is related to
the amount of encrgy per cycle by:

W AW )

P, 0,w)ydw = Ry (6,0) (13)
u)l"Aw

where

R N -iwT
P,o,w) = H./_wl((g,u,r)c dr (1)
The measured spectrum obtained from cquatiop (13) can he compared with the

single frequency spectrum of cither equation 12 or 141,
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IV, THE STRUCTURAL RESPONSE TO A TURBULENT BOUNDARY LAYER
Since the pressure {ield over the panel is vesponsible for generating the motion
ol: the panel, which consists of a nultimode vibration, & Fourier analysis

in two space dimensions ¢ and 5 and one time 7 dimension would delerming how
extensive is the influence of the pressure fictd in controlling the response of {he
panel. This response would not be uniform sinee certain combinations of wave
numbers and Irequencies in the component of the swface displacement arc
excited more than others (Ref. 5). The phuse relationship for a particular
frequency and wave number remains fixed so that the resultant excitation will
continually grow causing a buildup of displacement wave amplitude inversely to
the panel damping. The panel tends to respond with running wave ripples having trace
specds equal to the eddy convection speeds of the turbulent boundary layer

(Refs, 13 and i),

a. Response of Simple Panel

The vibration response of simple panels excited by turbulent boundary layers
is considered. ‘The pancel loading is described by one of two models of the
pressure coviriances oblained from experimental data from turbulent channel
flow (Ref. 5). Numerical compufation of the response for simply supported
parels has been made (Ref. 21) using an idealized model (Refs. 15 and 22) with
pressure covariances having a delta function Frequency spectrum with exponen-
Lial decay. Since the results are qualitatively descriptive of the panel behavior
in a conveeted field, it was felt that the improvement of this model by an
accurate assessment of the pressure field may hive 2 numerical importance

on the prediction of the structures response to turbulence.

Since relatively large numbers of modes are present in a simple panel, the
response behaviov in cach one of the modes depend on the flow churacteristics
(w, K, llc, and 0) and on the panel characteristics (u,b,h,um' n and E), Ifor
certain combinations, only a few modes dominate the spectrum; for others, the
overill response is controlled by relatively lnvge numbers of modes. A
practical example is given by 7 x 12 x . 04 inch panels excited by flow Mach
number M - 0,52 with the boundary layer displacement thickness 8%= 0.155".

Results show that above the 6th mode (M= 6, n -~ 1) the response is so small

that any contribution to the total response is negligible.  Instead, for a longer
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panel 36 x 6-1/2 x 0. 04 inches at the same flow environment, the mean sguare
of the 20th mode (m = 20, n =1) is only 2 deeays below the first few modes.

It is difficult and extremely lenglhy in such situations to compuie the response
of each single mode. A model that is applicuble for a large number of degrees

of frecdom becomes very useful,

for a practical airplane structure, a panel is divided i;x‘.ﬂ bays of panels with
a frame stiffener around the edges and sivingers along opposite edges,
Preliminary measurements show that the vesponse of such structures behaves
as 4 running wave ripple, which favors the type of deformation corresponding
to higher order modes,  Each adjacent panel becomes independent,  Previous
work on multiple panels given in Rel, 24 shows that two adjacent panels
separated by stringers are uncorrelated by running waves but correlated for
low frequency modes corresponding mainly to thuse modes near the fundamental
frequency of the entive bay of pancels,  This scection of the paper is directed
toward accurate ussessment of the panel response to turbulence in terms of

model shape, eross-spectral density, and mean square displacement,

bh. Theoretical Approuch

The correlation function of the displacement covariunce duc to a random force

Wyt f ' gy ¢ rive [} o f-.
l’(xo, yoto)l (xo,yo,t()) has been given by Rel, 15

A A a b 1 b'
y Tl ol (1) o ' 1 - ] .
Y%, 7,0 V(< 3 1) j;uoj(uoj ax, | dyof (IXOL dy! B0, Yat]x 0 3,0t

- w0 0 0
RN EUR : toyl gt IS
B YSUIX Y t ) <n(x ¥y LU Dyt )> (15)
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The pressure covariance hus been reported primarily in Ref, 5 for hroad band
response: <
vk P
-t L2 z
Yt ‘
<aplx Yy s =pt e 0 ) ~5
PR 1Yo o oot .
3 ALK 3 3
, Y A \
| 1A LY [, - v, 1t n® g ‘2}/21?‘:7 4o %
? =1, 2 /1 X =X -U, - ty -y v vk
| K, (FU) o0 ¢cto o 0 0 §
4
The plate input response function g(x, y,t lxz),y:),l'u) was evaluated in terms of E
cigen~functlons or orthogonal modes of plate oscillation which are of the form
Ym,n(x’y’t) ~ 'pm,u(x’y) OXP = h td “"’m,nt (17
éw-* The normal mode satisfied the equation: ’
5 .
4. . 9 Y(x,y,0) . . oY(x,y,t) _
| BYY(x,y,0) fm———a?z——- F(Bag ' Bgp) =0 (18) :
\\‘ e
‘\ it shows explicit division of the damping into acoustic and structural damping,
\ Substituting (17) into (18),
|
! 4, 4 i 19
Vielxy) - T, ) = 0 - (19)
where 4
)
A =% (am,n ' wm,n) - (”A(.‘ +BS‘1‘)("11|,11 ' l“’m,n) 20
m,n o/ e T (20)
B
¥
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and

5 '

m,n Ym,n S i,

{ = : w - == m,n :

&m,n 2 m,n M ’ i
P
The impulse respense function for low damping was found to hes b
L -

P, n( ’y)(pm n( Yo )

g(X9Y»t|x ALK 2
o700 m,n Ym,n

: - - ' - 2 :
CXP = Ay, nlt =ty sin “m,n t-ty (1)

and the cigenfunction solution to the homogencous wave equation of the plate in

the case of frecly supported houndarices is

2 .omux .oon
. @m’n(x,y) = (ab)l/2 sin =5 sm-—l;u- (22
L 7 4 . 4
An attempt has been made to evaluate the integral (15) using two methods of ”
integration; the Gaussian quadrature and the Monte Carlo method. The problem ;

was too lengthy to handle with the standard interaction technique. After some
survey, both the Monte Carlo method and the Guussiun guadrature methods
proved unfeasible because an estimation of the mammum value of the integrand

(over six dimensional space) is necessury, and the extreme demands on

<)

computer time made it impossible to proceed with this type of computation,
Engincéring judgement suggests that certain coupling terms may be eliminated in
the integrand. thus, considerably reducing the time of integration, Both Dyer and
el Baroudi use a relatively simple input response for pressure correlation, One can
deduce in the case of the delta function, any term in the integral which meludes
the product of two dentical cigenmodes clfectively vanishes when the integration

is performed. g
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With the present type of eross-correlation function, the clused form solution
may he impossible or extremely lenglhy using munerical computer techniques.
Therefore, an assumption is made based on el Baroudi's results, that the

cross-modal effeet be eliminated.  ‘This reduges equation {15) to

i

2 O ¥ @ YY)
T, Y, 0V, y 1) = ———,\L—"—L— T At
X T"‘i L, “m,n
v ] S .
t A a i ia b -a -t )
it . Lt ] e - <3 f_¢t 1_qt
f(ll() J di OJ (L\J (Iyoi dx oJ dy o ¢ m.n 0 [sm wm,n(t to yuft lu )l.
- - (] (¢} [¥]
-j-v )00 |3 ALK, /3
0 . ; Ap
. ¢ 2 o2 112 , 2 . 2 l\l’
=] l\" f (-!'Tﬁ-) l([\" ] - “ {t t ’) ! ()’ -y ()) i
(23) :
By changing the variables of integration (sce Appendix By, integral (23) is .

reduced to:

5 . At .
TRy OV 5T = g Lot w0 :

2 2
2 m nom, uwm n(a I w )
E m,n m,n
e II\V]RS
mr nir w 3 ALK, © ~lr-%)] /0
e e ] e 20— —
-muw (V) (§] v-i | Ky I‘U) [ l-“-'-‘-;r— 4] TI LU X (—? J
K, -](Tm)l/u ]
i - . - —— | X | dy | d~ (2-)
2 _1_z g_ 12 by )2
Ky lU [( wr ~ Y T ) ch) ' (nn>1
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L
, where
-
. } 3
1@ - cos 71 ~={(- {7Z] cos 1 sin |Z] )
(% = = S o
(y) = cos y i e (siny-§Jceosy)
-t w
- n,n . - m,n _
%) =~ e 3 in X I —2" cos
KX ¢ SHw, i “m,n*
m,n
It is eusier now (o obt am further information. The nunserical result from
{21) gives both the modal and broad band correlation.
The normalized correlation function is defined as
Y{x,vy, t)\’(\ & l') .
Ry (E,,71) - 1 { . 773 (25)
("(x,y YAV iy
¥ &
¥
and the normadized cross power speetral denssty of the panel displacement,
P (l\ l\,,w) w0 ~i(l(l§ P K 0t wr)
7 ¢ - dEdy 26
l’(w) n ; f 1.7) Edndr (26)
-7 - .
The panel and turbulent spectra are related by
e 2 P 2 . |2
I(I\I’K::'w) = I’y (l\l,lxz,w) l’(l\l,lxz,w) (27
The transier hunction I‘(Kl,l\ ,» W) can now be casily computed sinee both Input
and outpul gpecetra are known.  From acoustic mterest one would Like to
determine the modal volume displacement smee it s reliated to the acoustie
power.
- *
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i“b a b f: :
Vol - J2 v J ! p(x) oly) dxdy (28) :

¢. LExample: o
The above results, Equations (24) to (26) and (28), are numericaily evaluated for
two panel sizes, 12 x 7 x 0. 04 inches and 36 x 6-1/2 x 0. 04 inches, corresponding
to the panel sizes used m the laboratory experiment. Results can be compared
only qualitatively with experiment, because the experimental panels are clamped ;
ather then simply supported as assumed in the theory. f}
Let it be assumed that Uc/Uoo = 0.8 and 6% = 0.155 inch. ‘The mean square
displacement is obtained from Equation (25) by selling T=o; x =Xy =y"; t = l:).

The value of x,y are chosen such that the displacement will be maximum,

The values of total damping for the 12 x 7 x 0. 01 inch panels, assumed to be

1/3 1/3 s .
a ~ .5 and a = 5 (w for the 36 x 6-1/2 x 0. 01 inch
“m,n (wm,n) N Ln ( m,n) /
é . punels, has been measured on the same size panel with the clamped edges when

excited by « turbulent houndary layer. One interesting point is that the modal

L7

damping is considerably dilferent when the panel is exeited by turbulent flow
then when excited by pure tones.

The mean square displacement computed at the center of cach mode is shown
in Fig. 12 for the 12 x 7 x 0, 04 inch pancl. It increases with the convection
velocity for the lower order modes while for the highest modes the mean
square displacement levels olf for Lurge values of Uc. This resull is quite
consistent with the previouy experimental work reported by the author in Ref. §
which shows that the sudden change in slope is due to mismatch in wave number
and frequency hetween the turbulent and panel spectra.

The experimental results indicated also that above the peak displacement the
mean square amplitude deercases for further increases in Mach number.  ‘this
pronounced reduction is not lelt by the theoretical panel because the decay of
the eddy lifetime 8 with increasing convection velocity Uc is not appreciable

i since 0 is a weighted average over a narrvow bandwidth (Ref., 5, Fig. 5) duce to
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limited range of frequency component of the correlation measurement,
Therefore the experimental panel favors a larger mismatch beeause the wall
pressure spectrum P(K Jw) decays faster than the panel spectrum PV(K 1m). The
comparison hetween theory and experiment forthel12 x 7 x . 040 panel using the

measured value of 0 s shown in Fig. 13. Figure 12 shows alse the variation

in mean sguare displacement with total damping. The change in damping con-
tributed to an almost linear change in the mean square displacement. A more

appropriate value of ¢ . total damping ¢ m.on’ and modal bandwidth has been selected

from experimental obser vationin compari’ug the measured mean squire displacement
with the correlated one for the 36 x 6. 5 x 0. 40 inch panel reported in Figs, 14

and 15. Noticeable is the shift of the maximum mean square displacement with Uc
due to the difference in frequency hetween the two panels hecausce of the different
edge conditions, The comparison is satis{factory to validate the reliability of the theory
in predicting the response of a single panel, with a proper choice of the value of
the damping and cddy lifetime,

The normalized theoretical and experimental broadband space time correlation

N for a 36 x 6,5 x . 010 inch panel is shown in Pig. 14. The two autocorrelograms

taken at the center of the panel are quite similar, implying that the number of

F 3
*

maodes contributing to the broadband response, 40 in all, that is m = (1 to 20)
and n = (1,2) and the associate modal damping factors are close to those of the
experimental panel,

Results can be extended to obtain the cross-correlation everywhere along the

panel by simply multiplying by the cigenvglue of Equation (21).

Due to the complexity of the triple integration (Equation (24)), the rigorous
validity of the numerical resuit may depend on the previous assumption that the
cross modal effect is eliminated; however, experience obtained from this
calculation has indicated that the complete problem can be solved Including the

cross-modal effect,

A
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The transfer functions, defined in Equation (27) as the ratio between power
spectral density of the turbulence and the panel in the wave number frequency
scale, constitute the most important result, In the past, a similar approach

was used (Ref, 14) expressing the transfer function in terms of frequency and
wave number, but the integration proved to be a stumbling block. Thearctically,
the one-dimensional wave number frequency spectrum of the exeiting pressure
field is obtained from Equation (6), (computed values are shown in Fig. 4) and the
panel response spectrum canbe obtained from the Fourier transform Equation (26) of
the cross-correlation function (Equation 24). Experimental spectral densities of
both turbuience and panel are shown in Fig. 18 while theoretical panel speciral
density has not yet been computed. The effect of matching and misriatching the
wave number for a constant frequency clearly shows the mechanism of the
excitation of the structure by turbuience. ‘T'he experimental results have been
chosen such that a strong coincidence cffect dominates. This is also indicated

by the closely matching behavior of the two cospectra,  An interesting point

is that the turbulent eddy decays much faster than the wave on the panel. ‘There-
fore, the matching of the two spectra occurs only in a very narrow range of
frequency and wave number, '

The modal volume for the 36 x 6.5 x . 040 inch and 36 x 6. 5 x . 08 inch pancls
has been computed from Equation (28) to predict the acoustjc power radiated of
Section VI, since the power radiated is proportional to the uncunceled volume
velocity,
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V. EXPERIMENTAL RESULTS ON THE REFLECTION AND TRANSMISSION OF A
FLEXURAL WAVE ON THE PANEL

Space time correlation for various panel displacements consistently indicates
that the panel response Is prominently excited by running flexural waves with
the highest correlation occuring alm'\g lines &- Uc-r = constant in the &, 1 plane
as shown in Fig. 17 where §= x - x . (Ref, 5 and 21), This demonstrates
that the average convection veloeity coincides with the average wave veloeity
in the panel, The correlograms also indicate that the-surface waves have
a phase velocity of ;tUc. The symmetry in the positive and negative time delay
is interpreted as waves, one moving with the flow and another opposite to the
flow,

The reflection and transmission problem is experimentally investigated on a
36 x 6-1/2 x 0. 04 inch panel by setting up two test configurations. In the first
configuration the panel is damped at the dowastream side, The damping mate-
rial consists of a 1/2-inch thick layer of sand retained within 4 inches of the
end by soft rubber wedges glued across the panel.  ‘The space time correlation
of the displacement measured along the cenferline from the center toward the
damped side is shown in Fig. 19. The space time correlogram for the panel
with damped edges is quite different from the correlograin for the bare panel,
The wave moving with +U ¢ (downstream) is undamped for both panels while the
wave moving with -U ¢ (upstream) the damped panel shows that the negative
correlation is damped.  The interpretation is that the sand has partially damped
the incident wave at the downstream cdge since no correlation and convection

results with the negative delay.

The sceond configuration is made on the same size pancls divided by two equally
spaced stringers glued to the panel, as reported in Ref. 24, The correlation
hetween s(ringcrs,(l-‘ig‘;‘. 20) shows the well Iu'wwu behavior of waves muv;ng
with U while the correlation across the stringers indicales an unswept pattern
in the time scale corresponding to a standing wave paltern,  ‘The interpretation
of the correlogram is that running waves ave reflected at the steinger bound-

aries while the standing waves are transmitted,
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é& Vi, RADIATION OF SOUND BY FLEXIBLE PANELS .
In the previous sections we have discussed the response of panels excited by
turbulent boundary layers, and in this section we will explore the radiation

restlting from the vibration of these panels, In the structural response to tur-

bulence study, it was found that the structural response is in the form of a forced
vibration and coincident vibration, 1f the structural panel has a mass iaw

behavior (forced vibration), the response will then be computed easily since it

depends on the weight per unit area of the structure; in the case of colneidence,
the response is above the mass law and the probiem becomes more complex
since the pressure field on the panel becomes the controlling mechanism of the

response.  To estimate the sound power level, the modal volume displacement

[E——— Y

or an equivalent radiation cfficiency must be ascertained. Therocetical pre-
diction of the radiation efficiency and measurement of the acoustic damping
have been reported in Refs. 25 through 27, and 5. ‘The radiation property of
the panel is related to the volume velocity in cach mode, which often radiates
like independent monopoles, For a finite panel, the major source of radiation
5» below the critical frequency, fc = 1/21ra2/KC£,arlscs from the interaction of the

bending wave with the discontinuity of the boundary. 'The present panel sizes

= e T Y v
AT e e s e

have modes that radiate mainly below the critical frequency where the radiation is
is somewhat less cificient than it is at the critical frequency or above. Below

the critical frequency, the radiation from a 1/4 wavelength of the mode segment it
is cancelled by the radiation of the adjacent 1/4 wavelength which is out of phase.
This process of caricellation is extended across the four boundaries of the panel
and the cffective radiation arca lying between the panel edges and the nearest

1/4 wavelength, If the flexural wavelength component is larger than the acous-
tic wavelength, as in the case of the 17-1 and 19-1 modes, of the 36 x 6-1/2 x, 040
inch panel (I'ig. 21) the 1/4 wavelengths along the two side edges are acoustically
uncoupled and combine to form an edge mode, Since the edge mode ocecurs at
both ¢nds of the panel whose corners are 36 inches apart, the edge mode radia~
tion becomes uncoupled, because the distance between them is much larger than
the acoustic wavelength, Each edge mode gives rise to a edge radiator which
radiates independently, ‘This cancellation process can be carried out for all m

and n modes, which shows that the resulting sources are monopole for the odd-odd

'!
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mode, dipole for the even-odd mode, and quadrupcle for the even-cven mode,
Since power radiated by the dipole or quadrupole it much smaller than the
monopole, one can neglect the power in the even-odd and even-cven mode.  In
this analysis, the modal volume displacement has been measured for the odd-
odd and for the even-odd modes associated with the acoustic power radiated in.

a reverberation room, Both measurements are aseful in making an accurate
assessment of the radiated power to be used with the response theory of the
panel displacement of the previous section to predict the acoustic power radiated,
The modal acoustic power radiated in a reverberant field in terms of modai
veloceity is given by

)

.
4

2 2 ’
Nw pCKa -5

.ZPr + PP a b
PWL = y2 f (s Ixd 40
m,n P T L A “”m“)l l¢n(w| axdy (30)

The value of N depends on the radiation mode which can be classified as an edge
radiation or piston radiation, Here, piston radiation, for which N = 4, was
assumed for the purpose of calculation. The value of N also depends on the distunce
between sources in relationship to the acoustic wavelengths as well as on the
panel boundary (Refs, 25 and 27). The ratio ('_’.Pr + l’p)/ Pp is the contribution
due to stringers mounted on the panel, following Ref. 25. Comparison of the
radiated power is shown in Figs. 22, 23, and 24 by direct measurement and by
Equation (30) using a measured value of the mean square displacement,  ‘The
comparison is in satisfuctory agreement for a simple panel for thicknesses

. 080-inch and . 040-inch as well as for panels with stringer combinations using
the ideallzed ratio suggested by Refl, 25, It is believed thercefore that with the
proper choise of damping, the total acoustic power is obtainable directly from
the structural response of the panel given by Equation (24).

The eigenvalues for the lateral and longitudinal modes of the 36-inch by 6. 5-inch
pancl with rigid boundaries are given in Table 1, following the same method used
in Refs, 5 and 29,

*The use of this equation hus been suggested to the author by Dr. R, H. Lyon,
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Another intercsting method for predicting the radiated power has been recently
reported by Ref. 23 using the moda! density approach averaging over a band-
width for vibration response and radiation. This approach shows good agree-
ment with two different experiments, one of which is that made by the author.

The most relevant phenomena relevant toboth power radiation and the reaponse of

the panel is the effect of coincidence, characterizedby the peak in amplitude dis-
placement, aswell as in the acoustic power radiated, Above the peak displacement,
the effect of rolling off in amplitude, appears to be associated with progressive
decrease in wave length which contribute to the change in the power law {from

U5 to Uz’adiscussed in the previous experiment Refs. 4 and 5. This change can
be easily visualized from the cross-power spectrum of both turbulence and panel
(Fig, 18). The mismatch both above and below coincidence in frequency and

wave number {8 the cause of the changing power law and can be attributed toa rapid
decay of the eddy in the turbulent boundary layer in relationship to thepanel mode.

VI, RADIATION OF SOUND FROM HONEYCOMB PANELS

The honeycomb structure has recently recelved wide application by airframe
manufacturers because of its integrity and light weight characteristics, There-
fore, it became useful to determine the noise radiated from such a structure
under boundary layer excitation. Mcasurcments were conducted on a size

7 x 12 inch pancl with 3 types of honeycomb: tweo having total thickness of

0. 25 inch. One panel's surfaces was made of 0. 01 inch alumlnun§; the other
with 0, 01 inch titanium, The third honeycomb panel was 0. 1 inch thick with the
surfaces made of an 0. 01-inch aluminum sheet. All three panels have an aluminum
core glued to the top and bottom panels, Since all three panels have a weight
comparable to the common aireraft panel, a 0. 040-inch thick aluminum panel is
chosen for comparison of the acoustic power level radiated using a radiating
area of 7 x 12 inches. ‘The acoustic power is plotted in Fig. 25 in 1/3-octave
bands. The level of the 0. 040-inch panel dominates over the honeycomb pancls
with lower frequencey characteristics, ‘The sccond highest level is the aluminum
honeycomb 0, 1-inch thick which shows a shift in the fundamental mode from

300 to 600 cps with respect to the 0. 040 panel, A considerably lower level
results from the 0, 25~inch aluminum and titanium panels which show a com-

parable level between them except for the 3 db differences at the peak. For the
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aluminum panel the peak occurs at 1000 cps and for the titanium at the 1250 cps.
A slight shift in the maximum response is expected due to the slight change in
welight between the aluminum panel (0. 33 pounds) and the titanium panel

(0. 26 pounds).

The structural response of the honeycomb panel has not yet been determined but
the preliminary results indicate that the response predominates at a higher fre-
quency than with the simple aluminum panel. The highest frequency sound
radiation of the honeycomb can be very easily attenuated by the usual absorbent
acoustic material whercas in the lower frequency region, the simple aluminum
panel is still a major problem for the transmission of sound. One can conclude
from this experiment that the transmission loss through the honeycomb structure
Is a function of stiffness which {s related to thickness. Figure 24 also shows

the comparison of the change in power lével with Mach number. At high speed,
the honeycomb radiates more efficiently, however, the level is still lower than

the usual skin panel. In the case of aireraft sidewall structure, a liner i used

which satisfies a double purpose: thermal and acoustic insulation. This gives
considerable sound atienuation in the higher frequencies und, therefore, improve-
ment in level between the honeycomb panel and the normal sidewall panel

structure,

VIII. CONTRIBUTION OF THE PANEL BOUNDARY TO SOUNJD POWER
RADIATION

Experimental results have indicated that, for frequencies below the eritical

frequency, the power radiated by the panel changes with the edge conditions

of the boundaries. Analyses made in Refs, 27 and 33 have indicated some
sensitivity of the radiation efficiency to the edge conditions. The results com-
puted in the previous chapter confirmed that the nolse comes from the uncan-
celled edge half because of the interaction with the boundary. A series of |
experiments have been conducted with different edge boundaries to determine

if there is any possibility of reducing the acoustic power radiated, An interest-
ing result obtained demonstrates the possibility of minimizing the acoustic
power radiated by modifying the panel boundaries. The best results show an

average of 10 db reduetion in the power level by using 15 percent additional
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panel weight to modify the boundariee. Typical data using three boundary con-

figurations on a 36 x 6-1/2 x 0,040 inch panel are shown in Figs. 27, 28, and 29.

The first configuration is made up of three layers of different lengths of 0.001
inch thick steel membranes glued to the upstream and downstream edges of the
panel. Eitectively, the membranes increased the panel stitfness gradually
through the last wavelength toward the boundaries. ‘

The secoud configuration consists of rubber wedges at both ends of the panel, Fig. 30
The rubber wedges are lighter than the membranes with an optimum reduction
in acoustic power above 250 cps. Figures 27 and 28 show the results in terms
of flow Mach number compared with a bare panel and a panel mounted on the two
equally spaced stringers and Fig. 29 shows the resulis in 1/3-octave band level.
The structural response of the first two configurations hag not yet been made,
However, it is expected that an increase in the frequency and decrease in the
volume displacement will occur. This last decrease will contribute a lower
radiation level, Speculation can be made that a reduction in level may have
some contribution from the mismatch in the frequency and wave number scale
from waves propagating toward the bourdury of the panel due to low damplng

and from the wave length resulting from the corner interacting with the phase
and amplitude of the local turbulent mode. The reduction in power level is
significant enough to encourage further investigation, -

The last configuration consists of damping the flexural wave on the panel propa-
gating with the speed :tUc. The downstream side of the panel only is damped by
sand to interpret more significantly the reflected part. This is the space time
correlation case discussed in Section V and in Figs. 17 and 19 with and without
damping. The waves that are not retlected from the downstream edge of the
boundary contribute significantly to a reduction in ac(.)usuc power. This method,
ihough impractical, shows the contribution of the running wave to the acoustic
power radiated when it is reflected by the boundary,
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IX. EFFECT OF PRESSURIZATION ON THE RESPONSE OF THE PANEL
EXCITED BY A TURBULENT BOUNDARY LAYER

An aireraft flying at high altitude has a static pressure differential between the
cabin pressure and the local atmosphere. ‘This produces a stalic deflection on the
fuselage panels which is related to the geometry and framework of the structure
and loading. If the deflection is not small compared to the thickness of the
panel, the stretching of the middle surface of the plate must be taken into
account in calculating the modal frequency of vibration. Due to the resistance
of the plate to stretching, the rigidity and frequency will increase with the
pressure differential, Measurements made in the boundary layer facility have
shown that the frequenc'y of vibration and the radiation level shift to higher fre-
quency with the increase in pressure differential across the panel. ‘The correct
magnitude of the displacement level and acoustic power level has not been
validated hecause the curvature of the flexible panel joining the rigid one at cach
of the four boundaries will cause the flow to trip and generate additional noise.
The sudden change in slope as the flow approeached the larger static deflection of
the boundaries which has superimposed on dynamic vibration is a source of

additional noise.

Tests on the pressurization effeet were possible on the 720 airplane both for the
acceleration level on a sidewall panel and sound pressure level taken a few inches
away from the side panel. Results shown in Fig. 31 reasonuably indicate a shift
due to change in pressurization from 3 to 8 psi differential at an altitude of
25,000 feet and Mach 0. 87. The change in amplitude of the acceleration level
with the pressurization cannot be regarded as a general increase since one has to
obtain the space average of the mode rather than the rms value at a point, The
frequency shift due to pressurization results of the order of the pressure ratio
hetween the cobing and the pressure attitude. A freise prediction is given in

Ref, 36 where agreement with the measurements is excellent.

X. CONCLUSIONS

Measurement and analysis of the statistical properties of the suviace pressure
fluctuation, the response of panel, and the resultant radiation field were carefully
investigated and its most important feature, the response and acoustic radlation,

can be reasonably predicted given the initial flow condition and panel damping.
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The wave number and frequency peetrum of the pregsure fluctuation show that
the main energy is concentrat- uround the convection velocity with the highest
level at the lowest frequency a. ave number, indicating that each peak is con-
vected at different velocities, For a given frequency a critical wave number
exists, belew which the wall pressure is part of an oscillatory field or sound
field, and the eddy convection velocity becomes supersonic.

Comparison has been made of the cross power specirum of the turbulence with
the cross power spectra of the panel. The superposition of wave number and
frequency spectra indicate the matching or mismatching of spectra, the most

significant excitation of the panel by turbulence,

‘The acoustic power radiated comes from the uncancelled volume velocity at
the panel boundary in agreement with Ref. 25. By modifying the boundary
condition, considerable reduction in acoustic power radiated can be obtained.

SHEET 39

Al 48372 .




——

NUMBER D6- 9944 - VOL, IIT
ree BVMTEINEG oroanv REV LIR

APPENDIX A

Equation (1) shows that the decay of the broadband space-time correlation is
given by exp (~|£]/U-0) rather than the more conusnon form shown in previous
reference exp (-{7]/0). It is rather difficult to see the implication of the ctoice
of the exponential without performing the transform with respect tor, as well as
by comparing the cross correlation using both exponential forms. Therefore,
rewriting Equation (1) using the form exp (-|7//0) we obtained:

92 DX 2 9
i) -leun?en®|rze® - [e-un® s 222
R(g’an) =e Al e +A2 ¢ (]')
Taking the Fourier transform respect to 7 Equation (1') becomes
o0
P(&.rl.w)=§1;,- R(L,n,7) ¢ Tdr =
)
_ 2,002 22, 2 2, 2 2, 2.2
. l{|£}/U, - a°/U,"8) (™+85/20" U “/20,7 (/U -0, %/U "6)"
- NL Ayoy e ¢
¢
2.2 2 . 2,0 2
- ¢ - - « D) )
. o, w/2 U, . iw(|€]/V -0,7/U ") -0+ th/20,
. + = Azo;) e .
\/-;'“' Ue =
2, 2 2, 22" 2,2, 0 2
U “/20," (£/U - 0,°/U “0%) -0 "w?/2U °
c 2 c 2 ¢ 2 ¢
] e (2")

The power spectrum on (2') is of the same type as the one given by Equation (13)
using exp -1£]/Uc0 form. ‘The differences, however, are in the phase change,
by the factor 2/U,20 which is constant. The comparison of the cross correla-
tion is given by Equations (1) and (1') as well as shown in Fig, 32.

Since excellent agreement indicates the functional form of the wall pressure
correlation fits the experimental cross correiation distribution, cither one ot
two forms of exponential may be used to describe the decay of the wall
pressure correlation. ’
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APPENDIX B

DERIVATION OF THE CROSS-CORRELATION - INTEGRATL 24

In order to simplify the computation of Equation (24), an attempt is made to

change the variable of integration, thus reducing the number of operations for
the integral., Rewriting Equation (24)

e

. p > Oy, n (X @0 (XYY
Y{x.y.t) Y{x',¥', L) : 2 m.n wz
b _;{;\_2_ mn
v=1 Y
t t! a b a b -1 t -t
. f dt / dt'of dxo f dyo [ dx'o [ dy'O e m,n( O)
-00 - 0 0 0 0

.lsm (=) e - t'o)l.

t-t
{20

3
AyKy e b Ay (1B)

K
v=1 1 2 1\2 2 ol {v=1 7V
Ky + (W) K[xo— x'o] - Uc[to- t'o]> + Ay, - y'o)]

The mode shape which satisfies the eigen function equation subject to the panel
boundary condition for simply supported edges is

3

P, )~ (ab)z‘/ 7 sin 2% o ng.y
and
m,n %) ¢m,n("'o Yo = Z{%’[COS ——————-——*mﬁ(x%- X'o)'— cos ...__._m "(xo_a _ x‘O)]
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Conslidering the space integrals in (1B) and ushig the product in (2B)
a -b .4 3
§ 3
by - 4‘ dyo (} dy'0 {) dxo 4 dx o
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Setting the new limits and finding the Jacobian
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From Ref. 35, Page 271
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Similarly for longitudinal coordinates
t
R, ;
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a, a \ -1 ,
L TR
x! = | 9 X, =4a
Y 00 4 ._2 !4\\ /
t =g (%) ?Z '
/ — ' = - Iloi = £
> — |
[Y
XX =o0
o
-1
s K = 0ee b= EPEX X =Y (Y Yo X X')
Ly:x, -as—f'if-2a £ - X~ X" &,4-1 (Ygr Yo %o X'}

fy K- ae— g - § =2

14”(() 0+—fl=-f

The limit for thez to T planes are set to

K g(t‘) I(yov y,ol XD) X'O): OS yO s b, 0 Sy'0< b, 0s x()‘ O' 0 leo sa ,
T=g+(X)= |(n.n'.§.£'): -bsns bl s <s2b-|nf, -asE< a, .
*IEI‘5'528-|H| (7B)

Using the definition of 4B

I, /x £{x) dx - fo(g(t))lJy(t)ldt
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( Then alter integrating with r('-spc(:t to ¢' and ' (6B) is reduced to:
I)l -lEh e ,!ll_zfﬁ, _ﬂ_q“mffiﬁl ‘(I -1) .(,q.‘_‘.“__".;.'.!.gi,,!.‘."_’l
' . u - bj(a- [¢]) cos 2 mrsin— 1) cos = ¥ sin
3 l , — k- —— r o = d" de
; P ab 2 2
‘ A 170 K24 [ E-U (L -t | e92
y v Fl!c ¢ 0
! (8 B) |
F Using the new limits Kquation (1B) can he writien as:
. " 2 o o (X Vg (X', YY) _
Yix. v. U Y (<, . 0 - _;____p__________ s Zmyn - nm,n . X
3 (Al,/Ku)mz' " Wm,n ' 3
v-l
- - - 1 2
E t t Lo n (t to) "m,n“ ! n)
3 . 1 . - - s
~g / dt()[ ot o1 !sln wm'“ (t lo) l u(t tﬁ) t
b{; -0 - o0
: % / n / b a / h
3 Clsinw (- 1 ) (U -t )I AyKy | dx dy, [ ds' dy'
[ m,n 0 0 vl o 0 0 0 0 0 0 )
) TR VY 1
(X, ¥,) w,yy e 07 3
Pmon o Yol P n Ny Yo . (91 ‘
. D) . :
K24 [.]) \2[ X -x'y-ut -t )“' y -y 2
v i*‘llcl ] %o " %0) el " o (Vo "Y' k
| ,3
Setting the new time limit and finding the Jucobian .
J t ¢ . _ .
T (8 tI() ‘ tf) at() TO : T'O t'() (T'O ! T())/& gl(‘r()‘ T'n)
- D ! - R 9. 1
T“ t‘() t"(') 2"() T o T'() t'() (T'() T())/& gz(TO' T ())
ag,/at ae,/at
RPN TP AV CRE SN I DO, V"
° Eo/0T 9*’2 o i
1
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“t«t .7 tert,T - 2t-71
(4] 0 0 o (¢)

- - §t ' - 4 LN ] 1
—T t ,!.,TO to't.TO T 2t

2 - AU 1 |
c to

T

and the limit from X to T plane are set to

= Py oo - 1 '
-l(cd I(Lo'to" oS tys b st <t

. - ] . 1 _-|<7 ‘a - [} - ] [
'ch '(TO.TO) LS 2t 0<2t To, m<70gt t

= 2t~ T'
0

(L+d, t-d)

T' =~c+t ' -2c¢-T
' o o' To 0
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after a long manipulation the eross correlation is reduced tos

Substituting the new limit in equation (98) and interpretiog with respect T'()

= 1’2 p) ¢"‘v"(x'y) ®m,n (<57 AR,
TR DY K.y 83— 5 & 5 AN
2 (AWK G Ym,n
vl (118}
where ’
b .
~ Ym.n fa [
hry ) e UK
m,n “Ym,n ‘
' w “17/8]
m,n | . , 1o
Te-am,n(T- T SN OT T g cos wm,n(r THIE B
. 2 mtn dTO dn (]E 5 J
~ 2. (1 L2, 2 i
o K2+ (FU ) |c-ug7 %40 i
;;
Ym. n a b ;
1= : [ @] m- ,
2 2 4.2 Jg 1 0 2 :
m,n m,n :
3
© -a_ (T -T) |sihw  (7-T) *_“’m,n 5 (r-n} -|r :
e MmN 0 | "%t A cos Wl )le ITo/g]
./‘;- 2 . dTO dy d¢
2 1 ; 2 2
Kll *<FU> l(g-UCTO) 7 l J
. where
muné a m | ¢l
f,(8) = (a-|§&]) cos -t ——sin = 4
= nry, b . nmy
fg('ﬂ) = (b - n) cos b 4 — sin L %
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Let the time Integral be simplified by changing the limit of integration,
From {11B), 11 ’

-8 {(T-T) - m, -
T o m,n* o0 'slnwm,n('r Tt — cos wm'n(‘l’ To
K., = . dTo
1 7w K2+-1'-2](6-UT)2+712
v FU c
c
Set
X=T-T =T-X, dx=-dT
X o' To X, dx d o
Then
a_ X — “Ym,n -
_ weg M [Sl"wm,nX+a coswm‘nxl
m,n | -
K,= [ , dx
Vg 2 /1 ¥ 2 9
Ky +<FUC) (lg‘uc"i+”c") t
Similarly
-a_ (T-7) Wm,n . _
_ °°e m,n' o lslnwm'n(ro-'r)*“é-——-coswm‘n(fo T),
K2= m,n dx

Ki + (F-—Iﬁ;-)z [(‘g - UCT! - ucii)2 +n2]
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Substituting the above into {11B) for 1 and I
] p2 5 ®m, nl%¥) Pin, nlX'+ ¥
Y (X, 5.0 Y (x7,y, 09 3 ) 2 2
2ab ¥ (Av/Kv)ma m'n“’m,n(am,n +“’m,n)
v=1
a ~l(r-%)/s]
- f(g)fun) /g(x) v :
-a -l . 2 =) 2
o ) e ol o
- lir+®) /8]
+ > , ; dX jdn jd¢
= 2
) Jie vl o
where .
) mré g mrl¢]
[,66) - (a+]&]) cos 2 g sin "
b nrw
ym = (b - n) cos BT nrsin (12B)
— X l s “mon -
gl(x)..e snwm'nx —= cos Wnyop X
m,n
In Equation (12B) setting y - %’n and z = %5 will result in:
p2 Y n(v Y g alXy) . y

Y (x50 Y(x, 37", 1) 2(
21!‘
[}

7

> (A,,/Ky))m m,n mn( m,n ! 'm.n)

mn nrr
. f £,/ “(y)fgl(X) 2‘.

-l(r - x)/0]
e

i o, R B

-

2 ~\2
-my 0 2 1 /187 _ 2 (_l)y_)
Ky™t FUc \|mn Ug, .Uc‘(> ' nm
-l 4R
e
+ 7 [AX | dy | dz
) 2 - 2 (131)
2, (] 2z - ux)2.(bY
Ky ™ <F”c> [( my lg] l|oX) t (nrr) ]
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iu('z') = f(-g—i)/b =¢o8 2 + Hli (—I'fi cos z+ sin IED

[
™o
Yo
<
S’
il

X
m,n

e

=
| S
|
~
]

Using the second kind of exponential e
and foilowing the same procedure ars in the above case, the final resuilts

becomes:

p?

m,n

~ _ 3 L )
: f(-g%)/’b =co8 y + n—-ﬂ(sln-y - ycos )

W
- “Ym.n
sinw X tyg—t—co8 w X
{ m,n 8

m,n

X -x

u e
¢

(4] Q

|

for the pressure correlation,

S ¥ B YY)

Y%y, 0 Y&,y 3
[ J 2t 3

p=1

mn
f0@
.4

-

p

1

2

(Av/Kumsz R My n @ * Wpn)

2

-m

nr .0 3
[) lem{{ (@

+ 1

K

2 _
2 1 a7
v F(FU) {(mn-ug
\ c

)

2

‘ of 7, . _ 2}
sz*(-f»%;) (%-051-05)«*(%%)2

where

di} dy| a7

s o8 2+ 2 (-]7| cos 7 + sin |Z)

f128) = ((%1- )/ b=

ol (a%/mm U 0)]

- hy -, 1 - -
fy ) f(n?‘ )/b “eos ¥4 - (sin¥ - ¥ cos )

", n® “m,n
g, e T Ising X4

o ()

+
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