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SUiM.MAlRY

N'lihe )r()ihbli of acoustic ra(iati( of painls excited )y' al.d(oI)u iwesstlr'e

flucturation of tIle ti 34) lelit 1oI(lIry layer hi *A -Ii PilIcrt inlvestigate(. ]i

tihe past. exim)C1i.nctal investigators have colcentr:ate( only Oil certailn )hases

of the general problem: f'r e:<imple the statistical b.havior ol tlie pressure

fiel (ter. I), or the motion or the panel (Her. 2(i). Recently the author presented

' COmprlehensiv'e set Of exp)eCiilliiltal results (lefs. 4 and 5) that include all

statistieal inform:tion concerniig both the forcinug Ifunction; that is, pressure

fiuctuation and thc reSpilse Iilidio lll o tile ilailel i ont -is well as the ra(iation

field.

'"he lain piuarpose of this ial'r is 1o show i hy usillg a relativel'y si i hnle functional

representation of tile space-Ii ile cori'relit loll ul" Ihu ' t ;il jpresu'e fluctuation,

Il(l Iy the ise of Lyolls-1)yr methloil (Rtet2--2 2) ihat motion and radialil iillilsi-

ty of a silnlIv-il)iorlt(l paii agree reasonably wtl with iti-authorl's

exspert micntaul restilts.

'Thic most striking featureC or the esxitatioil neill2oisin is ftle so-cllled coin-

cidelice wIhich las prolound efccts oil tlhe resionse of the structure and power

'Iadia oills. It, under vita illltions, a misillatllh occurs Ivbetweil Wave speeds

oil Ith plicll and the iptessii i*C fie(d, I)icl (lisplcemt e liilt anild acoustic, l'aliclt adto

sh tul(h I rlduc ,d. Such i aminimath is (au 'd by a turh IilI ence prl'essurie ed(iy

Which (Uays faster Ill I Illl e ode's wavvilhill il Ot structurc.
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A -la.e mode! damping

a.b - lenglhs of panel sles

A. K. N - constant
BI - l)ending-stiffness -%

- Yoig's moilu lus

f or frequency (w 2irf)

h -pan(el thickness

K - wave number

ni, n - Ilode nuil nier

NI - Mach number

)tI, - plate rass

1)- 2rlns wall pressure fluctuations

IP( ) - i)twer spectral density of the wall pressure flucttations

PW.Vi, -total sound power level

I( ) - correlation coefficient

II - free stream velocity

II - convection velocity

X. y - coordinates

Y- panel displacement

0 - eddy lifetime

0 - wave form

6* - houndary layer displacement thickness

T t - I' - time delay

1 - y' - lateral partial separation
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S y - - longituinal partial separathin-:.

T - waill sheatr strcss

U - stfl:hIs(I n deviation 

PA (C , 0SIl' - coustic n td strl'tu tirl d Iia iIg

- eigenvalle

- tohtI da plfling r tio
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'I'''I* 'S:tITS lR lt( iII(I|NI)ARIt LAYERI I.'ACIITII v

('ll I)ItY AND .'Xi.:IENI'IIAI. (1( l lPAlS0( )N)
1. IN i I )I.IC'1'I0N

T'h Cxl extrior" sI'C'L 0l" :III airrl'if is exc ittA dil CI by' lu l)lnce Ias :1 well as Iby

So(d gCulCrklt-d( b.%y lli rblent l Imm )aUl(lry larye. The ' i aircralt skin is Iexible land

the fluctuatling pressu re in Iht. iou ndair' tal Cr (orcliug field) Cuals(s th surfaee to

vibrate. This su rI'cee vibr:lill ad s i laiitor of sound . M s('uisrelI'mIents of

the ';itl pn'essiur'e B r(. ilrat l)n, iiel rCtslpn)i.1v, andi(1 :ipuistic ridiatin chai'racter-

istics o tyl)ical pilns ha'e beeniinu(l pr ,by Illily invstigt:lors. ''hlc intent ijon)
in this pli ier iS to (isCUiSS MiV 01 thest' iilnasu illlls (prinlarily those made by

tile author) and1(1 to develop a theoretical inodel fn' Comallrilison wilh experiments"r -

C's'tr the su'ce pressure Iltu:cluion, since lhe IfhlutLUrtion force on tlhe

wall hi ain' Irl'equcliy )and ClUau5ses tIt p tanll src'Uure to vibrate at waveengths

of the ordr of the swile or tie pressuie ilrid. iVicui wall pressu're power i

Sl)ectr iin(d correlat1ion fietlis uaii be Seen iii l;fs. I through 7 fo!' suliSoll IC llow

and in Itel. 8 for supersonic flow. These aitla sliow that (hlie ician SqUale

pressure i'hltUriion is a SOl~ly Va r'ing function ol i]ach) number. i'lese

spectra are in gmild agreement ir t rluhal. niumiibelrs w6fl/ >0.2. At lower

vlus2. tile various inw:asiireillWlHS tdoi not agre l w ell. ''le (liflerences in results.

may possiliy )e? (hie to v'a 'iati hlis ill Reynolds iiii, l" ol Miach uIlmber or" to

exrtralleos iiois,. It is oilt lussil (l find til the ellairauteristlic length andl(1 velocity

that elinlliils tile Ileyiold's ntuber effect . iei'erence I9 shows for instaellu

thal tie r'atil Jl"/- Wi r'oiauhvs ii Ctnslntlit 01i13 ionl i Very' hi gh Ihynolid's

111ni)er. l,'ur'lt 1ln10 re , Ihle lilldiillills ioninl pw~er spect ruin l(W)l J/TW26

shows siilha r behavi'or oly in ii iiined nildinlllielnlsihlll Il wave lIluber 'allge.
The N Iacli milliber range of tile v'arius esxje'il mtlils extnldif l'ol zi' to al most

fi'e. and it is ilot surirising thal diflrences hi tlhe shape of tihe speeruin 'are

SHEET ii
&O 4"7/,.



NUMBER D6-9944 - VOL. III

THE AW ''"Af"COMPANY REV LTR

lilteI(c. relce at low trequelncies (lie to eXtranellouS loise! Sources is Co11ionly

e1colilleled ill wind tunnel tacilities. The cause of' this noise in the various types

of wiI)d tunlnels depen(Is oil .ype of blower system and oi the air Clontrol, and

installation civironillel't. Il the presenl test faciliy. 15 et! of acoustic muffler

are used ahead of the settlingllca iler Each COmpOlleliL is mounted oil all

i1dcl)cldenlt cocrete pad lloating Oil sanI. lowever , iutell'ereilce still occurs at

fr(c(Itlenlcies ol 10) cps and lowver and varies soiewhat wL' ith the flow speed and

dilfuser setting (Rel'. -1). .:videle (tl' acoustic interference is showni byi the

ii1roa baind spatial correlation measu 'ele off tihe wall pressure made at low

frequelicies (Re'. 1O). These illeasurecllents Cle:irlly show a. very strong acoustic

I)prSSIIre spL i-poi nl)o e0l oili trbirullenit pi'essutlre. It may o11% be practical to

linlit low I'lcquenlicy power s)ectrum u1e:nsuremeall ts to flight tests.

Tihe response o Jpanels to turbulence has ilso been the subject u Various

paIpers fI'om )o11h exl)per lilenial and theoretical aspects (lies. I I to 23). These

pale)rWs are concernied pliimarnly xvith the vibr-ation colelation r'esponse liear.

h Ithe tee henlidiflg wave length of" the panel. which accounts for most of the c.xcil-

tieul. 'T'heory ill let. 16 is Iset oil tile acceptance of tie ipressure field by the

beam. in(icating Ilhe inilueelie oil the dislhaceein:1t response alnd, hence, the

stress of the structure. These I esouant efiects of, matching tile benhlimg wave

111mhe1r :imal l'relcquecy of the pa mel with the turiolene wave number and

frequelleV ( acro-Ila ml ic coincidence) have vel observed expe iuinltally

(ilefs. 5, 20, 21, and 22). hlef'rence 5 extends the experimental results for

the conditions below and above coinuidence both in tcl'1))s of itiodel (islaIUceLeint,

lanicl stPcsses anid acoustic radiatioI. -Itl'e'eice 21 i1ichides a brief resumic of

the belmvior of" tile pael it s place inleit o)tained by ,lace-time correlation over

a comiplex pai m1d . 'lhese restilis ire ;issotiatle(I with likt Illeasured total mti ll

squar'e displacement t111( tot a Iacolist ic )ower rd lt lcd.

SHEET 12
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It turns out that the amowdn of energy fed into the structure will (lmid onl the

WaVe nlumber) compo0nent andl amp~litude of thle pressu c field. Oin the other hand,t
the amount of energy accepted by) thle structure will depvend Oil how 1man1y struc-
tural modes the pressure field will excite. Hlowever. not all the energy accepted

by the structure will. be converted into displa~cement a mpilitude but will be

pari all 1d Iiss ipated i nte rnally and p~arti ally radiated back. ''h is loss corre-

sp~ondls to thle total dlamping consisting of acoustic and seructurlal dlmping',

Finally, thle acoustic power radiated hias b~een the subject of conls ilerable

investigation, eXlpeCially b~y thle Bolt, Bleranek, and Newmvian Corporation

(Recfs. 25 to 27). Theliir analysis has- shownwthat thle Sound p~ower radiated from

a reverberant field b*r s irply-stipporwjel panecls is proportional to thle perim-
eter of thle p~anel for vibration up to the critical frequency. WVhCn comparing

simply-sulpported or blaauped boundaries, it was found tha. (lhe clamped case was

thle mlost efficient radiator, kMeasuremnits ol' Ili acoustic dlamping for variotis

m~odes of vibration have b~een made and reportedI by thet author, (l1ef. -1). Thle

chiange inl radiated power with velocity has shown tilt effeet of aerodynamic

coincidIence, as well as a nllarkc(I cancellation ellect Which r('(uces thle acoustic

powver law froin a Al to a INI dependence. 111C change is caused by a1 pro-

gress ive increase inl wave number for coincidence whecre a similar wave

number ol thet Jpanel mlode l)Qelmcs la rger that) (the corresponding wave

nuimber of thle turbulent pressure field.

Owing to thle Complexity ol the problem *, a 11easu red input cova riane Was used

inl predict ing panlel response (Inc to tur1bulenice. TheC panlel is flat,. rectangui tar
and has ci thei' simlply-supported or. clamped edges. Theli vibration of' thle

surface is colupled to thle tu rim lent p~ressurme field beneath the panel1 and to the

radIiat ion field.

SHEET 13
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11. PRI)PEII'ES OF i" \lI VALI.L PIIE'SSURE FLUCTUA'T'ION

W' have prVIoo1sed ill the previtus work Ref (5) two functional representations of

the \ all pressure covariances based on experimental observations of data f'roi

a turbulent channel flow. Since the structural panel is excited randomly, i. I by

turbuienc., thle low miodel is useful in studying Coupling betweell the wall

pressure and the panel surface. Tile model consists of ii eonvtecled wall pres

sure pattern with Space and liic deplenicnce. It retains the characteristims of

tile sulerlosition of a wIve system withli phase and amlitulle related to wave

numbel and freqllicy slctruin. 'i'his model may not b siufficiently rigorous

to insureC a dlailed descritiion of tle flow fielid, but It provs to be us- "!d ill

(lescriling le response of the palne structure to tu rbulunce lbecitU5( it lrovides

i allns for ystudying the ci'c of pressure flutuaitions oil fht motion of tll pnlliel.

''lie re)escntat [oil chosen here to deSCri till irtsilure I ltulatll1 Ill I

lltoing fr lnl is gi h tile l inear coni nation ofl N\o lltluSS .i, ist.tllbiltiOlls. t.I01

of which has8 a mlimll vh h yI l dC(l)'S ill tim ~iid ClmgS nIl l r lt in th

e ini. The lehavior in the 11o0\ ing fraill referlice of thie cross -CorIrelat tloi

'uiiCioll l1( ,)I.T) ias bueli irli'e p e lle d by:

It( 1, T~) < i X ,.Y. t)liXX+f, Y 1 7. 0. T)>
p2

[U ' 21 2 21T)! I 2 T' 2
c A u  I A.) c I

A 'ier (l'conijio i ng eclh i ii(li vidull corlti ionl l1( t" , .,T) ii iato tl ( auiim li ri h u l-

tiils in a lll,' pe l' onialnda " low c, r" one. as ingl (tu'y rat lie r Ihal anll id Ihvilual

dileay for elch oft he Gau sial (list riut ions w.S used. The (Idca' of tle cross -

correlation Is given by lxp (11 ,'tCO)' 1t. than lXI cn (I T '0). aIS in OiW i,cv,,oi

tAIplivii'l \ ilisctisse l Ilt climvi'' stiilg (1ii42 (II,4 l()lo ii- ul o tl'eiy.
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paper. 'i'he Iatlel does not resi)old siilairly fo r alI i'c(ltcicnics and wav numblers

of the turulnce; certain comlbinations of wave number and fre;ucincy are excited

more strongly thatn others. When ihe wall pressure matches both the wave

IuInber and the frequency of. l~a rtictillar panel iflo(Ic, ak C(ndition Called Coincidence

Occurs. Ihis results ill a very strong excitatl of i running flexural waves Oil

tli pmnel. h'lh the aflll ittIl(uS of ally l,'otrier com)ol>eIlts of the panel displace-

ment depend on the amlplitude. of the characteristic hngths of the presseill'

fields. UO. rhe eharacteristic length or correlation length is a fisicthm of
both wave number an(I frequency, implying that 1) (KI W). Thl moving frame

S)ectltu m shows that .1 very uniform ecirgy content ulp to the wav'e, number

Itl 0 exists. beyond which the ene'rgy diminishes rapidly. The flollowing

spectrruill was obtai)cd from a 'ourier t ralsforill of ihe civelope of the Correlation

maxima .,p -II/ue 0. Figure I shows the eddy lifetime and the moving fraiiiu

spectrullu.

1)(KI ) =- -- (I 2U 2 0 2)27r

The, ClCi It V lt ej rS(,ntat Li oi il ternix. of" the wave nimbC mJr anl i't( IUt~lcy' Sl)C~t ru a is

obtained from the triple F,'ourier transform.

IK , U, ) )f I,+ ,,r I
1i 19 I K.~n I W))

V(K 1, K.1),.) U(4 11 ) cd(31

(27r)

SHEET 15
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p1Ljrobilemi is to ilmgrat( t. Ix.t us frst5 oblainl I roll (1) (ie pi~o Li l*eliU0

a ) /21 c .c. .) .) /2 .)

c c

I1(0,0,T) - A I c A 2 (5

Th'le power spet ru ill of c( Iua I ion (1I) is plot d in F~ig .2 ilci)mrdwtIteiasre

spuettini 11. A g(udI'l [its obtalied at thec lower I Pc(Jiics bor UW64t <15;

at the igher I rt'ijteniees the Gaussian spectrum (list ribut:'ln falls ol iiiuwhi baster

thanl tile Iileasti ed shIucLtruilli 'I'hlese dilbcruenees inl tile power spectruiii werec

discussed prec iowuly inl IA. 5 where anl exponenltial Sp~ace-timeL Correlation mas

obtn i ned coltamiiig higher I retii eliiy co iipunlil t Ihan the( Iimdel ceseribed b) Lq . I

Also a comp~arisoni is nladl ill Fig .2 bitweenl the mecasuired autocurrelatiol an~d

tile One desc ribed ill cqui tiam (5).

Fro Cqu)e(Lail is (1) and (A~). Olhe lonigitutd il naIcrosb spveetral b ei lecomines:

I /t l I"C
P(K , (A ) -- - - - 1--7(--))

I 02 ( TctKI I"U rIL t

SHEET 16
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Sjille tile cross Spectral (len~sit% is compilex. giving ilforintion ,ibuutt (he
aii itude and phase. eqUaLion ()Call ah io be wittna

1)NK1  O,ci) - 11) 1  . OW)jc i0 K w)

'I'hien the phase anigle is givenl I))

Si milarly . tile lateral spec-tral lens it)'

Aa 1 I CF 21 / 2 u 2  al 1 2 /2

I - pW 2 irU e e

4A A202  ~'w2C -U2 \ 1 2

2 irlJ

Oin comibining (6) and( (8) . one olbtains tilet' L% dimiensionlal Crs POSpower spectr'umI

P)( 1 , K.), w) between the vectors K1 and( K,).

Th'le Cross p)ower spechral (lens ity silo%% s thle rate ol* Li insfer of eniergy rnI'01

small to large wave numbiers . Th'le most, cohecrent, pattern of the p~ressure' eddy

mloves with tile conv'ection velocity at diflerent. frequencies and wave numbers.

tlSell definition of the convection velocity has beeni given b; lief. 12 and 28,

w~hcre it is shown that, the integral time scale is the imimium in tile framec of

reference moving (iownstrcanl %%ith this velocity. Since only thle lateral cori'ela-

Lionl shows nio moving axis, exp- (il/U) 0) - I; the timec scale 0 is constant, and

very smnall along il axes. InI all other comnponenlts, thle value of 0 is large.

Th'le edd~y lifetimie 0 were assulnuei to corrcspondi to thle time III which the value

of tile corr'1elationl coeffic ient obta ined fr'omi thle envelope of thle Correlation

SHEET 17 *
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maxima dropped to l/c. Since it is known that the convection velocity is not the

same for different wavelengths and frequencies. it is convenient to defitne a
convection Velocity co/K U (w, Kdl)sc h (hat when K, K then 0, 0)j

is 'k I1I xIIIIILIII .

I
A S

The magnitude of tie spectru m giveni by Eq. 6 is:

.1u 0(1 1 w02 (9), ) 2=

(2 ir) 2 1w0-(1 U. K /W )111, (l- Li K

By maxi mi zing I P(KIu, w) 2 with respect to K where U and 0 are constant.

We observed the following:

D)(w) 2 (,1u20-) at Kj- 0 when O 0

4(), at K 0 vhenwO<I~(I/u 0)' , (9/uJ

A) A)

2 U '-0"

2 2 2) c ,; at K 0 when wO - 1;
IP(K , W) Imax (2 a) (7o)

O<KI<'

11,19) 2 u 1(A2o2

90 0/ 1

al K* loy 2 U 2< ' andI wheIen w()>1
C

From (10) the convection velocity U is giveni by:

c. (. 2
(I LICA V 2 2_ 

18
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'Thei first three condit ions s imply meanl that the notion of convetion velocity is not.

.1 luItl concept. It is or coilsiderable significancev that inl thle region wP> I tile

pak alitudte veasred (rkel part onedIlimsioa ae nUmberI cal dum s

thattil iocin vieoctisy ionreaitse ral pwto decrain( wee ina-

corrSeltin wich ao ies h e l.1a1 eloio t ion. The (liflereneetil insthn

vloery frequenc region aore (l to (har Ih ae aiation inUg a ig feuncis the d10'.

A t ofiles mrc i(rou eya pat) rongdtehnsionue wich uer idrm ftive

bandwidth filter.

Figure 4 shows thle comlpuitation of the r'eal, imaiginary, andl absolute value of

thle longituid iialI sp~ectrum. Th'le p~hase information is obtaincd from the ratio of

the real aid imaginary p~art. TIhis figure shows that eniergy decreases with

increasing frequency and watve number. F'urthermore, it canl be seni that inl

thle lowest wave number region there exists a nouticeable diffcercbtwveen the

maxi mum of thle absolute value of thie spectrum and that, of the real part.

F'igure 5 clearly shows that the average convection velocity corresponds to that

ranlge Of Wave niumbner's where- the (listu rbalncs are cohecrent (U J constant

independent of wave number). Onl the other handl, the lowest wave number (distur-

bances are incohecrent, moving with significantly di Iferent convection v'eloc ity.

Theli resuilts sumnmarizted inl Fig. 5 confirm the coiliectlure Of Itef. 32 that the lowv-

c.,t walve number (listtu rbanlc canl produ~ce Mlacli wave radiation even inl a

subsonlic boundary layer. Figuro 6 shows thle region of supersonic and subsonic

wave velocity.
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111. A IASIJIIEII INT ( )E 'PI1IE ISUI ( Ei F'LUCTUJATION

Eithl"er stlt Ic liressi le lucitatioln at1 a wall or totl] pressu'e ill the St lit ll

have icen llcs ,IIi'dirl. Ilowever.,e, I1asu reni l, t of the stLi otam l ji'Cpressure

fluctuation in a cllnellil l'low hals been :lssociate( with ni h measu(remlent of the
valli IpIressuI' ltuctualitioln. 'rh'. total pressureC fluctuationU is useful in studying lie

imp lingenent effect of' the LiturI)1ulvint flow ol [Ihe suriace. If is a lso Ir(cselitly used!

to measure tile radial ed acoustic ei gy fromitlie bunIdary'' layer by Ibly ill l tilhe

trzi Itl cel' r in tile II)'ptLI p ied regio)l tile l're:e streai m

The s nsing clelil .tI IIll the total ipresur'e tanldu(llctr is a s0li(I fik-z)clr ic

cera.llie Cylinder lwith :n efl'tective dliamletel of 0. 0'l ill. It is Iloilld Oil a cone

tip of a :/1(-in.:h diameter tub (Pig, 7). The signal output ha.' to vil)ration of

thle tralisduc(l.hl ll nlllltedi Otilhe dut was t luolI to Ie very simall compare(i to

the )rl'ssure signal, The vibratiln 1iicl'c:15 asas liti' tiraisdu ei Was llOV(d into the

sthea ill; however. up to anl exteInsion of 1.5 ine.he.s fromi the wall. the vibratlllon

,r- ouliut Was Coins iderabily lower t hall the signal (lue( to iressue fluctuatilions.

To facilitate the comparison of ilet wall pressure vith the 5PlOlUiI p ressure

I'lutliat ioils the stl' pIllels'sure.I' tlIlls(hluc.'s were I :ldc to lie adaptabile fol,

flush mlloulnting ill tile duct wval l. It was etv. lleld Lha the nlleaSlred wall

p-ss - U C orresponds to the ipower spectrm (llll (hitribLiutn i l eisured ireviously

Witl diif leelil trallsihl.dc-rs. As ex)ected. tlhe root inli.aln sqla trll a lllr)I5SIre

fluctuatiloln is higheir the 1l I l'essire (,Pig. 8). The (list aibutioll of the

l)iI',' ' I across the dul t shows , xi l mili near theC ll in til-glUll of hih.glie"r

shear 'fluctuat on. 'The presure lv.,.l (h.Ureused towards lie Cetllter ol the duct,

in(liicatinlg a behliavior silllill ' I' to that of he velocily Iluet at oill. Iuln e !J Is a

i)lut of Ilhe stream pressure sl).ulrlllin and wall spectrul. ''he Streamiil pressure,

spect r Pitlll hii as iapt' Shape illllar to Ile uIsuil voc it v bsli t r'I'Uill.
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Space-ti me correlation me1asu relients of thle wall pressure fluctuatioln were made

over tiefuselage skin of the 727 airplane to deterinle tile wall pressure

covarlance to be usedl for sirtletura1 and aeoustic response study. The power

spectrum (list ril)ut ion with frequency is similar to thle one obtained previously,
liefercuce .1, oin the 707 prototype airplane. C6ns iderahie attention was giveni

in thle mleasuremlent of thle lowest frequency region in an attempt to clairify the

argument about thle behavior of (fhe power spectrum in this range.

F~ive Brued and Kjacr Type .1 1:16, 0. 25-inch diameter micophones we re

mounted oil 1/l- inch thick plates at variouis dlistanlces ap~art in the dlirection of

flow. The plate was flush mounlted onl a cutout port ion of the airplane p~anel
above Lte wing level approximately 71 feel from thle nose. Inl thle vicinity of I
the transducers, a Preston tube was mounted onl the plate for thle local skin

friction measurement.

The wall p)Vcssure spiectra wvas recordied for frequ~encies as low as 20 cps and

vii: u to 20,000 cps. A typical spectrumi is shown in Fig. 1o at Mlacli number 0.77.
This power sp~ectrum does not roll off with decreasing frequency like thle hlodigsonl

sp~ectrum~ measurement over tile wing of a gl ider' (lHef. 2) for very low speed.

The diffece~cs bet~veenl Spectrum onl the 727 airp~lane and dhe one obtained ini Lte

lBoei boundlay layer facility occurs at a lower frequency which shows that the

dluct spectrum slightly increases in amipl itude while thle airplane sl)Cctrifli

remains constant.

Figure 11shows that the ratio of the root mecan square p~ressure fluctuaution with

the wall shear stress plotted inl terms of Mlach number for thle 727 airplane

e'011MITars With the previouIs niiqasurenient, in Lte dluct flow~ and with the boundary

layer flow of llefs. I and( 7. As expected, Lte 727 data are Slightly lower than

the wind tunnel sp~ectr'a because of lban(with limitation of the instrumentation.

flowev'er, the overall picture shows the trend of thle variation of thle ratio

/ /T with Mlach number for relatively high Heynold 's* number.

C'j
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v Since the study of tile struclural response to turbulence requires not only the

mean square value of the pressure field but also the enci-gy contained in a

specific frequercy band corresponding to a resonant frequency of the strucutral

panel, the filter cenlter frequency and the bandwidth has to be selected to fit

the particular mole of interest. A narrow band spacial correlation measure-

menat of the wall pressure reported in I1cf. 5 has shown that the correlation

coefficient has a uniqetl dClenldendency oil uo,/iJ alnd it (lecays as cXl-(l/I/U .0)
c 0

for the longitudinal correlation equation obtained from (I) after taking the trans-

formiu With J'tSI)CCt to T,

the logitudind cross power spectruin becomes:

kii
P( , O~') lP(W) C C Ls 4I sill (12)

u

f The real part P( , o,(R is identical t6 experimental data obtained by a narrow

t bnd spacial correlation. The imaginary part can be obtained experimentally by

shiting the phase of one signal 90-dlcgrccs at lee(ltlcllcy l befou correlating

the two signals.

Assuming that the filter characte ristics are, constant within (wI - Aw to

w I JAw) and zero elsewhere, the amount of energy per bandwidth is related to
the amount of energy per cycle )y:

.w 4'tAW

w\'he re

( ,QW) 0 . I(, T) - T r (I.i)

'lhe mcastired spect'tim olbtai.ned Iro in.lllualiop (1:3) call 1wt'u omipa red with tihe

Sing IC nf('-PIdCy SPeAt01111 of itht r equtal tia 12 or 1!.!
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IV. ''l S11MI~CTl'UlAL RESP~1ONSE '1'0) A BlUtl.I4 Nl OUNDARY LA YERJ
Since the pressure field over the paInel- is responsible for generating thle motion

of the panel, which consists of a multimode vibration, a1 Pouner analysis

in; two space dlimensions t and 11 anld on1C Li me7T dimenCIsion would detinelil h1ow

extenlsive is thle influenlc of the pressure field ill cont rollinug thle response Of thci

jpanel. Th'lis resp~onse wvouldi not be unliforml since Certain Comb 1)inationls Of wave
numbers and frequencies inl the comp)onent Of (Sthesuface d1.11islcemntar

excited more thaii' others (110f. 5). Theli phase relationship Ior a particular

frequency and Wave num11ber remains fixed so that the resultant excitation will

Continually grow Cauin g "I bt ildi of111 d1isplacement wave ampl itudle inversely to

the panel damping. Th'le panel tenlds to respond with runn11ingwave ripples having trace
speedis eqlual to the eddy convection Speeds of' thle turb~ulent boundary layer

(Refs. 13 andA 14l).

aResponse of Simple Panelj

I'he vibration response of simple lpanels excited by turbulent boundary layers

is conisideredI. 'Nich lancl loading is dlescribed by one of two models of tile

pressure cova rjancs obtained from experimental (data fromi turbulent channel

flow (Ref. 5). Numerical computation of thle response for simply supported

lparels has been made (Ref, 21) using anl idlealiz.ed model (Rfs. 15 and 22) withI
preTssure1 COV.'ari:LnCeS having 21 de~ltal function lrecjuency sp)ctruLfl with ('xIoliell-

tial1 (ecay Since the i'esul(s are qualitatively (descriptive of thle paneul behavior

inl aI COnVcted field, it waLs felt that the inlproveinent of this model by anl

accurate assessment of thle pressure field may have a numnerical importance

on the prediction of the structures resp~onse to tujilence.J

Since relatively large numibers of miodes ire p'resent inl a simple pzrnci, thle

reCsp)onse behavior inl cach oneIL Of thle 1mdes (lepen~l On thle flow characteristics

(w, K, le'. and 0) and onl the lpanel chiaracterist ics (a i , and 1"). For

certain combinations , only a few m~odes (dominate the spectrumn; for others, the

overall response is cont rolled by relatively lairge numbers of lmodes. A

Ipracl ical examp~le is given by '7 x 12 x . 0.1 inch panels excitedl by flow Mlach

number Al - 0. 52 with thle boundary layer dlisp~lacement thickniess 6 * =0. 155''.

Results show that ab~ove tile 6thl mode' (mi 11 6, 1 ) thle response is so small

that any contribution to thle total response is negligible. Instead, for a longer
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p~anel :16 x 6-1/2 x 0. 0.1 inchecs at tile samei flow, environmen1cit, the mleanl square

of tile 20th mode (inl 20, n =1) is only 2 decays below thle first few, modus.

It is difficult and extremely lengthy in suich situations to comll)tC thle resp)onse

of each single mode. A model10 that is applicable for a large number of degrees

of freedom becomles very useful.

For a practical airplane structure, a panel is divided inlui bays of panels with

a frame stiffener aroundI the edges and stringer's allong opposite edges.

Preliminary me1asurieents show that tile response of such structures behaves

as8 a running wave ripplle, which favors thle type of deformation corresponding

to higher ar(Ier moldes. Eachl adjacent panel becomes ln(Iepen(Ient. Previous

work onl multiple lptU1015 given inl Hl~. 241 shows that two adjacent panels

sepa rated 1)3 striger.5 are unco rrelate I by running waves but correclated for

low frcequcnc3 modIes corresp~onding mtainly to those modes nuar thle fundamental

frequecimy of thle entire bay of p~anels. Th'Iis bsectionl of thle paper is dIirectedI

toward accurate assessmnent of thle panel resIponhe to turbulence inl termis of

model shap~e, cross-$Jpectral (density, and mecan square displacement.

1). Theoretical Approach

The correlation function of' the dis'placcement covariance (luc to a1 rzmndonl force

'( Yo y 0 ) Pox,y4, )) has been given by Rlef. 15.

Y(x, Y, L) '(x', y', (t.) I J(it'j(Xj d1y f d X, f (14l g(x,y, t Ix, ~

0 00 0 0 0 0
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The plrcssure covarianee has becn reported primarily in Itef. 5 for broad band

response:

(0 - ')
2 0

<p(0,Yo, t)P(Xo, Yo , to)> )

:3 A Kv 1v" v I AV Ajv-K
pl= l,2.,- - -t' - (yo- Y121 1

The plttc input response function g(x, y,l I X ,t' 0) was evaluated in terms of

cigon-functIons or orthogonal niodes of plate oscillation which are of the form

Y 1 1 (x,y,t) mn (x,y) cx, - a t o.i.,,.ntJ (17)

'o'he normal mode satisfied the equation:

4 2 X(xt Y(x, y, t) :1
BV' Y(x,y,t) - ,,-) -y(-x-yt 0 (fAC- 0 1iST )  = 0 (18)

it shows explicit (ivisioI of the dam)ing into acoustic and structural dam)ing.

Substituting (17) into (18),

4

v4 ( x')- O(x,y) 0 (19)

,In
)  -  (I_ _c_ _ i---n (20)

'I , (a1, (A) 
+2CS'd ')aI1,
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and

r4

im, n 2 in, n Il -

The impulse response function for low damping was found to be:

g(× y~~~t XY o t ) c mnxY)0mnx'°

g(Xytlx ty ,t cc Y'l,11 11111 0 0

(t-t) sil- ,n (t - (2)

and the eigelffulictioll solution to t he homogeneous wave equat ion of the plate ill

the case of freely supportCd boun(aries is

(m,n(x Y) - Sil2X i .!7fV (22)• tab)

An attempt has been madc to evaluate the integral (15) using two methods of

integration; the Gaussim quadrature and the Monte Carlo method. The problem

was too lengthy to handle with the standard interaction techhnique. After Some

SuVey, both the Monte Carlo method and the Gaussian quadrature methods

proved unfeasible because an estimation of the maximum value of the integranid

(over sLx dimensional space) is necessary, and the extreme demands Oil

computer time made it impossible to proceed with this type of computation.

Eingine-ring judgement suggests that certain coupling tcrms may be elimimahd in

tile integral(I, thus, CoIs iderably rCducing tile time of intCgratIon. 1oth Dyer aMd

el ha roudi use a relalie'ely simple iput respjonsc for pressutir Correlation, One can

deduce ill the case of the delta function, ally teril in the integral which ncludes

tile product of" two (ICntical cigennodes effectively vanishes when the integration

is perle 'o Vied.

SHEE 26
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With the present t)1Ce of cross-correlation function, tile closed form solution

may e iipossiblc or extricly lengthy using ntumncrical computer tecliiques.

Therefore, an assumption is made based on el 11aroudi's results, that the

cross-modal effect be climinated. This reduces equation (15) to

2 ,(x9y1  ) 0 (.' y')
Y(N,,y,t)Y(x',y',t') A 2 2

J (it N, dyf dx,' 1' - 1 (t -t) s ill w (t'-t' )u(t '-t'

-I(t-t' )/i ( A1 ,K,, !/o 2 _t 21 1)!/-- 1
- Kf (]-!U)2 c I "-)2,Y]- 0)t-t'

(2:3)

y1y changing the variables of integration (see Appendix 11). integral (23) is

reduced to:

Y~x y, V~',y ,t) - abp" N., 011,1 ( x 'y )  11,11( x' ' y ') .

(:1 A 2 2
2 __y A~z. .,2 m,n n,1(a I

27r I n aK .

n,,r Uf0 A C 1, 0I(T-)I/0

I (P) f() I Jg(K) UL 22+ (2t(~ uj

fill-" Ilc' 0 - Kv I n2[Ja I

2 A~ K1,_e(T iX)I/U (.1

K1  j2  z1 - 2 b ) ] I dx ] (13'] 2-
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Wvherl,

C) - eos , _ (_ 71cos Z., s, I- )

= cos y (sin y- ycos")

a x
g(c) -in R I cos w T1

It is easier now to obi a1 further information. The numerical result from

(21) gives both the modal and broad band correlation.

''he normalized correlation functiol is defined as

.'x j~t '(,y') (25)
Y(X, y, 0 y x'y t')(

alid the iorimaiaized Cross Iower Spectral dens ity oi the palll displacelelt,

1I, (K K ,,f ) I C -CiiO- i( K.,71 t wi)

_y ' w . f 1), T) C- ddljT (26)
P'(w) ( :-

The piancl annd turbulent speulra are related by

F/ K. I " I !"2< 1)y( , )I 2(7

Tlhe I ransfer funct ion P (K ,. l 9 W) C.11 I1lV )W L-2I5 il)' COI)LItt'd S i11CC both lipii(t

andl Output Spetra III'C knowIn. Froi acoustic ilte eSt 01(.e wouhld Ilke to

dter iilil the modal volune ( islac t-lil evi S i3Cc it is rtchiated to the aoiiust ic
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'he above results, Equations (241) to (26;) and (28), are numelirically evaluiated for

two J)WIcI i.C 12 x 1 x 0. 04l ineS and :11; x 6- 112 X 0., 0,l indcs, uorres)ondl h8

to the jpancl sizecs used in the laboratory experiment. lcsults canl be compared

only qualiatively withI experiment, b~ecause tile experimental panlels are c lamped

rather then simPly sup~ported as assumedI in the theory.

Let it lbe assumlied that U c/U 0. 8 and 6* 0. 155 inch. 'P'lie mean square

dislacement is ob~tained from Equation (25) by setting T o; x =X'; y - y'; t, -t

Tholi vatlue of x .y are chosen such that the displacement will be maximum.

''lhe values of total dlamp~ing for- the 12 x 7 x 0. 0-1 ich panels, assumed to lie
l1/3 1/:1a in (w~ and a 5 (W1  i for tile :16 x (1-1/2 x 0. 0.1 ich

Spanels, has been measured onl thle same sizec panlel withl thle clamped edges %%hlen

excited by a turbulent bioundary layer. one interesting pint is that the modal

dlamping is cons iderably different when tile panel is excited by turbulent flow

then when excited by putre tones.

"he en square disp~lacement complutedl at the Centel- of ea~ch 1110(10 is shown

i Fig. 12 for tlie 12 x 7 x 0. 0.1 inch panel. it increases with the convection

velocity for the lower order m~odes while for the highest modes thle mieanl

squaeC (displacement levels elf for large values of U . Thlis result is quite

consistent with the previous experimental work reported by the author in Recf. 5

which showvs that thle sudden Change in slope is (ILc to mnismiatch in wave-, number

and frequency between thle turbulent and lpancl spectra.

Theli experimiental results indicated also that above tl~e peak displaemient the

mieani square amlhituide decreases for' furzther increases in Macli number. 'h'lils

prono)uncedl reduction is not flct by the theoretical lpancl beause the decay of

thle eddy I ifetinle 0 with increasing convection velocit 13' is not10 appreciable

since 0 is a weightedI average over a narrow bandwidth (Itv. 5, Fig. 5) due to
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S-- limited range of frequency component of the correlation measurement.

Therefore the experimental panel favors a larger mismatch because the wall

pressure spectrum P(K1 w) decays faster than the panel spectrum 1 V(K 1w). The

comparison between theory and experiment for the 12 x 7 x .0.I0 panel using the

measured value of 0 is shown in Fig. 13. Figure 12 shows also the variation

in mean square 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 0 . total damping a , and modal bandwidth has been selectedIn,n

from experimental obser ¢ation in comparing the measured mean square displacement

with the correlated one for the 36 x 6. 5 x 0. .10 inch panel reported in Figs. 14

and 15. Noticeable is the shift of the maximum mean square displacement with Uce
due to the difference in frequency between the two panels because of the different

edge conditions. The comparison is satisfactory 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 eddy lifetime.

The normalized theoretical and experimental broadband space time correlation

for a 36 x 6.5 x .0.10 inch panel is shown in Fig. 16. The two autocorrelograms

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

modes contributing to the broadband response, ,10 in all, that is m = (1 to 20)

and n (1,2) and the associate modal damping factors are close to those of the

ex)eri mental panel.

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

panel by simply multiplying by the eigenvtlue of Equation (2.1).

Due to the complexity of the triple integration (Equation (2.1)), the rigorous

Validity of the numerical resulft 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.
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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. D,) expressing the transfer function In terms of frequency and

wave number, but the integration proved to be a stumbling block. Theoretically,

the one-dimnensional wave number frequency spectrum of the exciting pressure

field is obtained from Equation (6), (computed values are shown in Fig. 4) and the

panel response spectrum can be obtained from the Fourier transform Equation (26) of

the cross-correlation function (Equation 24). Experimental spectral densities of

both turbulence and panel are shown in Fig. 18 while theoretical panel spectral

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 turbulence. The experimental results have been

chosen such that a strong coincidence effect dominates. This is also indicated

by the closely matching behavior of the two cospcetra. An interesting point

is that tie 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.
I i

The modal volume for the 3i x 6. 5 x 0,10 inch and :36 x 6. 5 x 08 inch panels

has been computed from Elquation (28) to predict the acoustic power radiated of

Section VI, since the power radiated is prol)ortional to the uncanceled volume

velocity.
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V. EXPEIIIMENTAL RESULTS ON TIlE IHEFLECTI)N AND TIANSMISSION OF A

FLEXUIIAL WAVE ON THIE PANEL

Space time correlation (or various panel displacements consistently in(icates

that tile pancl response Is prominently excited by running flexural waves with

the highest correlation occuring along lines - U T - constant in the ,r plane

as shown In Fig. 17 where - x - x (l1ef. 5 and 21). This demonstrates

that the average convection velocity coincides with the average wave velocity

in the panel. The correlograms also indicate that the-surface waves have

a phase velocity ofAU 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 ui) two test configurations. In the first

configuration tile panel is damped at the do vitstreani 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 pancl. The space time correlation

of the displacement measured along the centerline from the center toward the

damped side is shown in Fig. 19. The space time correlogram for tile panel

with damped edges is quite different from the correlogram for the bare panel.

The wave moving with +U (downstream) is undamped for both )anels while thec
wave moving with -IU (upstrea) 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 edge since no correlation and convection

results with the negative delay.

The second configuration is made on the same size panels divided by two equally

spaced stringers glued to the panel, as reported in Rlef. 2-1. The correlation

between stringers,(Fig. 20) shows the well Iknown behavior of waves moving

with ±tle while the correlation across the stringers indicates an uns\\'ept I)attern)

in the timet scale corresponding to a standing wave )attern. The, intlerpretationi

of the correlogram is that running waves atre reflected at the stringet. IoLInd-

aries while the standing waves arT transmitted.
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VI. IIADIA'I'ION OF SOUND BY FLEXIBLE PANELS

III tile prCvious sections we have discussed the response of panels excited by

turbulent boundary layers, and in this section ,;e will explore the radiation

rus-Othig 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. If the structural panel has a mass law

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 coincidence,

the response Is above tile mass law and] the problem becomes more complex

since the pressure field on the panel becomes tile controlling mechanism of the

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

or an equivalent radiation efficiency must be ascertained. Theroetical pre-

diction of the radiation efficiency and measurement of the acoustic damping

have been reported in Refs. 25 through 27, and 5. 'T'iie radiation property of

the panel is related to the volume velocity in each mode, which often radiates

like independent monopoles. For a finite Ianel, the major source of radiation
2

below the critical frequency, f = 1/21ra /KCI,arises from the interaction of the

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

have modes that radiate mainly below the critical frequency where the radiation is

is somewhat less efficient 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 caicellation is extended across the four boundaries of the panel

and the effective radiation area lying between tile 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.0,0

inch panel (Fig. 21) tim 1/4 wavelengths along the two side edges are acoustically

uncoupled and combine to form an edge mode. Since tile edge mode occurs at

both ends of the panel whose corners are 36 inches apart, the edge mode radia-

tion becomes uncoupled, because the distance between then is much larger than

the acoustic wavelength. Each edge mode gives rise to a edge radiator which

radiates independently. Tr'his cancellation process can be carried out for all m

and a modes, which shows that tile resulting sources are monopole for tile odd-odd
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mode, dipole for tl even-o(Id mode, and quaudrupl c for the even-even mode.

Since power radiated by tie dipole or quadrupole it, much smaller than the

monopole, one can neglect the power in the even-odd and even-even mode. In

this aialysis, 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 useful 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 modal

velocity is given by

NwPcK -- 1) + a b
I a y2 r b x xdJ (n)11,1 4 4ir p 0 m' ny xy (0

The value of N depends ou the radiation mode which can be classified as an edge

radiation or piston radiation. Here, piston radiation, for which N = 4, was

4 , assumed for the purpose of calculation. The value of N also depends on the distance

between sources in relationship to the acoustic wavelengths as well as on the

panel boundary (Refs. 25 and, 27). The ratio (2P r ' P )/P Is the contribution

due to stringers morited 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 satisfactory agreement for a simple panel for thicknesses

.080-inch and . 0,10-inch as well as for panels with stringer combinations using

the idealized ratio suggested by fief. 25, It is believed therefore that with the

proper choise of dampilg, the total acoustic power is obtainable directly from

the structural response of the panel given by Equation (24).
1

The eigenvalues for the lateral and longitudinal modes of tile 36-Inch by 6. 5-Inch

planel with rigid boundaries are given in Table 1, following the same method used

in Refs. 5 and 29.

h'lhe use of this eluation has been suggested to the author by l)r. It. I1. 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 arnl 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 to both power radiation and the response of

the panel Is the effect of coincidence, characterized by the peak In amplitude dis-

placement, as well 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 waive length which contribute to the change In the power law from

U5 to U2 '3 discussed 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 Is the cause of the changing power law and can be attributed to a rapid

decay of the eddy in the turbulent boundary layer in relationship to the panel mode.

VII. RADIATION OF SOUND FROM HONEYCOMB PANELS

The honeycomb structure has recently received 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 bowidary layer excitation. Measurements were conducted on a size

7 x 12 inch panel with :1 types of honeycomb: two having total thickness of

0. 25 inch. One panel's surfaces was made of 0. 01 inch aluminum; 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 aircraft 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 0.0,t0-inch pianel dominates over the honeycomb panels

with lower frequency characteristics. The second 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. 0,10 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 "1 db differences at the peak. For the
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) ,aluminum panel the peak occurs at 1004 cps and for the titanium at the 1250 cps.

A slight shift in the maximum response is expected due to the slight change in

weight 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 whereas 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 is related to thickness. Figure 26 also shows

the comparison of the change in power level 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 aircraft sidewall structure, a liner is used

which satisfies a double purpose: thermal and acoustic Insulation. This gives

considerable sound attenuation In the higher frequencies and, therefore, improve-

ment in level between the honeycomb panel and the normal sidewall panel

structure.

VIII. CONTRIBUTION OF TIlE PANEL BOUNDAIIY TO SOUND POWEII

RADIATION

Experimental results have indicated that, for frequencies below the critical

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 noise 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 reduction in the power level by using 15 percent additional
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panel weight to modify the boundaries. 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. Eifectively, the membranes increased the panel stitfness grad!ually

through the last wavelength toward the boundaries.

The second configuration consists of rubber wedges at both ends of the panel. Fig. 30

The rubber wedges are lighter than the membranes with an opltimum 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 results in 1/3-octave band level.

The structural response of the first two configurations has 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 bou,'ary of the panel due to low damping

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 :U . '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 reflected from the downstream edge of the
boundary contribute significantly to a reduction in acoustic power. This method,

though 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 O1"' TIE PANEL
EXCITED BY A TURBULENT BOUNDARY LAYER

An aircraft flying at high altitude has a static pressure differential between the

cabin pressure and the local atmosphere. This produces a static 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 frequency 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 because the curvature of the flexible panel Joining the rigid one at each

of the four boundaries will cause the flow to trip .and generate additional noise.

The sudden change in slope as the flow approached the larger static deflection of

the boundarles which has superimposed on dynamic vibration is a source of

additional noise.

Tests on the pressurization effect 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 reasonably 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

between 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 surface pressure

fluctuation, the response of panel, and the resultant radiation field were carefully

investigated and Its most Important feature, the response and acoustic radiation,

can be reasonably predicted given the initial flow condition and panel damping.
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4v-
4T'he wave number and frequency 'pectrum of the pressure fluctuation show that

the main energy is concentrat, :Lround the convection velocity with the highest

level at the lowest frequency a, ive number, Indicating that each peak is con-

vected at different velocities. For a given frequency a critical wave number

exists, below 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 spectrum of the turbulenice ith

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.
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APPENDIX A

Equation (1) shows that the decay of the broadband space-time correlation is
given by exp (-I[/UJc0) rather than the more coninion form shown in previous
reference exp) (-IrI/0). It Is rather difficult to see the implication of the cl-oice
of the exponential without performing the transform with respect to T, as well as
by comparing the cross correlation ubing both exponential forms. Therefore,
rewriting Equation (1) using the form exp (-111/0) We obtained:

,T) 2+ /2(.12 +A 2  c (4uT) 2 22j/2 1(1')

Taking the Fourier transform respect to T Equation (1') becomes

I1 - iWT"
PQ,,1, W) - R(t,, ,T) 0 (IT =

-00

-2 I2/u 2 -(i2+t2)/ 2 a12 Uc'12o2 2 (c/U -12/Uc20)2 .e i 2/T-Uc IAia e e

2 2 2  2 2 2 2 2

S 0)2 -u1 ~

U c/2a,) (/U c- a2 2a22 .'/2 U (2)

The power spectrum on (2') is of the same type as the one given by Equation (13)
using exp -I1I/Uc0 form. The differences, however, are in the phase change,
by the factor a2/Uc 2 0 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 correlation distribution, either one ol
two lorms of exponential may be used to describe the decay of the wall
pressure correlation.
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API)NDIX B

)EIVATION OF TilE CROSS-CORMEI,ATION INTEGRAl, 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)

2p Omn (xy) 0mn (X', y)

Y(x.y.t) Y(x',y',t') pA fl2 f 2
AV2 m, nW n

V-1

t (itt?(, a rx 1)d -a Ial b - m. n (t l0f x 0 f J 0 fe
0 -0 i 0

slsn wmn (t' - to') u(t' - to)i.
3 AVK - -- _AL

K ( K e -
2, Ul B 4 y )

vu -- . ) o-o cl; t'o 0 (Yo- 0!
The mode shape which satisfies the cigen function equation subject to the panel
boundary condition for simply supported edges Is

i 2 . mir ___'
0 (X, Y) sin 'M sin nr

m, n (xy) 1/2 a b

and

0 () [ m r(xo - x'o) mr(x xl)]

m, n m,n o o a s a a

n nr(y0 - y' ) ir(Y -y ' ) ]
c - Cos (213)
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Considering the space intcgralls In (113) and using the product In (213)

f~ dIYO dy' 0 dx 0 / dx 0

x os (x0 x) + Xv (( Oio y - (y Y

at i a J b b

K 2  (1) 2  (x - xf0 - 1) (t0 - tf )j 2 - Yt2

It b a a
CIY 0 f dy'10 /o dx 0 f dX',) f(y0, Y' I x 0 % X' 0)B

Settig the new limits and finding the Jacobian

x' X, 2x0  x0  Q~1 )/2g3(,T

0 0 0 0

From Ilef. 35, Page 271

f1. T5 x) dx - Jf I(- fjIg (t)1I jigm(it d 4

(Ig Ia ?I g/a g/ ai8

'g-1/1,11~1/ (513)a,, ) gI/
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fj (11' f )2, (,' -T7 )/2, (' , 4 )/2. ('-4)/2

___ I r 111 n4l 1ITIco$ (108 Coll;- COR

p) 1 , 1 t

K,,2  (F - 2 
12

Kv"-- (21))

Y'o 1) nI- g'lt)

i,_yij =  21) 2l 1 17 2b

1:1k b3

y 1
(b, b)I

y9

• " YO -o ,12, slI)

St -g g-(x)

4 YR1  b

9 y y g
*j, y" -?I,= o

-Il
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Similarly for longitudinal coordinates

I o

-11

t = g (t) 2a

= a
13 2

a

- = , a) T - yX2) (aa)

t o 4 Y1 2Yo o'2

/-2 !
t = g (x

a 0

-I 0

xtt) 0 t ~ y.y t

- -b, -0x -x'

g() (Y'Yo o ') - o ,0 o Y Yo o0 x'

x' 0 - 2a

'i'he limit for the to T planeCs are set to

X g(t) f(yoY1 y 0 , x o xf ): Oy s b, 0 l 0 1), 0 < x 0 0, 0 l x0 ~aI

T g + (X) bt-l b 1 u 1' W 21,bI - a<4~ < a,

Rl <t , c 2a(711)

Using the definition of 'B

I, f f( x) dx - fT f (g(t)) Ijy(t) Idt
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SThtll after integrating with r'v-poet, to 4' andu i' (ilB) is redu'cd to:
P I a li irj, . - 1-- i t)

(sn)

Flin tqewli it u ton (1IB) cnn ho written as; x, 1

It(a- CIosn will. i

In It7) o

1) all faI

I '1) 
21.17,3 2

V~~1~\,3' ~ Ili, n 2(I

i °-" <"*) it

lit 0 0 111,0

L sl Wt sin t ,'t ( i t - tg1 (o

T~ ~ 41 -L t 1 -r' t' (TdT)2g 1~'

1411 a, it it,> ',l o

0 111 0 0 1 0 2

.1 (r , r' ) - (g1, g2)/a (ro' r'o) " to1a ag1/or' 0  l

2 0 20

(|
.3I
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Suhtituting til he new |imIt III v(ul2tio, (9B) and ilterprl'eting with r'tSl.(p'' T 0"
afte r a long manipulation the cross correlatlion is reduced to:1) 2 1)11 (x,y) 0 In n(x',y') ApK, f

Y (x,Y, Q (x,y,t) :3 2 2ab 1 2(A v/K ,, m. n Wn. n
V 1 -I 1111)

4v

where (imn fa 0

f [, f2
2 + 2 -a
m n m,n

-am (T T )) m n Cos Wi (T T m n 1 ]/O

K 2 (1)2 (Uro2 T21

12 a2 +t 2l 2 r )

mn mn a mn1 ;

e m, n -

Kv FU tle T 0)2 +Jq

a + -aIJmr n .-m nl rlg

) sn(a-I wT) cos m, oW a

f(T) (b- i) tos .TO-n 4 -- sn n_._

2 2 2 21

(

I (fu
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Let the time Integral be simplified by changing the limit of integration.
From (11B), I1 ,

am, rnn (Ta i m ( Wm , o WM ,n T To
f dro

Set

o T -0

Then

amx [f if*n "X+i COn c~s n Xj

-a= Im,nfoo e mxI m, n x+am t n Com, n Xd

O i( Kv + j( _ U"T+ Uc j)2 ,2

Similarly

m no0 sin w , n¢ o_-T) + -m,_n 7 -T)(,_lI ,

2 J Isln amn I n

Sot

gR o ,r = -T rT+ 3, dK d'r T

fn-a JIWmn cosw

f, e~ m2 n m, n m

K2 2 - 2 j 2x, 2] d
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2ab I (Av/1)%m n, n n, n 2n1
Fw~ V=

a -~ bI0 (T-_X)/e
* -af1~ ff2(n ffix 91 (F, ()2 ~-UJ+~~j

LI c

K2 (c) 2 f!- c1+ 17j1dj.rld

where

f, Q) (a + cos A17A -- I jn I Ia mr a
f 77 ~sn bsi

27)b nir I)(1211)

sin ~ in n 'r

InEquation (1211) setting Y ul7r an 19 i result in:
b 17 a

2 (x,y ) Y( ',),' 2. 
(2 Y')f( /

In 11 Yr-I&T-iVoi
f n f2 I 

(b)2

K,,2 ~~ (1wV) fUj)2[ I - UT f~ 2 1 dx)Yd (13
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f i( ) = f - i/b = cos + Cos in

- (")/b CoBs + n(inyr ~ o ~

ni

gM(,) = sin w co g

0o o

Using the second kind of exponential e for the pressure correlation.

and following the same procedure as In the above case, the final results

becomes:

=.(X,y) 0 (X'y')

__ __ _ __ __ _ = ni. n i

Y (x,y,t) Y(x3 t 
2 2

2T (/K)2 m,n m,n O~nan Wrn

-){f ) [ to +u ,).+( ' j] +

f 2 i f2 12 gd ]o 2 [ (t,

=2 . W2 _ U! 2 br I/

where

l(aK/miU UcO)4

F f2 ( ) - =}/ .- ±o y si - o

nWi c (Bi ;- CSy-inil)I
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