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THE MISSION OF AGARD
The mission of AGARD is to bring together the leading personalities of the NATO nations in the tields of
science and technology relating to aerospace for the following purposes:
— Exchanging of scientific and technical information:

— Continuously stimulating advances in the aerospace ..iences relevant to strengthening the common deiie
posture,

- Improving the co-cperation among member nations in acrospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
field of aerospace research and development:

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connectjon with rescarch and development problems in the aerospace fieid;

— Providing assistance to member nations for the purpose of increasing their scientific and fechnical potential;

- Recommending effective ways for the member nations to use their research and devel ~ment capabilities
for the common benefit of the NATO community.

The highest authority within AGARD is the ivational Delegates Board consisting of officially appointzd senior
representatives from each member nation. The mission of AGARD is carried out through the Punels which. are

composed of experts appointed by the National Delegates, the Consultant and Exchange Program and the Acrospace

Applications Studies Program. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to-gitizans of the NATQ nations.. -
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PREFACE

The Structures and Materials Panel’s Working Group. on Acoustic Fatigue, under the
Chairmanship of Mr A.H.Hall, has for many years been organising AGARD support for
international collaboration in formulating and resolving problems relating to acoustic
fatigue. In the year before this Symposium the Working Group’s co-ordinator, Professor
B.L.Clarkson, prepared an inventory of acoustic fatigue test facilities and this has been of
great assistance to specialists in giving them a better understanding of each other’s
experimental observatioss and procedures. In addition National Co-ordinators, appointed
by six of the NATO nations, have been providing basic data and reviewing the preparation
of data sheets on acoustic fatigue topics. The objective of the present Symposium was to
bring together many of these specialists and others in order to review progress in the
development of design procedures for the avoidance of acoustic fatigue and to discuss the
presentation of the series of AGARD data sheets. Some of these data sheets, published
as AGARDograph 162, were discussed at the Symposiuni and others are to be issued in
1973.

The Symposium revealed that, since the Pane! first illuminated this design pr  "'m
some years ago, considerable progress has been made in the understanding of acoustic
loadings, the response of structures to those loadings and the methods by which the
integrity of acoustically loaded structures may be assessed.

The panel is grateful to Mr Hall, his Working Group, Professor Clarkson, The National
Co-ordinators, authors and attendees, for the high quality of the papers presented and of
the discussion which ensued from them.
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ALLOCUTION D'OUVERTURE
par

René& LOUBET
"AEROSPATIALE" - Bureau d'Etudes
Boite Postale 3153
31053 ~ TOULOUSE CEDEX

RESUME

La complexité croissante des problémes rencontrés en particulier dans le domsine de la fati-
gue scoustique, conduit & un grand nombre d'études et de travaux divers, par exemple sur les matériaux nou-
veaux, les solutions constructives, les méthodes de prévision,

Ceci oblige dans les perspectives actuelles, @largies par la coopération effectivas entre les
Nations, & un effort croissant dans le domaine des contacts et de l'expression correcte des besoins, d'au-
tre part, & un effort de vulgarisation des méthodes et moyens propres sux Spécialistes de la fatigue acous=
tique,

C'est & un membre frangais de 1'Organisation de Cooperation de 1'avarw qu'e 4E rfservé 1'hone
neur d'ouvrir la séance inaugurale des travaux du "Symposium de Fatigue Acoustique”, Je m'acquitte done,
trés volontiers, de cette premidre et traditionnelle missicn,

Avec tout autant de conviction, et cette fois au nom des Toulousains, je tiens & souhaiter
aux congressistes la bienvenue dans notre ville qui apprécie 2ette occasion de voua accueillir; TOULOUSE
que l'on qualifie volontiers de Capitale frangaise de 1'Aéronautique et de 1'Espace, puisqu'effectivement
elle posséde la mnjorité des Centres Nationeux Officiels de Recherches et d'Esseisz, les grandes Ecoles for=
mant les ingénieurs de l'aviation et qu'elle est le principal foyer d'activité de plusieurs de nos grandes
sociétés dont 1'AEROSPATIALE,

Bien qu'aucun d'entre vous ne l'ignore, comment ne pas &voquer aussi cette histoire si ricke,
non seulement de "uachines" parmi les plus audacieuses en leur temps qui aient &té congues et pilotées,
mais & 1 d'hommes et d'entreprises légendaires au temps des premiers pus de llaviatinn eivile et jusqu'aux
développements que vous gavez,

TOULOUSE a certec des lettres de noblesse plua snciennes, mais reconnaissons que =e sont bien
leg envols de “CARAVELIE", "CONCORDE" et trdc bientdt du dernier né "1'AIRBUS" qui consacreri ou “ont cone
naitre cette vocation prestigieuse aux yeux du monde, Ces mimes grands noms, en contrepartie, ob'igan* chae
qua jour TOULOUSH i se montrer digne de son passé, digne des posaibilitvs setuelles teclinigquen et indusiviel-
les d6j4 Blargiec & 1'échelle de la Coopération effective entre Kuropéens, en attendant plue, &volution que
tous cgmp.'arment et que méme les plus fiddles wu passd reconnaissent comme nicespsire, tawy v wnéfier m
est dvident. . . ’

Pour en venir 4 notre sujet, je voudrais soulignar combien cette tendance & la coopérasicn
effective des firmer et des nations, influence lep pirspectives d'avenir, Sur le plan général, les projete,
hier ir %alisables sont aujourd'hui possibles et concréticéa, I3 y &, dans lo rythme du progrés of dans la
earvidre I» chscun, lo méne discontinuind que dans les moysno d'@tude b de producticn. Les techniques nou-
vellen ¢'imposent nembreuses et de plud on plus complexss, falsant grosair et proliférer les funilles de
spcislistos. Comme il cut evcentiel de conty8ler, dforchestrer 1'setion den spécialistss on vue d'une effi-
cacitd optimum de l'ensemble, il se pove une question easentiellc de-lisiscn, 4de clart# de langege,

Les donndes de travail doivent. avoir des buses solideg, lea afforts dolvent restos partaites«
zept ooordonbés, eans que llinitiative soit ftourfde, lev échanges d'idées nuambreux et efficaces,

: Enfin, ic poxent venu, lea respoicables dispoasent du rdsultat de recherches wendes perfole &
dew nilliers de kilomitren par dee hemmes ixolfe et qui lo restorajent si leurs ty.vaux rtavajent pas &1é
opiontée et vompiris,

Pour cela, rien ne remplace los contmety directs et leur {sportence va done @n croivgant; dew
réunions comme celle que nous allous tenir iel @n fourniuseat 1'occasion, i)l faut e salsir,

ia [ tipue acoustique {llustre bien la nécesaité &'inforsation mécipraque, condition ¢e suc= -
cls,

1)1 se-trouve que les porspectivee, en natidre de fatigle scoustiuue et d'oviation cavils, =g
larges @t pelativezent priciues, Le développement dro propulneurs, des matésisux, dea forsules nouvelles
d'eppareils, falt l'objet de prévicions  moyen terme dépourvaes de mpstdre, C'est nipui que la protection
contre 1o trult est le grend sujet d) mosent ot celw ne peut qu'encrolire, je suppose, 1'importeace des
fovats, . : :

Pardl les perspectives que ja dofs évoquer, la plus inporteste pour nous, €6% probdablesest
celle de 1'apparition dec matérisux nouvesux, en particulier leg cosposites 4 bave de Fibres de carboue et
ds bore,

. Y
Confrontéa wax matérisux classiques, ile vent prendre une place grandiesante, en pertettunt
un gain de poide spoctaculaire sur les Structures, eaviren 25§ pour ddiner un ordre de prandeur,

11 convient dove d'epprofoudir leur &tude en fatig:  coustique pour deux raiconc principales
et étroitoment ddpendantes

§
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D'abord, parce que nambre d'applications Lammi celles déja tentées, concernent proclsoment
des structures sollxcxtees en acoustique, Citons, par exemple, les revAtements d'avion V/¢ STOL, les caréna-
ges de soufflantes de turbo-réacteurs, les gouverness du type élevon d'avion supersonique, etc....

En second lieu, parce que les caractéristiques des Lomp051tes en fatipue acoustique sont tout
spécialement 1nteressantes, les coefficients d'amortissement sont bien supérieurs & ceux des éléments métale
liques et les mécanismes de rupt.urn en flexion se traduisent par une baisse progressive de rigidité plutdt
que par lu progression de criqes mecroscopiques.

Au stade expérimentel actuel, on est nrassé de lu plaque & des ¢léments de structure assez
unportants, tels que : caisson de voilure, ¢levon complet du type "CCHCORDE". Sur le plan théorique, or est
obllge d’aprliquer la théorie des plagues anlsotropes, les modes et les frequences provres €tant parfois
trés différents de cewx des plagues metalllques isotropes, Dans les burenux d'études et les usines, o abore
de sérieusement la phase expérirentale qui doxt permettre l'avénemeut d'une nouvelle garme de prodults &u
stade de la ,roduction, dans la période des =inq prochaines anndes,

L' impox'tancn des travaux que méritent ces matériaux, est aussi accrue du fait des longévités
de plus en plus élevées que 1'on demande aux constructeurs de garantlr. Ceci buppose connus les résultats
A'essalis d'endurance representntxfs, compte teru non seulement des sollicitations mécaniques, mals aussi
des effetz "temps = température” ou autres, rencontrés en exp101tntxon. On sait que les métaux se pretent
en génére' A une importante contraction des temps d'e essal, moyennant rar exemple, une &lévation de tempé=
rature,

les matiriaux organiques, & prxorx, ne respectent pas les ménes lolgy scule une expérimenta-
tion rlgouxeuse parfaitement contrdlde, pourra répondre 4 ce genre de questions si elles sont bien posces
. IR P q
par les vrais intéressés et éviter du méme coup, & plus ou moins long terme, des déboires ruineux,

Nous pouvons évequer, & cette occasion, cette difficulté permunente rencontrée en fatigue,
et encore plus en fatigue acouutiquc- Je veux parler de l'imprécision des caleuly, des répgles de cumul eb
bien slr, des résultats expérimentaux. Ceci est la gensequencv de la complexite des charpes et de 1eur Ta-
ractére alentoxre ot des conditions d'essais en gén~ral : il y a un art de la tatirue acoustitue, & ¢dté
le la selence.

Lorsqu'on est pressé d'obtenir un répultat, il n'est pas rare qu'ops accepte un certein nou-
bre d'hypothéses simplificatrices sur ‘ea apectren at uxcltatxen, les dimennicons, ies vonditions sux iinites
de i'éprouvette, etc.,.. En outre, on majore 1'intensité des charges,

Malpré les précavtiona prigses, le résultat ost contestable en valour absolue surdout 8i 1'és
prouvette st compliquiie. §'i1 s'ugit de trde longs esscuis, )M'erreur relstive sur llendurance due & un dée
faut global, ou lo;ul. du spectre ou de l'fprouvette tend 4 eroftre. Une contrainte résiduelle dlusinage ou’
de formage pout avair des canacqaencvu déterminantes, T1 est toujours plus ou molns dirficile de faire w

~bilan cemplet deo cunses d'erreurs et, zauld ded eseals comparstifs peuvent analyser lag prohldmes,

T1y a beauceip 1 faire pour cv\ter "ep décertions dans ce JdomaiRe puisque les eoysns Lhdhe
rigues et pratiques existent, e pout=cn sttendre d'une =fthode Jasn@n o telle dantallation dleanal ©
La jeune sclence des gallicitations et des rTéponges ncoustiques n'a pan snvore witeist son plein $panauise-
sement, Lou publications du type AGARDCGHAVH spportent un 2lément de rigucur ais & 1a portée d'un pius srand
nembre, dans un eaprit Je synthdoe et de compriahension, : : E

Je soukaite & toug, Pour terminer, de troover dans fe Jeagrdd, la neillaure sccasier de ov'a
laboration efficecs, un exprimant leurs besoins, lours yossibilitép, leuvs eotclusidgs, puur up readenent
acery de ngd efforty,




INFLUENCE OF THE GRQUNC ON THL NEAR I'IELD NOISE
LEVELS OF . 3T-SUPPORTED V/STOL AIRCRAFT

by

Dr.-Ing., Rudolf Scholten

Leiter der Abteilung
"Strukturdynamik und Akustik"

NORNIER AG
FRIEDRICHSHAFEN
DEUTSCHLAND

SUMMARY

A method for calculating the near {1eid nolse level of
a free jet (without ground effect) by means of a modified
Lighthill theory using measured reference sound fields will
be explainad.

Thu shortcomings of the roference fields used to date ag well
ag mzans to eliminate them w<iil he shown. In addition, a poasy-
bility for Jetarmining, w th sufficiently good practical accu-
racy. the frequency spectra in the near sound fiaeld by means

of a modified Strouhal numbor will be lescribed. Then, the
validity of the "meodified Lighthill theory™ will be proven by
meang of two greatly difrering engine juets.

Thig Will bo. followed by a discussion af comprohensiive beasuyed.
data of “wall let sound fields™ {sound fields of an engine jet
Cdirected vertically towards the ground) and the influsnde of tie
eszantial pavametors affecting the aound fleld, The measurod

results wall alae Lo compared toe the caleulatioan.

And fanally, 1t Will be dembngtyatad on the W/STOL alvoralt
DORNIER Do 31 that the ground effcct can lead to a constderaply
tocreaded norse leval, amd that the calaulation method yvields
good viactical! resyllyd, aven ith a ruelatively corplicated ayvates
¢ enginae juts. -

Nany povel problerms are anceanzersd % the VIOL a4 casparsd 1o tie Ol Tochiibgut,
af which the nulge prabaera - of singula: irgartance.

1) - “ieh pore neiSe shevgy 8 radiated on aroount of the
vralied high endine poRet reduited for vertidal
takg-off and landing.

o

Bus t0 the ..o nd influenes the soide ievela cen
connbdevah) v Invrense ih the near field, .o, Within
reach o the alvivame, during Lake-off and landing,

T

®a foun™ with e Dorstsy 8o 31 Fig.o §}, that aclge Fatiguwe Tallures accued within a
very ghove tise on the arrframe. ’

Taere{or 1° I8 1nportant for the project and degion ehaineer, $o kaow such loads at ar
sarly dato to ensure a fall-safe Jog3dgn of the alrframe with redpevt 1O noite fatique.

A practicai athod for estirating the holde levels on the atrframe. which ajeo takee the
inflvence of the ground Intd acenunt, ig aeccded for that puipase.

FREE Jk.

au efgavy & fofii-etpiric dwthod for the caleouiatian of the noigs level of a free undis-
turbed engine jet. This nothod 15 baxed o0 the Lighthidl theory [i] which states that the
tetal vadiated nolse energy of &0 engine jet is proportional to the oiyhih power of the
jut velocity. :

For the nolse iriteartity, which is proportional to the guadratir mean of the sound pressure,
the Lighthill formula veste:

‘\} s ] —;
i »~u..i§.,a!f."‘f“1. N C. 11
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This formula however is only val‘d in the far field, which is of relevance for the pre-~
sently much ¢:scussed noise pc ‘ution und of special interest in the VTOL technique [2].
We assume this formula to be valid for any point within the near irield ir
exponent is a function of the location.

the velocity

We say further:

The noise fiulds of two engine Jets with different nozzle diameters are similar to each
other. The law of gsimilarity is the modified Lighthill formula.

The velocity exponent is the same at same nozzle diameter-related locations (Fig., 2).

If the noise field and the velocity exponent field of a so-called referance engine are
known, unknown noise fields of engine jets can be determined using the following equation:

0.2 a v /a ) &

1
L. = L' + 10log,. k_ok kT ok (2)
S 12 C.: anh(vl/al)N'

1 9 0

Caleculations with the available reference fields of a Rolls Royce Avon engine and the
fields given in the RAsS data sheets sometimes showed noise levels which deviated so

much from the measured oneg as not to bs acceptable f~r practical purpoges (> 12 dB). The
deviation of the velocity exponents of these two rofeience fields made even the simiiarity
theory questionable {(Fig. 3}).

In order to solve this problem, wa perforimed tests on two extremely different engines,
Marboré and Orenda (3], [¢].

A test rig was burit for *he Marboré engine (Fig. 4} which allowed both free jaet and wall
iet investigations to be carried out, ail relevant parameterg having been varied, The
noise Measuremants on the Orenda engine were performed with an existing ground oros:on
tast rig {Fig. 5), A total of 8 free jet noise flelds at H = 8 m, and 20 wall jet noise
flalds wery measured (Hg/D of 3 - 28}.

It could be lomonstratea with the Sree field moast rreren’ that the law of gumilariey (8
nevartheless valid., For both engine iuts, Marboré and Orenda, thae velocity exponents ¥ at
aqual R/D (Fig. 3} are the same:

;‘(ki".rk) w N !':} - . : {31}

Toe analyeis of the freguency spoectra (Fig. 61 showed that despiie the relatively great
noagaie Blane hexght 9f & m from the ground a raijeetion influchoe was aeill prcﬁan( a8l

the measured {rou fielids. The overall sound prossure ficid of the Orenda engine could hiwe-
ower earily be correoted by rteration o an abhdnlute froe *iald And inrroduced an a Rawv
vefarerse field.

T¥
L9
H

The vosprarrren »f the seasured fieids witd these calvulated by seans ol wie nes trforence
frelds shoved that the maxizus deviatiend in the nolse lavalg of theve extramely diffevent
enging jets (Machordfrendal atount Re leme than 3 48 (Tab. it.

THI& atw aliowg thao cale latign of the QASPL flelds of €re- fmta with an acou:ary esffis
Cieft U pract:val purpdiaed,

Io praneiplae. % should aluo avse B paseible 10 tetermine ihe x—@\tv»’hr Ipmcira in thig
way by Seats oF G thisd oviave soun, pregtiule i£¢“aAf@£@§hﬁfﬁ Frafdn, Kovever, as can
eafily he ghows, 1t lu ot poseibis ¢ dctefmihe the influaneos of thg noasle i avpRay W4
the feagueney diatribution in this way.

therefure I8 ig $dvinabie, and siad Pofs souaeedl, o gzaff fra® nam trensions i refa-
tefide apetira. A Jtrouwhal nusher madi¥ied by v, Tierhe {%} ~revad G he the mast usefyl

trana¥er funrtinar

P ; ¥ ’ ) *
s 4 — . {4}
oy W ¥ <

apuerra, §irst howevey, had (6 be correcisd te gute fres jat aportra, Rihos pavd af
{he Redured dpectra egniained, a3 mentivhed ettt dorablie ground re f;c ctios i~
Q

LR e L

The cofrestion of the overail ndise lewe] was relatively 2irple. The apey.rew, hawever,
canpgt ¢s forTected in this way The prucedure 2iven by Hecod § Themas 6], whiek as

8 carrention by meansg ¢l the Au;“?ﬁ.‘e.‘*lf“ function, cannet e oonpidyad heve edtho.
¥t oagaires a cvberrs’amrtr.g nolee Profsgatinn.

This ResurPtaicn can Be made  {or ereat diatances frow the noz2ate, byt hat
. ® 1
frold bocduse i the serked Jireciitnal charscteristic of the int doige Jlel

Howevar by intooducine a poeedtanl faaction € o) which tontaing the ditectichay characte-
N riptic, tHiz provedwre can aled e uted {67 the hear fieid, even 5§ Lhers !'a 0 apheto-
AymNe Iy
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Using the correction curves (Fig. 7) the measured frequency spectra can nowv be Torrected
to the pure free j=t, and nondimensicnal reference spectra can be estabiished for any
point of the near fieid, on the basis of which the frequency distribution of the calcu~-
lated OASPL can then be determined.

WALL JET

The noise field ¢f an engine jet directed vertically tow-rds the grcund is completely dif-
ferent from that of a free jet in its overall level, as well as in the directicnal charac-
teristic and the frequency distribution.

In the case of an engine jet directed vertically towards the ground, the noise level is
assentially composed of three parts (Fig. 8):

a) the direct free jet noise
b} the qroun?-reflecte Jise
¢) the noise generated by the turbulent area on the ground.

As tests with the wall jet revealed, the noise genereted by &i. turbulent area on the
ground is only of sionificance for high 3et velocities if the height of the nozzle piane
abuve the ground becones iip/D < 5, i.e. if the jet ccre is cut by the ground. Such a low
nozzle plane height ab: = the ground in connection *.ith high jet velocities however i=s

not practicable in the TOL technique for many ressons {(e.g. recirculation, ground evosion).

"he main part of the level increase for wall jets is thus to be attributed t< ground re-
flection.

The measured wall jet noise fields show particularly in case of great jet velocitier, a
marked noise level increase in direcction of the reflected maximum propagation of _he Ffree
jet noise field (Fig. 9). The reflected noise can be simulated by an imaginary noise field
equal to and mirrored by that of the free jet.

‘this ailows the app..cation of the calculation method exj-lained abave without modification,
simple by superimposing the noise levels of a mirrored free engine jet on the freec field
noise levels of the rcal jet (Fig. 10). The comparison of the calculation with the meas' .e-
ment proves that the wall jat noise field can really be calculated in this way if H’u > 5
and assuning a viqid reflecticn surface (e.g. concretej.,

All measured wall jet fields were calculated for all HD/D at the highest and "owest jat
velozity and compared with the test results. The maximum deviations betweep measulements
and celculations were in all cases less than t 3 4B,

A major result of the parametric investigation was the fact that with aigh jet velocities,
lavel increas- © of more than 18 dB within tha range of the airframe can occur on account
of the ground influence.

This means that in practici nise fatigue failures can occur i+ a very short time. if for
example a free field noise l.vel of 145 4B were used as desic, parameter for tne structure
without taking the dground influence into account.’

The irequency spsctra in the wall jet noise field can at®, be determined by super.imposing
the free direct and reflected sound (Fiyg. 11). The invercigations show that apa.t from the
rnormnug level encreage, the frequer.,y spectrum is alss displaced in direction »f the
structural resonance frequencies of conventional aireraft skin panels. The ground reflection
influence thus has a doubly negative effect with resraect to noise fatigue.

Frnally, it is illustrated by means of the Dornier po 31 that even with more than 1 engine
jut the calrulation methed gtill gives good rcsul’'s which are sufficiently accurate for
practical purposes. In tha case of the Do 31, thr re are 16 jets in all, and even here, the
maximum deviaticens between measured and calculated levels were not greater than t 3 db
(Fig. 12).
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DYNAMIC LOADING CF AIRCRAFT SURFACES DUE T0 JET EXHAUST IMPINGEMENT

by

P. L. Lansing, J. A. Drischler, T. J. Brown,“ and J. 8, Mixson
NASA Langley Regearch Center
Hempton, Virginia, U.S.A.

SUMHARY

High-1ift wing concepts belng conasidered for application to commercial
STOL tranmsports are discussed. The flow patterns which nroduce dynsmic losds
on these wings are lndicated. Measurements of surface pressure and acceler-
ativn on a oae-half-scale model of an externally blown doulle-slotted flap
are veported. Root-mean-square values, power spectrs, and scaling param-
eters are Snown.

SYMBOLS
8 s Root-mean-square value of azceleration
Dl Diametey -f bypass nozzle
b Frequency, Hz
g Acteleration of gravity
N Mach number
!ﬂ\ ) Goneralized ma.ar;
Prms Root-mean~gquare value of preasure
q o A ‘ Dynsmic pressure
R Poaltion veators of pointe o & structurs
i B v@lodzy of cora Jat of aimple olraular Jot
a,(F) | - Normal eode
All" I Dusping factor
C 8w, Y . - . Pover spectral denalty of dicplaem&nt-
L NC R © o onee third-outave band pover apoutra of Ae‘c@!_.;}raum
_f(“"(:‘) ) ' Oue‘sm’rdeccta‘& Lum.d power spectra of gurfeoe prtssu.rve:‘ A
¥, ;ﬂ,&;« C Crese pover. s;s&et}'ul ﬂmaity of mrx‘&ce pressure
B » ' Frequaty, mnmi:ee ’
w, - Natural Trequency
INTROUCTION o

The poveral 1400 spslens pragently beiﬁg'cwﬂﬁem% for uge m coeerelal BICY, vehlcies e‘t'-m!-t £ddia

Afonal 1ift by deflenting the flov of & Jot exhaust with sne or wore lurning fm:e. For these gystyas,
Inrge ereas of the wing and lap are mrereod within the Wwurbulent flov of the feb exhaust,  Cobseuently, = o

thete curfaces are ogored Lo high-intohelty dymazie JTowdlngs vhtch have the potzaugl of Swiiting tigh |
vibration levels snd gonie Tadlgue in !'tht-»wslua‘ sfraralt stndetures. "W loadings sre senfon ia
nature and miw\u‘o\my detritubed due to the complex flov patterus ¢ ich fore apround the fleps,  Vewy
Mtle information fs avallebin on the proporties of these maa Heoce, 43 u &Sfﬂcult for (ha cbive~
turel dynaxtelist o desiph optical flep systees.

The presect paper vill first pom: oit rime of the Mah-us‘t wmg corc-tpta Bow wérr unai&qnt{m
and the principal Teatures of thelr agscciated {lew flelds for the parpaed of lsdicating the diveralty of
losding setions sad structural arrsngosents cucountered in the TID§ flap lowds prodlen. Then, sube wres-
grekents of surfxse pressure and réceldradicy on s one-helforsnle mu of an exdernally Blove donblas
slctted flay are protented, amtmotqum vﬁuu, pover spectrs, wnd tmsag paraxeters e dlw\wm
for the loads and respoase.
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RIGH-LIFT WING CONCEPTS AND ASSQCIATeD FLOW FIELDS

Several high-1iift wing concepts being considered for l.i.Jt augmentatiosr on STOL aircraft are shown
in Figure 1,

For the conventional Jet fiap and the augmenter wing shown at the left of the figuwre, alr is ducted
from the engines to the wing where it is exhausted at high -ressures ard velocities through & slot in the
trailing edge. For the conventional jet flap, the Coanda effect causes the lower part of the flow to
attach to the flap. The upper portion of the flow will mix with the ambient air in the xanner of e free
Jet. For the sugmenter wing, the slot exhaust is confined between upper and lower set or fiaps which
direct the t'low downward.

In contrast to these arrangements, the high-1ift wings in che right of the figure use low-velocity
air directly from the exhaust of a low-pressure-ratic fan engine. Yor the ext..w-1lly blowm flap concept,
the exhaust Jet impinges on several flaps which redirect most of thu flow downwari but allow some uir to
pass tar-ugh siots and spread over the upper flap surface. For the upper surfa.o Liowing concept shown
here, tihe flow would attach to the upper surfuace of the wing and be fu~ =d wownward with the ald of
several {laps. ’

The principal sources of the turbulent pressure fluctuations vhich genarante dynamic loads on these
high-1ift wing systems sre the Jet oxhausi including upstream lurt .o ~rce and turbulent mixing and boundary
layers on the wing and flap surfacez. Since the {laps operate at high angles of attack during landing
approach, separsted flow may also cccur. As 4 result of the diversity o wonfigurations and operating
conditions, these sources of prossure fluctuations oveur in various comb’aatlons as shown in Flgurs 2.

For the externally blown flap, the lover surfdce 2 the wing and the flaps are exposed to the: turbu-
lent mixing region of the jet, I the {lapz are sufficiontly clewe to the Jet eoxiy <lane. peri of the
flaps will be lmpinged by the Jot core.  iow over the Ulapz may bacome gerarated producing tocallzad
reglions of intense fluctusting pregsures. : :

For the conventionally blowi flap mi} some upper surface blowing soutjgurations, the Jet core azte\'*‘
to the upper surlace of the ving and Tlapz producing & reglop of relatively I~y turtulence dirveotly i
sontact with the supfuss. - If the oure pagion termisntes op or separales sway rrom the surface ahead of
the trailing edge, as @&y coour v a sul'fticlently long Timp, the aft poytion of thy supface will te axpoded
to a differant type of Tlow whiloh experizest Inliestes irvnlves >1¢mt’ aptly higher turbulengs levels.
The tralling mxgx Lraedf is ke me;m- ace Batvopn 5 boustaary-leyer fiow-and 5 Trpe sixing region. e
-rmxattiezx in Tiow roqima at tids polnt way be & ::ii..,tlﬂcnm mrne of fl'wtuwua.; loads.

Tieg, e4sh of the Righ-11Ft wing contapsy hag & nupher of ::-m‘mx e.t‘ tupbulaet ‘g;-rwqmre flystuntions
wore relative impostanae will vary wlth the spepific goometry aed wvaeraling vonditions. Jonzlgersbie )
resgareh la raquived bulere s Quantitative understandiog of "o assaclatmd Lynemle load patleres 18 achisved.

i.t"s'emﬂm@ REVIY

he “‘u\: {eld vhinh yeanultd whan a Fluid 19t isuitged on 6 am surfngn 18 Rooeh 4§ & Tvall Ser.”
Cangequens iy the flov Tlebds sreand R{gh-110Y wings are vall Iyte of varying degrees of gemplaxity. T
Titoratyrs oa wall fets s axtecsiea. A Bibllogeaphy 608 roview oF wivg op theougd 19§y senislesd in
foforstce {. Othiér papers of fmlerest oo wall fets abd sems relsted stusles on highe UL winge are em-
talnod In Saferesfes iU, e work on wall Set flow Fleldz {2 mrlmncily dosanrand with nean and rarhadent
welaslty aroviled, shonp 4istpidutions, asd Wrbuisice ieteneliloyr snd 3waAlus,  Same o Lhe sonent. sindise
of Pigh-110% vings bave bege gonfery ! with the auise thel {g ;‘T“‘*‘?ii"l’q b-e stk Figw Tlelds,  Thesretlsal
g of Tusialent
PresIures on Furfaves fwpinasd '&-"5 Jere are ceriained s “e"s“g«:smz o i‘-‘ To 884 K Bate are meager and
thmh ¥ have kol Léen taXen with ;!w weeslt of the shewetaral Smapisist ar e SN0L loade pevdlon in eing,
Calouluted and nratured roSponsey oF v siadip pandl 1o S8 m;:i...ggam:'«'imﬁg mr prosett<d in Hafaranea 1),

EXTREMALLY B A-‘K PLAY SyaTn
Test Jatup snd {netranenialics

Pogeordmanty of Fludivating sirfade preasure and antelurytisg sers abia i‘i- #hor parlind ften medel of
doutirasiortiod exkerially t-)mm fiap,  The onglne eldanyt wud oisnisted with & flsctc.ong byrass ratis

roskde velng adr ol axddent temvorature. Plgure 3 le a shologeapd of e tead ars AR LN N;;"v-e % ia
B oaroftageatiata] skelak m&m :r. % pintie Wirengh (e ol oshaasd and noreal 3o ANe wIRg olane. eing uso
tesla, the First and seeend Flops vere tefissted at angloes m‘ W At 6, varrectively, 36 ide w #g She

lima th Whig pesitiim the Supe of the trier 2irmelar Jot remdages medr ks lesding edds of ke secrnd
Thag,  Trsta wore dombhitted al eore ,je‘ Mash pdthers oF DVF, S078, 0000, sl 2.@1" These Maak mn!r-ors
vere »ak"&slmﬁ Prew ax:kﬁnrw! vs.m.e of Ahe nozkle prewsurk satle 383 forrespond Yo the Beyenlds supdors
of ‘{ii x 308, 9.7 ¢ 108, 123 v 105, i 3. $ ¥ !9‘" resfrotively, Wesed on il .S«m&gf of ke Yyrass
Petsie. ’

The zpan of the maedsl wa8 20Th ., J3i. WILE Tlais polrsdted the moded ohord {28 2,08 w {8 a8
THe chord of the Tirad and socond flape §x 0 a% p {7 te) vm* g {22 m.?. rm\wuw* e dianeier
“f the sore eeuele S8 A0 w {8 a0 ) wnd the onter Siameter of the bypasd poadle ie 0% m 23 1Y
Qg showy i Hg\:w- Yy wine sarfsce prefeurs Aransduters vors Tiaeh mmmna it lhe Clep and wing fing
to seasure Sluclonding surface pressures.  An stoelercweler wne ®wntad wilkin the tecond Tiap %o nasmre
vitration le ols, :
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The model is constructed of heavy gage sheet metul. The flap skin p'anela, supporuving i .d Structure,
and skin mounting brackets are 0,23 cm (9,09 in.) ateel plate. The accelerometer was placed wit' - the
stowed flap stout one-third chord back from the leading edge cn one of the outer gkin mounting brackets.

The tests described hr'"e were conducted at the Lewls Research Cente= by R. G. Dorsch, W. J. Kreim, and
W. A. Clsen as part of NASA's STOL technology development program. Further description of the test arrange-
ment and the results cof noiso. measurements are given in Feference 12.
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Surfrce Pressure Intensities

Py

The distribution of thr values of the fluctuating pressure coefricient over the flaps {a shown .
Figure 5. Thes. values are the roct-mean-gquare values of surface pressure normalized to the dynamic

oy

¥ pressure q caleulated from core Jet exit veloalty and ambloent density. This type of normalization with
{ respect to dymamic pressure has beer used {for example, in Refs. 10, 13, 14, and 17) for various types of :
% Tlow ‘nduced fluctuating loads. Alt l\ough neasuretents of the lscal mnmic pressure and loeal gtatic pres-

{ sure al cach transducer would have provided further insight inte the detailed development of the flow
¥ field, these quanuvities were not mea ured. Therefore, it was ccnvenlent t¢ vee the slmple romalizatisn :
s based on Jed exit dywamic prescsure which is coz'-uatible with other ressnru!e's. '
¥alues of the fluctusting pressure coefficient z‘emztned essentia‘b censtant for all t‘uux Jot velocitles

5 st any transducer with the exception of the one transducer near the leading edge on the lower surface of ke

’{’ second £lsp. At this transducer, the value ol thg flustuating pressure coefficient rcangad from 0.G66 4. =

; core Jet Mach number of O 92 to 0,125 &t & Mach number of 1.09. .‘This behavior may result froe the impinge-

5] zeat of the core of inner jet on the leadirg-edge portion of the second flap. .

2T A

The loveat vaives of the fluetuating pressure coefficient, and, henze, the dynsmic surface loads, wore
obtained on tha upper 3lle of the firgt flap and in the slot betusen the Tirat fler apd wipg., The highest
values occurred in the roglen of the lmringement of the core let. The prodayre on the upper murfase of the
gecond flsp near the leading edge s comperable to the pressure on the wwerzlde of the flaps direstly
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measured acceleration includes the response prnduced bty the jet impingement loads just discussed and posel-
bly mechanical vibration transmitted to the model through the ground support and pylon between the nouzle
and wing.

The measured accelerations range fram 4 g's at the lowest Mach number of 0.52 to €4 g's at the highest
¥.ch nmumber of 1.09. Since the accelercmeter 16 mounted on a heavy bracket used to attach the outer skin
to & rid support, these accelerations are occurring at a very substantisl structural member. The potential
for vibration induced damage on the light flight-weight construction at high enginz power settinga is evident.

eszererd
e PR R

Also shown iz the figure as & straight dashed line arbitrarily drawn between the dats points ia an N
pover lav. It is se~ that tie measured values follow this trend cuite well. Since this is an empirically
determined relation’ uip for & very limited amount of dats, considerable caution is required in trying to
extrapolate these cesults %o other Mach numbers on this configuration or to other configurations.

Figure 9 chows one-third-octave band power spectra, Hg(f), of the scceleration. These spectrs are
normalized by the squsre of the acceleration of gravity and the 8th power of the jet Mach number. This
latter factor is based on the variation of &, vith Mach number shown in Flgure 8. The spectra collapse
quite wvell at frequercies above about 1COO0 Hz and clearly separate at lower frequencies where the lover jot
Kath numbers ere sssociated with relatively lerger amounts of low-frequency vibration, All four spectra
havy peske at Prequencles of 200, UG, 600, and 1CQ0 iz, Since the frequencles at which thess peaks oscur
are independant of Jot exit velooity, they are presumably agssociasted with soze structural frequenciec of
the model.

PREDICTYON OF RESPGNSE TO FLAP LOADS

Predicting the responsa of s structure to applled lecads using medel theory requives s kncaledge of the
icad dlstridution and frequency content. FPor randczly applied loads. such as Jet impingement surface pres-
sures, this information iz contained in the cross power spectral density.

The way in vhich the cross power spectral density of the loading enters into calculatjons of atructural
response can be seen from the following equation which hes been derived vy Po\mn Referenc* 16, and othars
for the response of beams, platex, and shells to random ;oads»

A (")uk(r)f e {7 ’%(' RF T .m)ds &3,
Jar R®
AF ) = E‘ L—\ P oo .

B n Ra{‘n-m '1%‘“ miﬂh'm .o MELNR m}
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integral S:xw).'.'mg the crose paver dpactral denelty of the vandae app'ted ioadd, of¥, £ ), and the nn.ml
asded, ,{F) € nsequently, saze tractable sathemalive) veprosentat’ .o af o{¥, & ;za) iy woet derirable Yo
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%xt«easiw meseureesnts of Lhe aroes pover gspectral dunsicy e heen wade ix Lur‘eule.xl boundaty li:,ew,
Beferatce Mu, X gitile amaiytical reps ereatation of tha 2r0n: power spesiral denslly wAs mme;rmzﬁ@d astd
sw_d fur rasponse caloyiations in Refopance 1T, A sfellar study of M gesponte of & sigple panel to vall

4 Arsssyres Ve onrpled sat in Reference 11, Howevar, very 110Xle data see svalilable from which one gen
*uu'v‘a he #p0dE toedy sbesteel density of the fuctystitg prassures In sleple vall Jets.  Mohuch K- TLE
oxist for k.\c:.m'la@ configarat Long such e kighalifr vinge, In the Fiap espertmacte dlequseed previousiy,
£y purfEes predsure texasduters vere toe wliely depavated to oRtaln e type of inforeatton.  This Jaek

Cob liads date 13 ap cbviony gap which st be Piled L8 sonic fatigee booxme o sajor cmu'r‘muw La
the structural deplgn of pwered 1ire SPELEE, S '

mmam &W:

Thiz ;:.a.w .a.é i*é'mtea FENrY sefersd way the saavess of lx.rwiqc-t rmw Piuotestions ks the flov
fieide of soverad RAgh it wing aw..swcs'f balag conkidered for uke on »,_(m !.i‘ I traneyorte,

- XeaFaramenty o m«ﬁ‘aw pgvg.saw axd woealerakion o8 o soe-half-soxle vodel of an extorsally h}xm Slan
-have Beosy presentod.  The hieh inlefiailiss of Loik the mu& loads aad survciural respotse poce o nrsoﬁa
crallenge o the derlgn af 1lgdtwelght flap systesa  The swed For further researdh ats the u;umsty-

A stritutioy, speelre, Aol stolistical groperiles of Wighllrt azsm {zw%e Teadsd 1g wwizent,

3 Gedtner, 3 \9\ Surver o Lilersture 2% Flov Sharasles!elize of & Single Tariiilent Jag
. Livingd, 3 % 3, Deplegisg o 3 Fist Plate. S84 1% pesiil, Mm 1978 .
cak, . B

20 Bller, G N : B Zarfuds Pressuve FIutturilsns 1n Terdtolest Soundery mzﬂ. Callege of

Badgean, T, H . . hereeautits, Cranfleld, Cok Sole Hu. M0), April 1660

Corsita, & K.
Colvell, 4. T,

Prragetel Mua T oA T Dimenzbonsl Turbalent Wall
Wity Arditrery M§m Sratient,

Jet ls o mw g Uirean
Alts Joarval, Yel. 9; %, 1}, Xoverler M.

) Y. NAyden, R B Blee Prow Intersciloe of Vlev Witk Rigld Surfaces: & Review of Current oiatos
’ of Predlotion Teadnigues. B0t Berased and Xewwwr, Iuo., Repovt Koo 336
{Prepared for XASA Under Covireel XAS)-$9%0-10), A& CH.2128, 1972,
5, Twtel, R ¥ ' Nrdbulent Jets 60 ¥ald Jets in lfew Streaning Plov.  Tha Xervnsutical

Quarterly, Vo. WL, Sovendes 1971,

S L 8 2RI T vy




Gruschka, H. D.
Schrecker, G. O.

Hayden, R. E.

Wegner, F. R.

Grosche, F. R.

Strong, D. R.
Siddon, T. E.
Chu, W. T.

Maestrello, L.
Gedge, M. R.

Reddaway, A. R. F.

Dorsch, Robert G.
Kreim, Walter J.
Olsen, William A.
Coe, Charles F.

Bull, M. K.

Fuchs, i, V.

Powell, Alan

Crocker, M. J.

B AN SR TR A

Acroscoustic ‘harmeteristics of Jat Flap Type Exhaust. AIAA Paper No. 72-130.

Pragented st ATAL 10th Aerospace Sciences Meeting, San Diego, California,
Janvary 17-1¢, 1972.

Sound Qenera fon by Turbulent Wai. -t Flow Over a Trailing Bdge. M.S. Thesis,
Purdue Unive 'sity, 19€9.

The Sound ari Flow Field of an Axislly Symmetric Free Jet Upca Impast on a Wall.

NASA Technicil Translation F-13,942, October 1971.

on the Generation of Sound Resuiting From the Passage of a Turbulent Alr Jet
Over a Flat Plate of Finite Dimensions. PR.h.E. Translation No. 160,
Octeber 197(C.

Pressurs Fluituations on a Flat Plate With Oblique Jet Impingement. Institute
for Aerospac: Studles, University £ Toromf . Technical Note No. 107,
Fobruary 196°.

The Response of a Simple Parel to the Pseudo-Sound Fleld of a Jet. Aerodynamic
Nois=. H. §. Ribner, Ed., Procesdings of an AFOSR-UTIAS Symposium heid at
Toronto, Cansis, May 20-21, 1968,

Externally Bicwvo-Flap Noise. HNASA TM X-67991, January 1972.

Suriace Pressure Fluctuations Associated With Aerodynemic Noise. Basic
Aerodynr-1ic Noisv Researsh, NASA $P-207, July J4-15, 1969,

Droperties of the ¥luctuating Wali-Pressure Field of a Turbulent soundary
Layer. University of Southempton, Department * Aeronautics and Astronautics,
AASU Report 234, March 1963, .

Men -arement ~f Pressure Fluctuations Within Subsonic Turbulent Jetvs. '
J. .ound Vib., Vol. 2c. Ko. 3, June 1“72, pp. 361-378. - ‘

On the Response of Structures to Random Pressures and to Jet Noise in_
Par:icular. Random Vibration, S. H. Cramiall, bé‘, ¢h. 8, Vol. 1,

MIT Press, 1958,

The lesponge of i Surergenic Transport Furelage to Boundary I.ayer and to
Peverberart Noise. -~J. Sound Vib., Vol. 9, No. 1, 1969, pp. 6-20.

ARSI R i

<
A




36
13>
Adi !
3 ‘
/4
5
073 aiel ‘ . o
p rms 107, Nim '
-H MO
TRANSDUCER MACH N
0.52 0.72 1.80 1.8 )
== -
i .2 A3 .83 117 P
2 .83 1.65 2.62 385 i
3 1.03 1.89 3.4 4.62 P
4 L10 2.3 518 9.25 !
5 .69 131 2.62 345 ;
] 15 .8 - 43 K : ;
B 1 .06 10 By .3 : : s,
8 .90 L72 2.96 4,35 : SR
9 52 .96 1.65 242

TABLE I. ROOT-MEAN-BQUARE VALUES OF SURFACE PRESSURE

Y

" EXTERNALLY BLOWN FLAP

.- AUGMENTOR WING \ " UPPER SURFACE BLOWING . S

"Flgure 1. High-lift wing concepts.

" HIGH LIFT WINGS S | L
— S ATTACHMENT Fo
MIXING ~ \ - BT

IMPINGEN‘ENT

Figure 8, Bources of turbulent pressure fluctuaiions. ' !




N A iy 4Py MG T Sy s

T R R TR I U ST N TP YA Lt BB 6 LN Pt Y, Dt

SIS S R

Figure 3. Externally blown flap model.

_WING CHORD LINE. ™~
—

%

s

W
‘L{r}

BYPASS
SECOND FLAP NOZZIE

o SURFACE FRESSURE
TRANSDUCER

¢ ACCELEROMETER

> Pl

AT

el

ey e
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SURFACE PRESSURE FLUCTUATIONS FROM JET IMPINGEMENT
ON AN INCLINED FLAT PLATE

by

?.Westley, J.H.Woolley and P.Breosseau
Structures and Materials Laboratory
National Aeronautical Establishmen*
National Research Council of Canada
Ottawa K1A OR6, “anada

SUMMARY

More complete information on jet impingement pressure fluctuationz is
required by the structural designer of STOL aircraft that use externally blown flaps.
This paper describes an experiment in which the surface pressure fluctuations on a
flat plate were measured when an impinging cold air jet was blown at the plate with
various speeds, inclination angles, and separation distances. The paper presents
data on the surface sound pressure levels and their spectra,

SYMBOLS

Ap root mean square pressure fluctuation on plate at (X, Y)

Pa ambient pressure

p jet stagnation pressure

D jet diametsr . :

h distance between nozzle and plate along j - axiw ;fj

8 anlar distance batween jet axis and plate A b7

X, ¥ rectangular coordinates on plate surface (origin at jet axig with ox .
in downstream direction.)

S.P.L. sound pressure 1evel,<20 log -%%55 dyne/cmz)

$ distance upstream along plate axis of flow &ttachment point

r radial distance ’ :

10 INTRODUCTION

The object of this invcstigation was to extwnd the data on the asrodynanic
- pressure fluctnations which occur ovar a solid surface when an air jet impinges on 1t.
Some limited « 12 exist on fully developed wall jets, but in most pravtical
applications the problem is complicated by an inner impingement region which is
dominatéd by the local conditions in the jet.and an outer impinqement rggion which iz -
dominated by tha developed wall jet. - ) i

: Data on surface pressure fluctuations due W jet inpingemont axe important
in alrcraft-design applications whare the. jet -exhaust strikes parts of the alrcraft .
structure. The introduction of STCL airecraft with externally blown ilaps ie a topleal
example of jet impingement and one in which a light wedght structure will wnoounter

" saverw random loads,

The present investigation extends data on implnhgement surface pw&asure
fluctuations by measuring the surface pressure fiolds over a Flat plate when the
- velocity, inelination and: dlatuncm of an impinginq h[-14 were variad ovey a range of
oparation conditiona.

AZ{Q EYPERIMFNTAL APPARATUS AND NbAQURLHENr

. Tho jat impingement tost rig is ‘ghown in scction in Pig. 1 and in a qeueral
photograph in Plg. 2. .

Dry comprassad air, at a temperatnre of appxowlmataly 76%F, was aupplied At
various seloctod stagnation pressures, p, betwsen 16 psia and 32 psla, to a contraction
~section and to a parallel nozule with a cireular exit of intaxﬁal diagetor, b, of 2.27 in,

The lmpingement plate oonuistcd of -a wooden rectanqulat plate, 90 in. % 60 ine %
1 in. which was mounted on an adjustable supporting frame that allowed the salection oi
varivus valuas of the lmpingemoent distance, h, and .mp\ngamaut angle, 8.

Phe surface prosaure tluctuutiona were measured with two flush mountéd
condenser microphones, % in, diameter - B, & K.4136, which vere fitted with protactiva
grids and supported by rubber sleeves in 3/8 in. diamatey holuu dintxibuted ovax tho
‘piate's suriace. )




The overall and 1/3 octave sound pressure levels were recorded at various
points along the plate's centreline, Y¥/D = 0, for plate separation distances of h/D = 3
and 12, and over the whole nf the plate for h/D = 6. The nozzle operating pressure
ratios wereop/p = 1,26, 1,54, 1,96 and 2.24, and the plate inclination angles were

3 = 90°, 45° and 225°.

Flow directiona on the surface of tiae plate were made visible by an oil
streak method.

3.0  RESULTS

3.1 Surface flow vigualisation (Fig. 4-6)

Examples of surface flow visualisation are shown in the composite photographs
of Fig. 4, 5 and 6 for the nozzle pressure ratio, p/py = 2.24. One notes a flow
attachgent point which ig upstream of the plate'3 origin by a distance, § = 9.0D for
B=90", 0.5D for B = 45, and 1.9D for 8 = 22% , with impingement distance of h/b = 6.
As the impingement distance increases go h/g =12, tgese values of § increase to 0.0D,
0.85D and 3.2D0 respectively for g = 90, 45 and 22% . It will be noted that the
gurface flow diverges in approximately straight lines from the attachment point and
that it terminates on the upstream side in a zero shear region of approximately
parabelic shape,

3.2 Sound pressure level contours over plate (Fig. #-6)

The overall sound pressure level gontogrs on thg plate are shown at 5 db
intervals for the three flap angles, 8 = 90 , 45 and 22% , for the impingement spacing
h/D = 6, and nozzle pressure ratio, p/pa = 2.24, in Fig., 4, 5 and 6 respectively. The
sound pregsure level contours are symmetric about the origin for the normal impingement
of 8 = 90" and become progressively extended in the gownstream direction and laterally
contracted as the flap angle is decreased to § = 28& . The 150 db contour gxtends
along the longitudinag axis tc X/D = 7% for 8 = 90", to X/D = 12 for B = 45" and to
X/D = &6% for 8 = 224", Laterglly, the 150 db contour contracgs from Y/D = 7% for
=90, to ¥/D = 6 for B = 45, and to ¥/D = 4% for B = 224°. 1In general, for the
impingement spacing of h/D = &, two maxima sound gressure level points occur aleng the
longitudinal axis and convarge as § approaches 80 :- : .

169 db and 167 db at X/D = ~1/3 and + d% for B = 224°
174 db and 167 db at X/D = =1/3 and + 3% for B = 450
177 db at X =0 for B = 900

3.3 Secund pressqreilevels along centreline - effect of § (Fig. 7-9)

- : The sound pressure leévels along the centreline are shown in Fig, 7-9 for the
impingement spacings of h/D = 3, 6§ and 12 respectively. Dowble gaxima appear at X/D

= $+1% for the swallest impingement spacing of h/D = 3 for.g « 90, whila at the largest

impingement spacing.of h/b = 12, the upstream maxima for 8 =« 2240 and 45Y have

diminished to inflexions’ in the curves lsaving a single maximum at the origin or’

“upstream region. In general, it will be notad that the downstream sound prassure
1evels decroase; and that the upstream sound pressure levels increade with increase of
tho flap angle, B, These results appear to be consistent with the theoxy that the

- impinging jor acts effoctively as a,ftao_iet until the stream is close to the. innex
lmpingemont. axea. * This implies that the initial flow conditjons at the inner
Ampingement regic . would bo- closaly related to those found in the potontial cove; the
surrounding free shear region or the fully devaloped jet flow whon tho ilmpingomant .
plate was romovad., ’ ) L - Co ) :

3.4 gSound pressure levels along centreline - aifect of /D (Fig. 10-12)

o The sound pressure levoels along the centroline for impingoment spacings of
A/ = 3, 6 and 12 aro compared in Flg. 10-12 for the various flap angles, The mont
. siguificant observation is that the overall sound pressure levels appear to be almost
Jdndependent of values of the impingement spacings, h/D.w 3, 6 and 12, for the wal!
jot ragions that_axg downstream of the igner impingemant arosz, i.g. approxinately
/0 > 24 for B =-90°, R/D > 6 for B = ¢5° and X/D > 8 for f# w» 224", T

. 3.5 Rato of chango of sound preossurg level alouy controline - gffect of X/D (Fig. 13-15)

“The overall sound pressure levels for h/D = 3, § wnd 12 arve plotted against
the centreline distance, X/D, on a logarithuig scale in Fig. 3=158. In the fully
dovaloped wall jet regions the slopes of the curves approach approximately =12 db to
=14 db per ecach doubling of the axial distince, X/D.  Thus, for these regions, the
root meap square sound pressure, dp, is approximatoly invérucly proportional £o the

. squaro of tho radial-distance from the origia,

'i.e. &pla £§ *
T




43

3.6 found pressure levels along the centreline for various nozzle pressure ratios.
(Fig. l6-23)

The nozzle pressure ratios of p/pp = 1.26, 1.54, 1.96 and 2.24 were chosen to
cover a range of jet speeds from M = 0.40 to M = 1,14, Thege centreline distributigns
of sound pressure levels are shown in Pig. 16-18 for B = 90, Fig. 19-21 for B = 459,
and Fig. 22-23 for B = 22%°, The sound pressure levels increase with increase of
pressure ratin, The rate of increase is generally independent of the position along
the centreline, although there appears to be a tendency for the increase to be less in
the inner impingement area. The shapes of the curves of the sound pressure level
distributions which were observed for p/Pp = 2.24 are generally preserved to the
lowest nozzle pressure ratio.

3.7 Variation of sound pressure level with nozzle excess pressure ratio. (Fig., 24-26)

;Tge sound pressure levels are plotted against the excess nozzle pressure

ratio (? - “A) on a logarithmic scale, for various positions along the centreline for
P : v

an impingeﬁent spacing h/D = 6 in Fig., 24-26. Generally, the rate of increase of sound

pressure leve. is approximately 6 db per doubling of the excess nozzle pressure ratio,

. RZAR
i.e. Ap a(p By )

3.8 1/3 octave sound prussure level spectra, (Fig. 27-34)

: The 1/3 octave spectra of the sound pregsure levels at various disgances
along the plate centreline gre plotted for B = 90° in Fig. 27-29, for B8 = 45" in
Fig. 30-32, and for § = 224 in Fig. 33-34, - . . )

' One would expect the plate surface spectra . in the inner impingement areas to
reflect the frequency distributions of the prussure fluctuatiuns found at the end of
the jet, i.e. two free shear layers and a potential core for h/D = 3, two coalascing

. shear layers for h/D = §, and developed jot flow for h/D s 12, The disturbances in .-
. same time a Eully developed wall jet with high sheak in the inner boundary and low
shear in the outer free shear layer will begin to establish itgolf. - o

“the inner impingement area will be deflected and convected along tha plate, and at the -

" .5 ..A typleal spectrum of the developing wall jet is shown in Fig. 28 for h/D = €,
g =907, p/py-* 2,24 at the point %/D = 6,9 and is marked A D EC D B F. The portion
A B covers & flat or slowly rising low frequency portion of the spootrun; over § € .the

spectra rises rapidly at approximatuly ¢ db per octava to réach a maximum at € over tha "

middle froquency band € D the spoetra ®alls gradually at rates between O and 3 ab per
octave; a gecond break polat is reached st D and thoe spectrum falls more rpapidly onge
moge. In sord cases, a high frequency peak develops at F. Similax peaks were poted:
in tho- upstream areas that have brokea contours in Fig. 5 and §, and the pelyurethans

foam layer shown in Fig. 1 was fitted to veduco possible flange reflections of these - . .-

~ upstrean high froguoney componouts, A '
k Comparisons Of Pig. 27, 28 and 23 for 8 = 90% and /D = 3, 6 and 12 indicate
that, apare from /0 » 0 and 1.7, the gpectra ara very simblar at similar values of

- X/D and hence laxgely indopendent of the impingawont distance. o

A fééeure,of‘the'npaeura in Fig, 27-58 (& that with decreasa of N/U the

omaxitum mover along the curve € €y Ca, vhieh.is an extension of 8 .¢, and that ose

gangral curvé which approxamately includes the maxima and the upward siopeés, 8¢, of
the apgcira can applied to all fhe figureés. Tho weéfect of decreasiny the flap
angle from g w 30 tﬁrauqh B = 224" i o generally m ve the maximun; C, to “igher
sound pressura lovels and to higher €rogudnties. Thus it appears that the wa.l. jet
spectra are only woakly dependent on the jet to wall impingesent distance. It is
likely that major festurcs of the spiactra may be transformad to non=dimensional form
by the use of the downstreat plate -distance and plate inclination angie, .

3.9 - Impingemont shocs cell sorsech in subsonic jetd. (Pig. M)

. : As fay am id known little inforiation has been published on shoek cell
foise screach of impiijang jetw, slthough the .mportance of upstraan reflectors on
- free overchoked jetz has been pointed cut by some inveetigaiors. During the present
tests the authors heaxd screech tones which wera {adietinguishable from the stiock
call noise of free jets, Signiffoantly, rome meraech tones waerze prosent when the
impinging jet was subohic. Schileren photograghs of an iopinging jet {sce rig, 3)
indicate that s now type of shock cell can be formed in eithor subsonic or wppersonic 7
Jets. 1In the subsonic case, the shock cells move towards the nosale. The shock waves
sppear to interact with instability waves propagating down the jet's fxew layers and
‘to radiate scevech tones, - These shock colls may be induced by standing waves formoed
“between the impingument plate and the upstreas flange of the stozsle, The tonditions
for impingasmont shock cells sppear to be a short impingesent di<tance of cha ordey of
h/D = 3, a noymal or near norsal impingement angle, and a reflaccing surfsce shich. is
close to the notsla exit or half wavelength intexvals upatrceam of 88,  An exarmpla of
the igpingoment shock cell sercrch appears in the apectra at G¢ and Gy in Fig., Y. the
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phenomgnon has beern noted, particularly at subsonic jet nozzle brgssure ratios for
B8 =190, h/D = 3, but it may appear to a limited extent at B = 45 + h/D = 3 or

8 =50, h/D = 6. It therefore appears that this new typre of shock cell screech
‘Phenomenon is not limited tc over or under expanded s.personic jets,

Impingement screech is highly dependent on reflecting surfaces close to or
upstream of the jet and care should be taken in model tests to simulate such surfaces.

4.0 CONCLUSIONS

(1} An experimental investigation has been completed of the surface pressure
-Eluctuations on a flat plate model which was being struck by an impinging cold air jet
of dlametexr D = 2.27 in. 1ae nozzle was placed at distances of h/D = 3, 6 gnd 12 from

- the impingement plate whose inelination was varied through anglas of B = 4%, 45° o
225°. “The nozzle's pressure ratio was varied from 1.26 to 2,24 T

. {2) The flat plate may be divided inte an inner impingement area which had
pressura fluctuating conditions similar to those found within the impinging jet, while
the remainder of the surface of the plate developed pressure fluctuation characteristic

. 0f & developed wall jek, . . : i . o : : :

: . {3) The inner impingement axéé aantained>a~typical maxinum sound #ressure leyel
-:0f 177 db for g = 30" at the nogzle pressure ratio of 2.24. : i

. .. fd) The root mean square pressuré fluctuations in the developad wall et areas
© . ware insensitive to the nozzle's separation distance from tae impingement plate, wore
. inversely proportienal to the sguare of the distance from the centre of the plate, ang
were direcily profortionsl to tho exooss noszzle pressure ratio. - . S

: . ts)'rha longiﬁuéinai éxtent of the 150 4b sougd pressure leval contgur on the -
. plate for hD = & wag typieally X/ = 1 for § = 307, X/ = 12 -Foy fi o= dsv“and'xgﬁ = 16k
“for o= 2257, The latexglgexe@nt was:y/D = x¥ for £ = 9807, /D = 26 for 8w 45T,

- -snd ¥/D = sk for B % 2247,

o . 48} One thixd cctave sound resswrs laval spectra have “eon prasentes and,

- although complex,. appear capable of Leing ‘paxtly seduced to a non~dimenaional fors
using plste coordiagted’and flap angle, o O o ) S
yue ef shovk osil soreoch was discovered in impinging subsonic dots
. and amphdgises the ased ‘o reproducd wsonstically seflaeting strfaces duping the -
RN Lspingiediiate. - The discuvery may have impovtane .

T U3V A mew b

_ ssrddynanie testing of :
- appiiosrions (o the clarification of the sechaniss of shook weil Bureseh.
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'SESSTON 1| DISCUSSION =~ LOADING ACTIONS

In reply to a quqstion as to whether the relative phase of the reflected wave had been tsken into
‘account, Dr. Scholten said that they had used the autosorrelation function of the total pressure at
each point and then transformed this. te get pressure spectra, The effect of the directivity of the

- fan noise c.mponent was also included. Dr. Scholten was asked if there had been any failures cf the
structure at an early stage in the prototype development. He replied that as the prototype had not
been designed for a2 large number of flying hours an extensive programme of acoustic fatigue develop- i

- ment work was not considered mecessary before the prototype f£lew, There were some faiiures in the .

convantional skin-stringer design of the cngine pads. They had used the earlier prediction methods

but the acoustic pressure levels were higher than predicted by the free field method. The loads i
here are very difficult to estimate bdecause of the very near field effects and also the hydrodynamic : T

" pregsures. It waa partly due to these dif “iculties that the work reported in this papex was done.

Mr. Lansing was asked if there had been any mrasurements of dynamic hinge moments on the model o
flapa. He veplied that these had not vetr besn done.. In answer to adpther question he gstated that :
'Koelite' pressure transducers had heen used, My, Coc added that these wexe of the semiconductor

- strain gauge type vhose size varied down to 30 zhousandths in. The levels of acceleration tmeasured

. on the model would not be representative of a real £light structurd. The model had been wade of
thick steel plate but evan in this heavy structure t™e acceleration levels were. very high.  Tempara~
ture measurements had been made on a half scale model at N.A.S.A. Amas, -The half scale model engine
in this fest had wot heen fruly representati\" of the full scale engmc..- In the madel tests the

. fegion of impingament of the hot cove jut had given xise to hxghev temperatures au the sedel flap
than had been amncipatw. The estimated anount of miving with the culd by pass flow raust not have

- - been fully achievad. It iz not yet kaosn whether a simtar problen vould arvise -on the full: 3calq
- ponfiguration, L

in veply to a question on the decails of his pressure megsurements, H_z:. Mestleg said thaz he
tad -trigd to uvs¢ wicropheney with their diaphragms £lush ro the plate suvface. - This vas satis-
factory outsids a r&!ius of ahout fun jot diamaters from the centve of impact of the jet, At
closor poritions, fine dust particles in the flew were suffizient to break the dﬁ&phr&gm It vas
danided, thergfors to dake the measuvenments wvith the atdndsrd grid i{n place nver the microphens
df aphragm, | P does not think ther thin has any smﬁux cant effece ap the v ulgs, It was alwo
_ stated That the manufacture®’ data vas wsed to make edrretions far the influcuse of the sratic
- pressuve in the £lov on the micvophons eensitivity, Wy. 0o pointed out that the gpestrd nad beea
© amalysed dowa to 10 e aad questicnad the validity of this heewuse of the Yov frequeacy ‘rofl off'
Cghavactarianten of the sicrophones. ¥e. Neaelay tupl*eﬁ that theve vas a negligidie efizet of .
- wlepoptipae size st the Mg quueney and uf ﬁw epea:ua but ziw eeﬂ'#cn\mu had ot )‘dt bwa a.m
C B th-a ieu &mmcy uad.

By
X

PN




-3
- g_su(@}

SUMMARY

S

PRESSURE-FLUCTUATION INPUTS AND RESPONSE OF PANELS
UNDERLYING ATTACHED AND SEPARATED SUPERSONIC
TURBULENT BOUNDARY LAYERS -

by

Charles ¥, Coe
Chief, aeronauuoal Structures Bronch

and

Wel 1. Chyu, Sctentist
Amea Rasearch Cenler. NASA, Moffott Field, Califorsla 94035, USA

The papor summarims reaults of an‘investigation of surface pressute fluctuations dnd rosponse o! panels

'uadat!glng attachied and separated turbutent boundary layers and sheck waves at NASA Amos Research Conter. Exton- .

aivo teste of a lenge assortment of axigymimeiric and two-dimensionpl models have been conducted at teansonie and:
supersonlo Mach nuriberg to 3.8 to study the pressure flelds. Assorted fixod-edge flat panels have boun tested at

- Mook numbers from 1.6 t6 3.6 in attacked and completoly separated flow flelds and also in mbsod flov with a step _

Induced shook wave ogciliating on the panels.  The surface pressure fluctuaticns ave degeribed in terms of broad~

- band rroy, -spectral depsity, and spatial corvelation iformation. The offectivenase of parameters for sualing the

preseurs flustuations t8 alse lusteated. Measupoments of the amplitude and strain respoase of tho p..mls arg com~ .
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coordinate referring to location on angle of cone fruatum or wedge
the panel ’

‘correlation couliiaiont
mode shape funciton of the panst

mode shape furction of a panel with unit
normalized coordinates referring to dimensions
location on the panel

angular frequancy
- boundary layer thickness ‘

natural frequarncy of the ath moda
displacement boundary layer thicknoss

. ) phase angle of cross spucual densny
Kronecker del 4 _ ' function

Subae 1yts
norm normalized quantity

£=x'-x" - coonlingte veforring to the separation - - &= (m.n) mode index’
S distanca of two poinis on the panel - '
- " B=(¢,8) -wmodo indox
- . o c Guantity evaluated immediately ahoad of

Myeyievy B B R . dotached sbook wav

7im,ny) = ey L : R 'qaanﬁil\y @vsamated at the free stroam

¢ strain S : ' stroamwise ..iwmma _

I . mass por unt ?magl the paned _' s R _7".Lataral divection
,  Poissca vatio i . P ¢ ' , ,. quaﬁmius related to-the @xauﬂa{\‘ﬁé}d :
- lows tactor for the ath mode. a - Quantities Telated to panel \iisplaé_mamt -
'_a&@u;&g; enéme'im_l; s | L s --.:_—iqmuﬁﬁs'm%atsﬁ e ég-'raixy ' o

valoretice function
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' :m R T T ﬂm\mu«m " mmm of mawad mﬂ npumw mmeluw& hwmw l:ty@“s o sts@..k WAVeS

' ..a*amai tx surface of aaroRpane vohlodda Rive rise th siructorsl vidrations thesughaut stmosgharic (ight, The wiudy .
*of heRe enditalions wad resalting vibrstivas Is of irporianse in Belermining xtoees,’ Ratigue Wiv of structures, and

nixkge tradsiniadion ints the intertor & the vohiele, Unlortunately. the apalyeis of this Typs ol vibration I conple atas' 3

' . by ha inherent easdivn chavgatetivtivs of e exvitating prousued ficldw, and the Silficulty of auarytically deseritiing

's'se vibration of a yewlistic steutture.  For thixe rewsats, eurly investigators of this problem coasidered sy o

Srypothetical How fiold aad trade the a}m,xlifym; avsumpiion et the struciure, ddewat invaviebly elider o beatn or & e
. dnitsngulir pasel, w inﬂmmly farge irefa. i=3). This avssuption gives fise to 2 solulton fa Wrms of kb@ Jn.n squam L
o dmplmmeat of w ma u @ ﬁnkz, it ant u:e dizwlmtmem as a function of ioeativn o4 the ml

lavertiy mms deﬁhw with l?zc emtwﬁn imtsiu tor the aitschesd 2nd w\arah«! turbil h-wxdarw !aymru

ek Ngiaas of mxmd flow, iacieding decilluting shock waves, have beon rumarous {the references of refd, €-8 yiell

an appripriats lotgthy Bbltagraphyl. A review of B litecatare indicutes, howiver, that the vequired staisticgt
talermaiion to daserite the surface-pressune fhictuatirns B3 rezionebly conplete.oaly for sebsmste aitsehed torirsdon
boupdary layers, faveatigations dt teansonio and suferasnlc specds kave frimartly inciuded measurerseats of prossure-
fluctoution. intonsities and vevy Hmited auulysin of powor spectys andfor sictisl corrolalivh.  With the oxeeetion o
tmiu ia Mmu -7, these fstser foven of .mlg xes have oni) bocn published for ;.mdwd tiow,” "~

s\“m cht 10 gespnite, Mw\t invostigstions havo mmﬂewﬂ Hota-stze ne!mxear m‘s urlerlying -
subsoniy attached turblleet boundary layers, but a simpdifyicy asswmption wes siide thel D Pivels wery sty sip
ported {rofe, 8-19),  Tile assumpiion singliftes the rigebra tremendeisly, permitting oslulisus (0 be exprossed in
cloked formy; sid altisgth Dose anaiytival tesulty give hetter sgreoment with experimant (han dobe obiuine with
he Infinite paucl BEKURGP S0, thay tnd to ovoresiimate the respoase of a readistic panel. Previous saziyses aisd
Failud 1o give =b gocurate prodiction of the wave malehing belweon e flaxural wave of & panel and the prossuve wing,
The catimailivg of thia wive 3G 18 inportaat pariicalacly whes ke malehing ocouts 8! osd of the evsoszst fro-

. Ruencies o 1o sirutiute wd this couses a lerge oiruciural respoake, With e advent of mefern By speed dorpulas,
L Mw mlwh of 4 (inite mcwgulsr mnl with clangped o&ga uuz!ar e mﬁhuon d & lurbuisnt boundery'
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layer ia nowfoasibla, Amnalytical Integration in rlosed for:ns are not ngcessary, since numerlical !ntograron can ba
carried out with no ¢ Jebialc simplification of the integrand. This digital-commter~oriented approach has the follow
ing additional advantages over an analytical anproach: (1) The trazspavency of the problem is preiorved, as very

- often the physics of the problom is lost amongst a great length of closed-form mathematical formulae; {2y future
dovolopments ave aimplifiea as tue basio cemputes wawgias: can be modifwﬁ to dagoribe differeat flow flalda sud/or
difierent structures. :

With the deficiencies in both the tnput end vesponse probleme {n mind, a reassrch progrom has been under-
taken at NASA, Ames Research Center, to lmprove the statistical description of the random pressure fluctustions
underlying attached and separated turbulent boundary Iayers and shock waves; and tu improve the analytical capability

-for computation of the displacement and strain of reaiistic panel structures when excited dy each of these fiow flelds.
The imcebugmtons of prossure fluctugtior inputs and response have spanned the sul.soadc, transonic, and auperaonic
spocd ranges up to a Mach number of 3. 5.

Sketches of models used for the investigation of prossure-fluctuation lnpuls are shown in Fig. 1. The
basic configurations were 0, 0598 m and 0,254 m diamator ogive cylirders and tha Ames 9~ by 7-foot and 8- byt ?~foot
suparsenic wind tunnel (SWT) wi'ls to investigate attached turbulont boundary-layers. Cone frusiums ehoad of axi-
symmetrio ringa and two-dinsonsiongl wedg«s of different heights and a variety of angles from 16° 15 90° wexo atded
to the eylinders and walls to investigate reglons of separated flow and sheck waves. The different modol sizee and
tunpe! walls provided large variations of the thicknosseas of both the attached and separatad houadary layers to Invasti-
. -gate scaling volationships to astablish the most effective pavametors {or noadimencionalization of the nregsuye fluctus-
tiong. The thickness of attached boundavy layors, for example, varted from approsimately 0. 03456 m on the 0.0508 |
dlameter medel to 0,135 p on the wind-tunnol wall, &parakd-tiow laa.gths akead of 45° :rustums and 2 0,203 m
high 48° wodge, vaned from 0. L}  to 0,89 .
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'Oddn ace abowy o rdem 12, These muas mwm shiow favorable oompariscns botkeen s compuiod sl iveasisod '
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The nasvsis wad *‘d’ﬁ}m{ér Progiam hacve mmua ty hwon eagialed Lo tachade (he wmecﬁa and sivuin

venpanss of simply-suppottod wad clampeddaxige pasels exvited by sopereoaic aitiihad and deparcied sl bousdery
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9. 3043 m and thicknessek aried frod 0, S85310°Y 5 to 2, 354x20°0 m,  The Tosts wene coadutial in 1Ba satws mexm« '

29+ by T<fool BWT sind So By Vodo0h SWY) used for Eo Sopenyate pressute-fluctuatiz shudles betszen Mach sustery

T L8 and 315, An tlusieation of tha test et up fot sepdratad fow is osn in P 2 The patit! tegpotiay tosls were

oonducted with e D, 2032t high B0 etep, Sheryad pHARITY Hurtwalions were sle maxiived 3hod of 23°% sl as°
wodges. Sepsrated ow Tengite ahesd of The 2teps varied from awwmmmy Q.m MW LI W on Nty
mmber mi the a.u:.cmi boundary layor thiviase,

: Three RSt wil!m with the W!s uaderlvisg sitached smm Gefmta'hvé flose, and mited fRow with &y
SHCHIBITgE dROeK vard \ otw vostigelad.  Atiaobod Ruw was oblaioad by semdeisy e sed. Sopavaled flow war
© . obiained WIth thes sl poustiond:” an showd 1 FiG. D 60 Lhat 1D panel wis aliout wrie-thind the distanos Detavca e
T ot avamY, wﬁ The s, The elup wis maved fustior dovnstrasm W ;w\*!.aa this GHOGR W ve EAE peals.

O A L A i




6-4

RS,

W VESSRL
_mum :. ?.,ml-z%mw et mmm

. _-;: u :WQs-wM L WAL, ft

aNg SO PN W

pad e

o

Fegare 3. Browiiss & :‘mmﬁstsm o presiure
‘ o Hectuadions usderiying altavhed -
- turtalest hwary !mﬂ.

" wuthors to most reliably vep

-giRb il POpEIted within 0. % ui‘

oWl Rw ¥R AN SsP

e pesnmaeddari §

Pana! displscements were measured with non~
contecting capacitance probes that could be remu.tely posi-
tionod to different pans! coordinaie positions. A steady-state
cavity preosure was carefully maintained at wall static
pressure at the streamwise midpoini near the lowar adge of
the panela for all test conditions..

The analyscs of all the results of the pressura
iiuctnat’ 5 and panal reaponsse investigations are not com-
plote. However, alarge amount of data have been amassed
for attached and separated flows at supersonic speeds, and

" therafore these data and the covresponding panel rosponss
¥ meoasuremonts and analyses ave thn subjoct of this paper.

3. PRESSURE-FLUCTUATION INPUTS

2.1 Broadband Charactgristics

The surface-pressure fluctuations measured in
attached flow on the walls of Amas wind tunuels arc shown
in Fig. 3 along with comparative data from a fow other
inpvestigations. The data pwsanwé ave considored by the
nt the broadisnd intensities

of the pressure fluctuations, fqw. for the Maoh mmbor

rango from O te 3 . Many moxw data points coukl by added

o ¢ figpe «fror other oarlior invosligations, bus the
apcossd of data wanld then be fncreaged markadly, Moust o
the athor avaliablo data congidoved have boen rejictad. |
Bocausa of unsortain eflocts of transducer slza, ingtalinton,
snd pxtrancous noige.. The data fram the Smes B by T-{oot
SWT azd §- by T-fost SWT and the X870 reprogent niessure~
wents 11 sevoral lovations of a vigld platd in the tunnel wall .
ami on the a&rgrm. Ths s;:re)&x‘ ux uﬁu s&’ 2 sul 36% & kﬁ)

m{eusx RERSERTY \xe*&i 2
ELRL T RS mxsxfwer

. of tye same kind apd inetalley g i laestion oa e
. wite) tuarel w3l sepparts i drmns %Q?N‘QSJ" e
wind Bucmet and flight data i }‘. ' rivy Yavealily, |
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ol i shows 1T, S A el ]
ciourly doeerited traln, - § e IR, OGN thont slalic PIOBBNrY,
J6THRINY o fvoe-8i oxih mm ERsRuR, hereates thpidly
&-the Tlaw Shopuiers Be f.f*“ew! ruifum ahotk axaf the
wwraw@\wwx wodd they BEpTOIRAER A piated Ak twe travl-
gion from Stashed ie sepam &eﬂ Tow s oorpieted, The

- sLSdC-prespute s*m.ide\iﬂ i D oegion of ¥ raian
wete tearly (e xe o W the suisumetvic

sodein. bt
were sjproxinataly 0% lowes thay & covrvsponding mess~
sremenis oo the two-dineesiaal wal!, THe loculincg of

the sinlivspneseune rife sasociaiint «ith Loy shacke and

segaration ptats wore ool soaledd by Qe %/ patamaaer. Poother sady of the s3ack svparslion distansom has shown
'Mt&euifew are die Lo the vasistion of 178, on thiss models ratlier than 19 Revelds sutmder aitocis.

S ﬂxe *’F'z‘uﬂdﬁ‘hﬁe feature f the broaFand pressure Sletaations (Fig. 1)) caa be m»z‘xeé_ to t'smnfa of
the ‘el slalinvpreshis Sisleiotions,  The presecre lutmaiions tavreare tapidly 41 the shock, s (Sontifled vy the
capid pronsure vive, sad ralich § mRansie (atearily vhere 132 siofe of the tatd CoproRALTe Tutve iF kit 12 iy
fally ww:ated rogion, the ﬂwxsuu:. oresiere dosconds o LuIs maximom to a piatess level. Cornaspondisgly ia
hin anioe Pepion the HLstie phesmrne dekcrisred Llowsid ¥ platens lovel, It cua b hotad thetl the Dlatean dveed n&
relusively [adspoatent of the shonldes height of the Trastum that Cadadd e soparation o8 the 0. 2iesadizmaler ekl
The tower Notiur g -aroRincy inbeeilies oy the 6. U308-ga-Sinmate s mvda] were Yound o be dus i <& m@fw}mt ire~
Guensy PGy of E50 veoordesd Calr.  Whe Rk Huciiaisg pressczes v e teo-dlrartpionsd wadel are susoiniad
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reduced-fraquency parameters investigated were: féo/ U,

It became evident carly in the inveatigation that there was no reduced-frequency or spectral~dengity
parameter that was the mosgt effective for scaling the data from the many medels, particulariy for separated flow,
for the full range of frequenciss considered, (Certain characteristicr of the pressure {luctuations ware found to be
diffsrent within different ranges of reduced fraquencies.) It was clear however, that the parameters £6/U and
or {low~geparation dimensions and local velocity were best for
scaling frequenciss in sepe ated flow. I. o paper, since both attached and ssparated boundary layers are considered,
the nondimensionalization of spectra are illustrated in terms of £8/U. The data used for the response computation'are
also prosented in terms of £0/Usx wince the local veloaity in the segaraied region is frequently not avai'~hle and also
gince differences in scaiing with U v8 U are relatively minor. Also minor differences were found In the eifective- .
nsees of free-stream versus local dynamic pressure for scaling the spectral density; therefore, the choice has been T
made in favor of the more conveniently avaiable g,

#{85 - 45)U involving local boundary-layer thickne .8

Local boundary layer thicknesses used for scaling the pressure-fluctuation data were based on measure-
ments of boundary-~layer profiles for all the attachad-flow tect casey and on profiles neasured within the sepacated
flow region on the d = 0.264 m, h = 0.0508 m, 8 =45° model. 'The geparated-flow houndary layer measurements are .
shovn in Fig, 6 to illustrate that the voundary-~layer growth reavward from the separation point was sufficiently linear
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Figure 6. Boundary~layer thickness
: of separated flow,
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squared spestral density scale. This is considered a geed fit of random dynamic Jata obtained on so many different
muodels, and indicates relative independence of the pressure-ituctuatiou characteristica on geometry,
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Figaxe 7. Scaling of pow. . spect.a.

2.2.2 Maoh NMumber Effects of Power Spectrn

‘Tha varistion of power speoctra in attached und separated flows between Mach numvers of 1,6 and 3.5 {8
shown in Pigr, 8, Each of three spectra represents an average of from 10 to 20 gpectra measured on a rigid piate
instatled in tho "panel-response' teat {ixtura in the walls of the Ames 9- by 7-foot SW'T and 8- by 7~foot SWT. These
data form tho basis of the representation of the exchwation spectrum used for panal reaponua ualcuhmons. Note that
the data are no. ’imensionalized hy fre. -stveam veloetty,

Thy power apaotra for attached flow generaily axs very similar for all Mach numbers with the excoption of
a slightly lover measured spectrum ot M = 3. There is & ruasonably «ongistent trend at low reduced frequencies,

£03/U,, £8./U. £8 -x)/U, {6/U, and

to allow a‘simple linear intevpolation of local boundary-
layer thickness, Local boundary-layer thicknesses in
separated flow were therefore egtimated for zll the inodels
from the relationship -6 = 5, + h g - xs)/SB.

T,rical-scaling of spectral measurements
obtained on the different models at M = 2,0 is illustrated
in Fig. 7. The spectrum sclected for each model repre-
sents an approximate mean of from 10 {0 20 measurcments,
and in most of the separated flow cases the mean spectrum
was oltained near the center of the sepa :ted flow region.
The closeness of fit of the spectra scaled by the reduced
frequency parameter £5/U (Fig. 7) illustrates about tha
best attainable collapse of data. Most of the separated
flow results fit withir a factor-nf-two spread on the msan~
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Figure 8. Variation of power spactra with Mach number,

18/Ug .

£6/U, < 0.05, that indicates a reduction in spectrum level with increasmg Mach number. These variations should be
taken lightly, however, because of reduced statistical accuracy of analysia at the lower frequencies. In contrast with
the attached flow case the power spectra measured in the separated flow show a very consistent variation with Mach
number. The spectral leveis decrease with increasing Mach nu:iber at £0/U, < 0.3 and increase with increasing
Mach number nt £6/Uq > 0.3, Thess results illustrate the separstion of frequency regimes at 16/Uy = 0,3, In each
regime the pressure fluctuaticns are dependent upon different phenomena, The surface pressura measurements in the

" lower frequency region are mairly sensitive to the transmitted fluid fluctuations in the turbulent low of the scparated
boandary layer: the radiated energy is negligible. In the nigher frequency region, it is believed that the surface pres~
sure fluctuations are strongly influenced by an eddy Mach wave radiation ghenomens. This phenomena was investigated
by Ffowes-Willinms (ref, 18}, and although his results do not apgly to the study of surface srasgure fluctuations g r*udy
currently in progress by Dr. Richard D. Rechtien of the University of Missouri, Rolla, Missouri, (NASA-Ates Grant)
{ndicates a dependence of these data on Mack wave radiation,

2.3 Spatial Correlation of Pressury Fluctuations

Chyu and Hanly (ref. 4) presented some data ATTAC;‘:%‘ m *m /8t

from this inveatigation that showed the puwer and cross
i —-— 03 00378 SHOWN IN
spectra and space-time correlations of fluctusting pres- —n 05 P 00320 THE FIGURE
sures underlying the supersonic attuched bov ~dary layer ) 2.0
on the 0.254-m diameter ogive cylinder and the separpted \ 40
boundary layer ahead of the 0, C528-m high frustum, . o e »6 254 0036 80
. 50 8.0
Among other things, they investigateu che co~ and quad- B R . 16,0
speciral density and coherence as functions of a wave num-
ber parameter fEl/U (f), Dlustrative coherence functions
ars shown in Fig. 9. The results indicate a similarity
between the coherence measurements in attached and
separated flow at supersonic Mach numbers, but only if
the velocity term is I, (f). The use of convection velocity
. instead of free-stream velocity is necessary, since for
" separated flow, Y (f) varies significantly with frequency,
The general trands of the data are also similar to the
guhbgonic-flow measurements by Bull (ref. 11). It can be
seen thai the envelope of the coherence functions for vari-
ous spatial distances 51/ 6* decreasas oxnonentizily with
increasing frequency, howevar, the envelope unfortunately
represents the coherence only at high frequencies.

Chyu and Au-Yang (ref. 12) used Bull's
coherence data to represent the subsonic attached-
boundary-layer spatial correlation for application to the
response (omputation, The fact that the coherence func- Figure 9, Longitudinal coherence of pressure
tions do not collapsr complioates the vmpirical expression fluctuations.,
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of corzaietim, -and therefore, a different approaca nas snare recentl) bearn m»es&gaied Ar guggested by Rechtien
tha pormalized moduti of 3he cross gpeciral densitles,”™ |&1€, f} iporm’ for availanie or selscted transducer spacings
. have been curve-fitted to the exponentiat funstion ! (£, Sg norm > e by the method of least sguares to obtain a non~
i c‘x.nensional attenuation-coeffictent function odg,£}8." Typical moduli of the cross-speciral densities of the pressure
fluom&ouala sapsmted flow that were used for the evaivation of the atlenusticn coefficient are shown in Fig. 10.
- Figure 11 shaws 1he:attenvation~coefficlent functivn missaured in 3eparated fivav on the 0.254-m diameter
.Aodel with the 9.0508-m high 45° frustum ghoulder to illustrate its effestiveness of describing spatial correlation.
“Th function i shown to be reasenabiy independent of the aumber of moduli, the transducer spacing, or the reference
locatimm iavolrsd in the curve fitting, Thes results indlcatx that the flow is reiatively homogeneous within the limited
“area of the separated flow vegion where the measurements were chtained. It appears that the attenuaticn coefficlentn
decreased slightly at igher freqceucies as the larger transducer spacings were used in the analysis. Ths variationis
considered insignificant, however, in"iight of the state of the art of the strustural part of the problem of predicting
responss t0 random turbulence. Attenuation coefficients cbtained from transducer arrays oyisated longitudinally,
diagonaily, andaateraity to the free-stream flow indicate that ‘ke decay of correlated tivbulence was independent of
orientation at £8/U < 0,08. The nredominant turhlence is thereisrs nonconvective at the lower freguencies, and con=
tours of equal spatial correlation would be circular, At £6/U > (.38 the attenuation coefficients wers progreasively
tower a8 the angularity of the transdicer orientation gmod from latsral to ‘ongitudinal .ndicating oxtended correla~.

tion in the directwvz o; 1sea-stream {low, - _
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_ Figure 11. Attenuation coefficients measured on the
Figure 10, Variation of normalized cross spectra . . 0,284-m diameter model in the region
with longitudinal spacing of transducers of separated flow, i = 0, 0608 m,
in separated flow, ) 0 = 45°. :

"A comparison of longttudinal attenuation coefficient funntions obtained on the different models in separated

flow 18 whown fn Fig. 12 {o ltlusirate the effectiviness of @6 for senling for separated flow, The results indicate that

~the nondimenslonauzed attenuation coeffloients were in velatively good sgreement, showing a total spread hetween all
the curves of genierally 1oss than a factor of two.

Typical longitudinal attenuation coefficients at Mach nu.nbers from 1,6 to 3.5 ara shown in Fig. 18 for both
attached and separated fiow on the wind tunnel walls, As with the epectra (ifig. 8) the separated flow data show & wiore
consistont variation with Maoh number than the attachad flow data, particularly at the lower frequencies. The results
show that the prossure fluctuations in attached flow were most highly oorvelated at £6/Ux w 0. 4; whorens, in separated

_flow the maximum correlation cccurred at the lowest frequencies. The dips In separated flow &8 curves in the fre-
fusnoy range 0. 8 < £6/Us < 1. 8 Indicate incroased correlation that {g believed to result from the Maoh wave radiation
phertomensa digcussad in connection with the observed Mach number effescts on power speotra.
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2.4 Phase Angles of Cross Spectra

The convection of turbulence in attached and
separated boundary layers results in an angle of phase
between spatially correlated componsnts of pressure. Since
this phase acgle can result in matching of panel flexural
waves anc pressure waves and thus cause an enhancement
of responae, it is necessary that it be accounted for in

cgponse computations, Convection of the surface-pressure
fluctuations can be studied directly in terms of convection
velocities or in terms of the phase angles of the cross
spectra. The broadhand convection velocity derived from
space~time correlations is the most convenient description
of convection characteristice for attached flow, but Chyu
and Hanly (ref. 4) showed that it is inappropriate for
separated flow since convection velocities vary with
frequency.

SEPARATELD FLOW

D= Dap  6:90° h=2032m
M 5 m M &m
ro ———— 16 122 . r —— L7 .88 4
———= 20 .85 4
10 [ memeee 25 .85 !
s 7 B
[ReRd L
! C
N (N
o L___L_J.J.AJJJLLM_L_LJJ.LLHL._J_J.LIJJ_LII_,J..L_LJJJJU [ S TETH A U W R NV IS SO OO W T U 11 WO W S SN W' 1
073 1072 07! 10 o w0 10 o 10 10
f3/uq i8/Up

Figure 13, Effect of Mach number on longitudinal attenuvation costficients,

Typical phase angles that resuit from convectiun of the turbulence in separated ilow are shown in Fig. 14.
The data were obtained on the 0,254-m diameter model with axisymmetric flow snd show the effocts of the angular
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Figure 14, Typloal phase angles of cross speotra of
presgure fluctuations underlyling
separated flow,

orientation of a transducer array to the free-stream flow
direction. At low frequencies, f < 300 Hz, the phase angles
wers zoro for all ungular orlentations. A zero phase angle
indicates a zero or infinite speed of convection of the pres-
sure fluctuations hetween two points, as would exist with &
stationary pulsating bubble or for normal incidence of an
acoustic radiation process. The equivalent of the pulsating
bubble could oscur if the turbulence is related to fore-and-
aft osoillutions of the detached shock wuve, The phase~
angie mensuvements generally indicate an absence of lateral
convection in the separated flow over the full range of fre-
quencies investigated. This result was evidenced by the
near zsyo isteral measurements and by the agreement
between longitudinal and diagonal measurements of 8/§
(phase angle per meter of longitudinal component or trans-
ducer spacing).

2.5 Narrow-Band Convection Velocities

When significant phase angles are moesasured,
thay can be converted to convection velocities, as defined
by 360 £(4 /¢), and thus rvevesl tho narrow-band convec-
tion charncteristics of the turbulence, Figure 15 shows that
on the 0, 264-m dlameter model, the convection velooitios
of the prensure {ield In separated flow varied from a mini-
mum of approximately 0,2 U at £6/U =~ 0.8 to a plateau
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Figure 15, Typical narrow-band convection velocities.

was nearly constant,

near 0.8 U at f6/U = 0,8.

The variation of convection

apeed with frequency infers that the predominant turbulence
ax different frequencies between 0,03 < £6/U < 0,8 is gen~-

. erated at different levels of the boundary layer ranging from

slightly above the zero velocity line to the free-shear layer.
Upstream convection was not detected between points within
the separated {low region. The turbulent eddies genaratad
in the reverse flow region apparently contribute little to

the wall-pressure fluctuations,

With the exception of the

low frequency region of £8/U < .08, the convection
velecities were relatively unaffected by transducer spacing

or reference location.

It is also shown that they can be

effectively scaled by the reduced frequency parameter £6/U,

Representative narrow-band convection velocities
in attached and separated flows on the walls of the 9- by 7-foot
SWT and 8~ by 7-foot SWT at the location of the panel response

tast fixture are shown in Fig, 16,

1% can be seen that for

attached flow there was no significant variation in the ratio
of convsction velocity to free-stream velocity

(U, (f)/Us =~ 0, 75) with frequency or Mach number. The
variation of convection velocity with frequency in separated
flow was previously discussed in connection with Fig, 15,
This variation with frequency was relatively unaffected by
Mach number at £6/Ux < 0.6, The platsau values of
nearly constant Uc/Ua, at £6/U, > 1,0, however, varied
inversely with Mach number (with the exception of the M., = 3. 5 data) so that the absolute convection velocity, U,

The convection velocity in this plateau region varied from approximately 354 m/sec (1150 fps)

at Mo = 1.7 to 366 m/sec (1200 fps) at My = 3, 0. The reduced frequencies where the boginning of the plateau occurs
can be identified with changes in the cheracteristics of the power spectra and attenuation coefficients.
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2.6 Representation of Surface~Pressure Fluctuations

10 10™2 0!

10 10

18/Ve

Variation of narrow-band convection velocities with Mach number.

The fundamental information needed to desorihe the excitation of a structure underlying a turbulent flow is

the oross apeotral density of the fluctuating pressures.

In a homogeneous turbulence the oross speotra can be expressed in the form

Sty dp @)
)

where l"g;'
}r

d{‘nutea a8 rollows:

ions.

|ast€,s

|p~(~1u & w)l (]

~xw§1/00

w)| 18 the oross correlation coofficlent beiwesn two points separated by distance El and
Exporimental data have also shown that the correlation coefficient can be separated in gouor-

cz' w)‘ * |p§,(€1.o, w)| IDB’(O’ﬁz’ w)l

)]

in the
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where st 0 ) 2e ) et o 0,8, @) =aml-0,8,].

The convection velocity U, is related to the phase angle ¢ of the cross spectral density of the fluctuating pressure by
U, = 360 £€1/¢. For this investigation, it has been chosen to represent U, interms of ¢ since U, varies significantly
with £ for separated flow and since ¢ = 0%, U, » . It should also be noted that 03/51 is an independent function of f
and 18 therefore not scaled by a reduced frequency paraniter.

To derive expressions that represent the selected functions used to describe the fluctuating pressures in
supersonic attached and separated turbulent boundary layers, the large amount of experimental data previously dis-
" ouseed have been averagsd at each test Mach number (1.6, 2.0, 2.5, 3.0, 3.5) and approximate means of the envelopes
of these deta have besa curve-fitted as shown in Fig. 17. ’
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Figure 17. Representation of surfaco-prossure fluctuations.
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The entpirical formulae that expreas the power spectrum attenuation cosfficients, and phase angles for

attached and separated flows are as follows:
a) For attached flow
Power Spectrum

Gﬁvﬁ/qf, 8 = exp {~12.470 ~ 0. 639x ~ 0, 269x> + 0. 016x° + 0, 017x* + 0. 002"}

Attonuation Coefficients

&15 = axp {0,060 + 0.941x + O, 380)(2 - 0. 028:(3 ~ 0. 020x4 - 0. 002x5}
3 3 4 6
026 = gxp {2,168 + 1.291x + 0,262x" ~ 0,132x ~ 0.043x - 0,0033x"}

Phase Angle

8/6, =59.37 {11614 + 131,99 + 89,892 + 18, 84x° + 2. 44x" + 0. 12x7) deg/m

b) For separated flow .
Power Speoirum

.
(}ﬁ‘,u‘,/qf° 8 ='exp [~8.094 - 1,299x - 0.308x" = 0, 090x" - 0.014x* - 0.001x}

Attanuation Cosfficlents
6 = oxp (1091 + 0,866 + 0. 6455 + 0.2705" + 0. 043¢ + 0.0024")

c:zﬁ = oxp {1,797 + 1,238% + 0. 536:3 + 0, 122x3 + 0. 010x4} '

0/§, = 99,7 (90,54 + 9. 26 ¢ 50,47x” + 16, 00x + 2,52 + 0, 135}
Where for both a) and b) above: x = loge(fﬁfuw)
3, RESPONSE OF FLAT CLAMPED-EDGE PANELS
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It can be shown that for a panel with ola.mped edges zb takes on dlﬁ’erant forms according to whether m {a even-
or odd:

a) ¥ m i8 odd,
P (x)= CcoB Y, (ﬁ--l-)ﬂ( cosh ¥ (ﬂ- --l'> (IS)F
m i m\t 2 m m\L 2 .
A i 1
mY 1 :
where ')fm avre the roots of the equation
Y Y
tan —= ¢ tanh <= 9
and
K
m
b) i m is oven,
X, Xy E ‘
¥ (x)= alny ("‘-»")»&K inh("‘*-’") : ' " {16)
m g m 2 : ) - o
.ﬁ.mﬁ; _i , 4 o
whore Ym are the roots of the equation
¥ Y .
tan--—g-"-rfanh-fg-’wo

By wm.z the orthogonality condition of the moda-ghape function, &h@-normmw:g factors :Am osn bo found to be

- whawo
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Equaticas (12) and (18) togathar give
| WK ©) =) (WIF, (09,10
o

‘tbe displacoment power-spsciral denity 18 related to W, ) by

8,5 w) = Lim 3 *w, *g,w)w & @) , : @
The . o

where W, {8 the truncated Fourler transform of w. Egustions (17), (18), (203, and (21) togethar give the diaplaee-
ment powar spectral densily in the form:
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are the curvatures in Xy and x5 directions. The strain spectrum can be obtained by
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where E, is the truncated Fourier Loiasform of €, in Eq. @7}, and can bo expressed by
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Ae Briatiy dageribed is the xum\&m{m fesia hawe hosn G*"-rﬁhm us spasre the displasement wﬁ strain
1\35"’*%38 of geveral peasls of differest fongthe, widthe, wed Mckiwaden i supsernets sithehed and separited flows
aind 1t ke flow with a shouk wave poaittonsd! oa B2 ganele,  The vesponse testa of e ola! inpui~tespotie invesliga-
o bave daly necsally baot cotepleted asd thavefore the fotlowing resully are somewhat mim!o,ar) All the panale’
imxed ware codstrustod :mgnusum having the foilowing proportien:

© e alriprt

udoasein’® &'..a_s

0« 1789 Kasm®

V0,15

“The hw panels selectod for anclysta had 1be wamwe diminnions with £ » 3.3348 &, £3 ° Q2368 m, ! / L /3, b
3 3 &ﬁerﬂn memm 9 e D GOS8 oot » D, 0235w,

5 wal w:q}at-':} oTior o (e teals that the mmlimm of strady gagos on the pahels vould sffect tho iiff-
. oaee and ayowetey of regponse and Serefore vould colir romisg the esmpsrison beltrteh Messuremnents and compuls-
Hons, Siooe Zivdln B o Loy eloment in fatigus, Bowever, it wae considerad more tmparisat 1o fnvlude the stralp giges -

to verify the sttsin cotgulaticas. I would have boen deiraldo to conducs sefizvite dispicoemont response tasls, bt
Lhie was soonnrdcally impesaticsl.
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3.2.1 Neatemp Damiping

e

in Bq. {(19) &

s

o 16 the ém.bimd foas factor Sor the complite sirucioral wirairedn systerm. ‘The loss fastor

tharefore takes (olo acoount e cifect of hyssaretic damping ar well a@ viscous damping, The latter tnolodes the
{ateration of panel snotlon od the fiow fteli wilkin and culsids the boundary layer, and the effect of acoustical redisiion
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into the interior of the structure (cavity) and into the exterior flow field. Although the development (by Dawell, ref. 17)
of an analytical methed for the determiuation of the asrodynamic damping part of the loss factor is in progress, the
present state of o © requires that v, rmust be estimated from experience or measured experimentally.

The loss factors used for the computations of panel response as presented in this paper have been measured
from the autocorrelations of the reaponse-time histories for the spacific panels of interest. Representative loss-factor
measurements for a 0, 3048-m long, 0.2386-m wide by 0.00235-m thick megnesium parel are shown in Fig. 19 for both

attached and separated flows. The results indicate that only

ATTACHED FLOW SEPARATED FLOW the damping of the first mode is significantly higher than the
1,20.3048m  [z:0.2286m  d=Q.0235M damping of all other modes. The first mode damping was
Gt 21TON/M2 slightly higher in separated flow than in attached flow, but
o MOE fq . all othor modes were rolstively unaffected by the flow condi-
i O 1= 259 i : tion. The effects of Maoh number are not clearly defined
F o 2-t 460 - although it is evident that the effects are not large for tho
00! e 31T . ,o/a\c range of Mach numbers investigated. It is expected that the
i ~ Saadd - damping weuld increase significantly for the attached flow
Ya ok O\/‘\/ 0 : case at 1.6 > M > 1.0. Muhlstein (ref. 18) has shown total-
OcSk ' system-dampiig meagurements in attached flow at Mach
L M : m : numbers hotween 1.1 and 1.4 that decrease a full decade
- - between M« 1.1 and M = 1,4, His results at M = 1.4,
Q-L P " W AT S YO G aithough for a much thinner boundary layer velative to the.
t 2 " 3 4 2 Mg 3 4 panel length, are consfstont with tho reaults in Fig. i8,
© ) .

I-‘!gme 18, Damping of the pael/air-stream aystem

3.2.2 Dnglécemont Rogponsgs
in torms of Joss (uetor. :

fustrative meagurements and computations of
the powar-gpectral densitios of displacement of the
0, 00118-m thick panel are shm-m In Fig. 20 for M, = 2,5, Moasurements are shown for the probe locations indleated
in tho 1aset panel sketches. Corvesponding computations for the same lacations are shown only for the pesk displace-
_ mosts ot messured vesocaunce froguencies. The computor program computos the vomplote apectrurn, but this has baen
omiited to simplify the figures. The rosults show similar tronds betwean attached snd Beparated flows in the regponsg
~ of most modes as a function of frequoncy. The flest mode predwninated the dispincement, as would bu expocted. The
_rofstive displacemonty batweon attached and separated flows are in the gamo proportion ag the tnput apactra (g, 7). -
Thus the spatial correlation difforences hwiween attached apd sopacated flows have only a stbtle influenco ou the
rosponse charattoristies. It was criglnally manned to predent loaghtudingl and latéral accopianves as a function of

{requancy 1o {Hustrate spatinl 'cotrulation 'eﬁw&s. ut these results wore not availablo in time to by uwludw-m thi papse. o

%

'ﬂxs; cemparieon beiwion mansured and mm;am:ﬁ daplasoment seteal dx.msmav. al rosEiane gxrkxsn Blly _
ehvw simiiar tramts with frequaney with the computod dleplacamoenta from about two to ton mes higher than the mess-
dred diaplorements,  Although the comparative Pesalte see omsldored good and within state of ast Tor tandam excitas
tlon and response phenamens, the anxloas wnd ot nistle investigator afways hopes for batter agreement,  The first
Eusplefond ave wiuvally divested to searching foy computational orrors, Io this case the computer prayram and measured
- spattra have bien ropeatedly chacked. A 21 eximple the vomparable nleasured spoctrs have bewn ehinined by fhree
difforsat analyeis systoms (2 digital and | anslog). 12 18 believed that the majer dHlevencer in cumpuiad sud snksored
rosulls sve dus 1o the seeunyitioss in the analytival moethod that the flow feld & uniforsn and homo,;unwum Al pbvisas
 major wouvee of patel rospanse sepmmetsy {8 the loagltudinal progsure variation on the pandl in separaid flaw
{(Fig: 4)).- A mght Jaterat vartation tn otstio pressure was aleo found od e windetuniel wall 4o the reginn of the § pa
" for tha attaehad Tlow cuse. These elicets 2 comawint accounti for, but ved antivrely, by conpaling the vespoase spustes
at tho pesused natural froqeeacien. The effects of the sirain-gaies meunted @ the panol ave alse not scountid lor.

3,43 § “&h Res '*«nm
Ty‘;ﬂee! m;asummmm radd. cfsmw!amae of stealn response rmer speetral donsitioy are shown in Fig. 8

The moet eigotiicant festure of 1he atrains is that the fivet trede 18 not the dominent moste a8 shown 1 the cave for um
displadoment rosponse. This resalt i expocted sinve te atrains avd preportivnal to th local panel curvature asie-
vlated with the toeponse made, In the displacement rospeasy the differetvon batwewn the sttached and separated flow

| ave cofigistent with the differente In tho oxuitatinn specira. Thors is wev aboul the same order #f differescds betweon
corputations sed meadaveints of elra A fow chavacteristics of the spedtra inticate panel distortion and sevimratey
of modes oy diccursed in 3.0.%.  An exampls Iv the swasurement of & ug*siiz;a.u sivain response (or tlsa 1-2 moake at

. the pasel center point which should bo o4 a nodc bine,

3.3 Effest of Flow Flofd on Dusplucoment Responkg

Comparisons of the displactinent reeponsey of twa pancli (d = 0, 0018 m st d = 0, 06235 m), due to the
exlatlons of &ilached and separated and mixod flows at My, » £.5 are shown in Fig. 22, - The rosulty skow that the
responte amplitudes wore approximately the same for both the aeparnied flow and thisad flow cases oven thagh the
exclisition spe tra are aigniticantly diifereat in Gw region of the sheok wave {845, 95 The increate in mixed flow

_spactra 81 |2 o0 Ha o conslatant with the Wighot excitation spuctra at theso low ffoquencion.  §i ia inleresting that
thare waa upparsatly no higher dogres of soushing of the shock seelllations In mixed flow with the pauel recponke than
oveurned in the {ul)y soparaled flow case, For the mised flow case, the shock wavs wan pesitivned seat the conter of
the patale  The axteat of the shook wave osctiiations relative to the pace! length van bo eoen 1 tho longlitudieal dietrs-
bution of the fluctuating prossarce shown (a Fig. 4.

A
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Figuro 0. Power spectral danaities o displacesiat response.

“The vatio betwera the attached flow wind separated [low respnage apoitra are approxtinately the sansg for
both prtw] thickpeseas, se would be expactnd; excepl that &by chovsigised brostoind svede of vidralion sceuriwd &
f o 100 1, o6 the d = 0, 00235 m panel. Slstflcant ditfervates 1 terseant {vajuaacied exh he polud Yor cdch & B
flow casus.  The {requencles nlss do not stale directly with thistness sre with the see scale factre for ail mwsdes for
the two pasef thicknesser, Theke churgelevistion dud by due to sHilness chinges resuiiing font sasymmetrical sl -
" ing or midpiase stresson due 10 therraal effecta, br Bue th chatges In excitation; howevar, the distartion of the masde
shapus by the anayrmmotrival losting oo the panels ds discursed ib 3. 2,2 18 ~onsfdered to be the ol prabadiy vidse,

e iy e

4. CONCLUDING REMARKS ' . E

A largs smount of exparimeatal dath have bees studied 10 detormine Yho charsctaristioe of surfass-povEsute

* fhuctuntions usdetlying supevsonic attached and separated turbulent boawadery lapere [, ~ 1.6 to 8. §).  The most sifve-
tive purametars for making the charsctoristics dimensionless huve teoni pstablished. Ympirical formale Bave kear X
dorived 10 veprescal the neasteady piessure fiolds 1o cach of the flow vegions. A mothod of sruissta of the ammnlitte ;
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Figute 1. Power svevtral deavities of srdes vespoole,

and strate soetieen of Dot clammai-ofge panele bat alte bevn dercvitiod. At Lupperinens bavs besn made butaiin
fespanne RsEurements ol CHmpaiatings o7 pehels wideiring hotl the stiyched e separaiad (o,

The reppite of the premruve-ilue g shiafios haves ohowd Bt the Gubnience Fereratod withis slaihed ar
Sparaiad {fow is velstively honwgenedus <1bogh ot nieusifermitier of the Poctogting prossures have boun i
fid, The stattailesl chavacterioties Mt deneribe (39 sorfads Sscioiling preassres ssn e vifectively seited by the
monbued Trequency patanwlers 37U of (A1, A% aftwmslion-sonificiont herotiony u8 reprervelitg B deeryta
eganastial of (e gialoli of tho crodn spedivs kak baen shomn th be 20 Spprepsisle fonction te deoesids B spatind
correlation of the vastewly Sredpure fiokds,  Qhwerves woagnlarition In the shares &f poiay $peotys sad attorusticg
eesfinsients and codrecting veloctiter = 3 funetion of Iroguency oas by wisrideled 1w charges in e prodoiumant sulisves
of U Hosivating prosamces in dilfarant troquesey moes, ) : ‘ -

The resuids of tha ganel resbotse thadies falioxie that the metind of asalysie posdionr the reiative lovels
o respense of meel medes for aither altacded ar wegorited Jlow, bat geoereily, over - vodicis the thaii-Rpurte sryglie
todes or slraing, 1 is Dofurocd Sial the dafforences Dotwert Commt ationd and R dsy rements reguit prinurity frot
the asanipiion & the anaiyeis that she Orw elds sre waifols = homogesess, whe reas, i 1% experitenta Kigatis
SREY doruntiordh sheady-alite fobding doonteed. The differenoss in pade] Taepanre Detwoen aliathad sad sesaraled
flown ate coveistant with Be appraimate 1Hise dovade vhanie 1 (e Sxpiiniten speima. The responee of patiels ¢ the
wRilaiion o mized fow with sy crcliinting shock wave dar e conter o B patda was oot SRR Icaslye differehi than
B peapune- 10 MEkeated o ovon thoath e sxaitzdion In the TeRion of @ shsl wive dar highor angditide and Siftar-
A fregneagy coutgtnl.  Indinstisng are thal the s%ork avoilisticas did o Topi t assy dagiee with e panel metioes,
The Capieg of prsel~Lirairvam syie®d wad ro atively Ivvariant with Mach sumber 4t conrtant sl sooriape betwees
M= b5 and M » 5.5, The danging of the firm: resnnad mode vaa siwst 35% Kigher fob separates Now 1kan for
alzsdd Jlow, bul othieveise the domping <4 all wades wap sbad e vaine for ehfer ve condition
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ACCURATE FINITE ELEMENT MODELLING OF FLAT AND CURVED STIFFSHED PANELS
by

G.M. Lindberg
Fesearch Officer
National Rese--ch Councll o Canada
Ottawa, Ontacio, Canadua. K1A QR6

SUMMARY N

Three differernt stiffepner models nave been evaluated
for use in studying the dynamics of stiffened plates. The
more exact, 'complete! beam [inite slement seems to work weil,
although the ad-hoc, T-beam approach gives nearly the same
results. Both analyses over predict the predominately stiffener
modes. The 'simple’ beam element underzstimates a number of
frequencles and s>-uld probably not be used. A rectangular
cylindrical shell finite element has been derived and it has
been used to study the dynamlcs of singly cuived stiffened
panels. The major effect of curvature 1s to increase the
lowest frequencies and to broaden the banded nature of the
results. Higher frequencies are little affected by changes in
curvature,
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1.0 INTROCDUCTION

The dynamic analysis of stiffened structures continies to be the subject of
considerable research effort. Many techniques for predicting natu al frequencies and
mode shapes have been fermulated; notably the transfer matrix approach [Ref, 1-3], the
?ave agpro%ch {Ref. 4,5], the "exact" approach {Ref. 6,7)] and the finite element approach

Ref, 8-221]. '

A AT A TS S SR T

The finites element method 1s the mest general approach, since there are no
restrictions on sha,e or boundary conditions. The accuracy of the method depends upor
the precision of the elements adopted and upon the number of elements used; these scurces
of error are well understood and there are adequate guidelines available to ensure
accurate solutions. Clear guldelines do not exist however for choosing the type of
stiffener element to be utilized and, more importantly, " le method to be employed for
linking the stiffener elements to the plate elements., This paper investigates various
stiffener models .d assesses their relative merits. As well, the effects of curvature
on- stiffened plate vibrations 1s briefly explored,

2,0 FINITS ELEMENT MODELLING OF STIFFENED PLATES

2.1 Literacure Review

Lindberg and Olson [8] carried out one of the earliest stiffened plate finite
element dynamic analyses. They used non-conforming plate elements, assumed there was no
stiffener bending and used a simple torsional beam element with warping accounted for
approximately., All in-plane motion was neglected.

More recently, Yurkovich et al. [9] employed a non-conforming, non-converging
triangular plate bending element tegether with a beam eiement that included bending torsion
and warping e¢ffects., They concluded that warping has a significant effect on frequencies
when open section stiffeners are used, Rudder [10] has carried out a detailed analysis of
a generai, thin-walled, open-section st:iffener element including &ll bending, torsion and
warping effects, Thias stiffener is linked to a modifled conforming plate element.
Unfortunately, all in-plane motion is neglected, so the in-plane displacements of the beam
along the connect line are constrained to be zero,

Olson and Lindberg [11~-13] have made a second study of a 5-bay stiffened panel.
They used high-precision, conforming, triangular plate elenents and accounted for beam
bending in two directions plus beam torsion. They neglected beam warping, since thelir
stiffener cross-section was solid and rectangular, In-plane motions were again neglected.
Olson and Hazell [14] found that this analysis was not sultable for all stiffened plates,
since the stiffener bendlng did not account for the added stiffness of the plate material
adjacent to the stiffeners, This effect was accounted for in an ad-hoc manner, following
Timoshenko and Goodier [15], by calculating the beam bending moment of inertia for an
equivalent T-beam.

In all the above, in-plane disnlacements have beenr neglected, even t° gh the
eccentiric stiffeners provide coupling between in-plane and out-of-plane displaccments, For
static solutions of stiffened plates [16+22], where soiutions are much less costly, the
in-plane stiffness of the plate is generally included, Stiffener finite elements have been
obtalned in two ways; firstly, by defining the beam stiffness matrix about 1ts centroid
and then shifting the axis to the connect line via a transformation [21] or secondly, by
defining the strain energy of the beam element with respect to the connect line.
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“bending rart of the element stiffness matrix is

-defined spproximately [24] as
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2.2 Models Employed in Thls Study

Three finite elemsnt wodels are considered in

this paper, the 'simple® model
proposed by

Olsen ard Lindperg, [1i-13%] the ag~hoc, T-beom approach used by Olsor: and
Hazell [34] and a new ‘complete! approach developed herein. A1l thres models employ
restangular conforming finite elements to model the plate portilens of the structure.
These elements 23] &re based upon an out-of-prlane displacement function containing a
complete quarsic polynomial plus higher order terms and in-~plane displacemsnt funciions
containing complete zuble pelynomiais plus higher order terms. The generalized coordinates
for each clemesnt. are the normal displacemant, its two first derivatives plus its three
second derivatives at each corner plus the two in-plane displacements and their two first
derivatives at each coraer .for a total of 48 degrees cof freedom. A sultakie equuting of
generalized coordinates at adjzcent element miodes provides continuity of displacements
-and normal slope between the elements, When in-plane motior 1Is nzgiected, only the

used. These elements are fully compatible
with the triangular elements used earifer, [il-1i],

The *simple’ bean element model ol Clson and Lindberg is depicted in Fig. 1 where
the coordinate system is defined through the centroid of the rectangular stiffener, The
normal displacement is taken as a2 quintic polynomial and the rotation is assumed to be
cubic to permit the beam and plate finite eiements to be linked together in a conforming
Tashion. In-plane displacements are neglected. The generalized cocrdinates used at each
end are .the deflection and its firs: two derivatives in the direction 0f the beam plus the
rotation and i+ first derivative. Equating these variables with the corresponding ones
on an adjscent piate element provides continulty of bending -deflections everywhere between
the two elements. The strain energy expression for the beam element is

. (E 3 BT 42 [z
. XX 2 6J 2 zz' 2
L= ] + ~e dy + -
2 Yy j by W] by W @
o o )

where Iyxy = bh3/12, is the bending inertia about the X=X axis, J is the torsion constant,

ab3

u .
€4b Th ¢
i J = -—3-— - ‘—“—5—- tanh 5 {2)

for & beam of rectangular cross-section and Igg = hb3/12 the area moment of inertia shout
the z-z axis..

The kinetlc energy is simply

PR oI Wl X
_ pbhw 2 [¢] 2
T-%—JW*“’T—]“Y
o o
where Igo = bh(b2+4h2)/12 is the rotational moment of inertia about the point 0 in Fig. 1.

The strain energy of warping 1s neglected but could easlly be incorporated by -adding to
©
Egq. (1).

(3}

L
EC r
_- W3 2 .
Uwarp T T2 J ¢yy dy )
0

where Cys is the warping constant,

This model has two major defects; firstly in-plane motions are neglected and
secondiy the out-of-plane stiffness of the beam will inevitably be underestimated.

Olson and Hazell [1"] modified this model by choosing an ad-hoe bending stiff-
ness for the beam and attached plate, following Ref. {15]. This approach defines the
effective bending moment of inertia of the stiffener as that of a T-beam where the arms
of the T are portions of the adjacent plates, some 9% of the stiffener length in width.
This ad-hoc bending stiffness was used as Ixx in Eq., (1).

The third model considered in this paper includes the effects of the in~piane
moticns and the subsequent coupling between axial, bending and rotational displacements
in the beam. Consiuer the beam shown in Fig. 2, where the coordinate system passes through
the connection point at the top of the beam. To mateh the cubic In~plane displacements
and rotation, and the quintic out-of-plane displacement of the plate element, w 18 chosen
to be a quintic polynomial, while u, v and ¢ are chosen to be cubic. Then the strain
enargy expression for the element becomes

I 2 2 2 ] BI 2
XX0 2 EAh EA 2 aJ 2 oy 2
U= — - S dy + = + o dy + ;
J 7 J wyy dy 5 f vywyy y = f vy dy 5 ! ¢ y - f uyy dy
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where Ixyxo = bh3/3 is the bending moment ¢f inertia aboat the connection line and A is
the cross-sectional area of the stiffener., 1f all in-plane moicents of inertia are to be
neglected {to reduce the subsequent eigenvalue problem size), the kinetlc energy remains
that of E,. {3). The above derivation holds only for symmetrical stiffeners; in general
there would be complete coupling between u; v, w and ¢.

The beam and plate elements of all three models are linke¢ . similar fashien.
Care is taken to ensure continuity between elements s¢ that a conferming finite element
model 1s obtained. The finite width of the stiffener is also accounted for. Complete
details of linkage may be found in-Ref, [11-13].

In all cases studled herein, in-plane lnertlas are neglected, This permits a
reduction of eigenvalue problem size by the use of matrix partitioning without the
introduction of any further approximavion.

3.0 FLAT PLATE EXAMPLE PROBLEM

The flat, five-bay stiffened panel shown in Fig. 3 was analyzed using ail three
models. This is the same panel previously studied by Olson and Lindberg [11-13] and good
experime~tal results are available. Only one quarter of the plate had to be analyzed since
the tot: »oblem was broken down into four sub-~problems by invoking the double symmetry
of the p. em, The finite element grid used in thils analysis 1is also shown in Fig. 3.

The prope. .es of the plate are as follows:

L= 21", W=286",t=0,050", b =0.,25", h = 0,50",
E = 107 psi, p = 3.000262 1b sec/inf, v = 0.3.°

The frequency re "3 of this enalysis are given in Table I, together with the
theoretical and analytical results of Bef, [11~13]. For the ‘'simple' model, the results
of this analyslis and that cf Ref. [11~131 are very cloze. The results found using tri-
angular plate bending elements are slightly hkigher than those found using rectangular
plate bending elements since rectangular elements$ impose fewer constraints on total
energy.

The results found using the 'simple' representation are qulte good, although
there is a tendency for the predicted frequency bands to be smaller than the experimentally
found ones. As well, severa! modes are under predicted, contrary to the expected over
prediction of a conforming model. This is especially true for the predominantly stiffener
bending modes 11-14 and confirms that the bending stiffness cf this model is under-
estimated,

The results of the T-Leam, ad-hoc model and the ‘'complete' model are remarkably
close to each other. In general, the results using these models are slightly higher than
those found using the ’simple' model and the width of each band of frequencies is some-
what larger., Hence they are closer to the experimental results, For the predominately
stiftener bending modes 11-14 (and to a lesser extent for modes such as 20~24 with a fair
amount of predicted stiffener bending), the 'complete' model over predicts the frequenciles
(w.r.v. experimental results) by approximately 153%. The reason for such large differences,
as explained in Section 3.1, 1s that the experimental boundary conditions are not
completely rigld and the beam element used in the ~-omplete! model 1is very sensitive to
small variations in the rotational restraint of the boundary condition.

The first few mode shupes found with the 'simple' representation and the
teomplete' model are given in iig., 4, The mode shapes predicted with the 'complete'! model
are much more realistic than Lhose of the 'simple' model, confirming that the 'complete!
model works well, The mode shapes ound using the ad-hoc¢ model are similar to those

found using the 'complete'! ~i.uel.

3.1 Effect of Rotational Restraint on Beam Stiffeners

It 1s Impossible to construct an infinitely rigid clamped boundary condition
because of the finlte modulus of elasticity of any clamping material, The effect of this
finite modulus has been studied by Lindberg [25] and by Matusz et al. [26]. The rotational
edge constraint for s beam may be expréssed in non-dimensional form as

M=%5e (6)
L

and Matusz et al. have shown that § = 2,262 L2/bh far a half plane support and £ = 1.579
I,2/bnh for a quarter plane support., As well, they have shown that a finlte support must

be at least five times the depth of the beam or plate boefore it can he considered
tinfinite'. Luindberg has found a similygr result for the rctational restraint of a halfl
plane and also indicates that 2 typilcal experimental value for this rotatlonal restraint
i3 1/2 to 1/3 of the theoret ' :al value, Typically this finite rotaticnal restraint causes
a reduction in natural frequ.ncies of some l-4%,

To establish the effect of boundary conditions for this particular cas~, the
dynamics of a stringer alone witn varylng rotaticnal end constraints was studled, using
both *simple', uncoupled beam elements and 'complete', coupled beam elements, Four
finite elements were used to model the beam and the first uvwo vertical bending and two
lateral bending modes are presented in Fiz 5, For clamped boundary conditions, (§+«)
the two sets of natural frequencles are nearly the same (except for the second lateral
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bending mode)}. The *simply supported' houndary conditions (in the vertical directicn)
differ hoviever, so a differsnce in the vertical bending frequenales predicted by the two
models is fecund.

Most interestingly, however, the "complete' model is much more sensitive to a
silght reduction in the vertical rotational restraint at the boundaries than the simple
andel, For example, for £ = 1160, the theoretical limit of Eq. (6}, the vertical bending
fregueityies predicted by the 'simple® model have dropped an expected 0.7% but the
frequsnsies predicted by the ‘complete! model have dropped 2.6%. For a value of & = 400,
a realldsilc sxperimental value [25], the frequencies prediected by the ‘'simple' model are

k4

lower by 2% while those predicted by the 'complete! model are 7.

The boundary of the experimental model is quite massive, but it 1is still only
1" thick by 4" wide. Since the stiffeners are 0.5" deep, it is clear that the experimental
boundary condition does not approach the theoretical best 1imit, It 1s for this reason
that the finite element results of the ‘complete! model (Table I) are considerably higher
than the experimental results for the predominately stiffener modes.

k,0 ANALYSIS OF CURVED STIFFENED PLATES

Many stiffened alrcraft structures are curved in one direction. At present, the
only analysis methods avallable are the transfer matrix approach [1,27] and finite element
methods, The transfer matrix method is quite cumbersome and only limited results have
been presented.

For this study the flat plate element used herein is converted into a rectangular
¢ylindrical shell finite element following tk» theory of Ref, [27]. This element remains
. compatitle with the triangular element of Ref. [27]. The fcomplete! stiffener model '
derivea in Section 2 1s used to model stiffeners placed along the generators of a
cylindrical shell., The analysis of a stiffened cylindrical shell then proceeds following
Section 2, with one modification made before linking beam and shell elenents together,
© The x-component of the rotation vector of the shell is defined as -wy + u/R while it is
simply -¢ or -wy for the beam, Hence a simple transformatlon must be applied to transform
the local degrees of freedom of the beam element to match those of the shell element,
This transformation 1s not given here but is similar to that used in Ref. [28].

4,1 Curved Models Studied

The geometry of the five-bay panel of Section 3 was selected for study with two
different radii of curvature, R = 40" and R = 20", A finite element grid similar to that
for Section 2 was used and full use of symmetry was made, Agsin in-plane inertia was
neglected so that matrix partitioning could be used to reduce eigenvalue problem sizes.

The frequency results for these two cases are given in Table II and partially
plotted in Fig. 6. As expected, the addition of the curvature affects only the lowest
modes, Many of the higher modes, especially the stiffener modes remain virtually unchanged.
However, since the lowes® modes tend to be the most critical ones, it 1s significant that
the banded nature of the frequencles tends to brecaden as the radius of curvature is
~ decreased, The first few mode shapes for these curved models are plotted in Fie. 4, There

is 1little change in these mode shapes, even though the natural frequencies have risen
significantly.

4,2 Comparison with Data Sheets

The AGARD Acoustic Fatigue wvata Shects [29] give methods for estimating the
natural frequencies of both flat periodic skin-stringer structures and simple singly-
curved plates. The predictions for the three plates studied herein are also given in
Table I, It 1s interesting to see that the finite element results are generally bracketed
by the data sheet results,

5,0 CONCLUDING REMARKS

Three different stiffener models have been evaluated for use in studying the
dynamics of stiffened plates. The more exact, ‘complete! beam finite element seems to
work well, although the ad-hoc, T-beam approach gives nearly the same results, Both
analyses over predict the predominately stiffener modes, The mode shapes predicted by
these 1 wo models are more realistic than those predicted by the ‘'simple' beam element,
The 'simple' beam element also undereatimates a number of frequencies and should probably
not be v -ed,

A rectangular cylindrical shiell finite element has been derived and it has been
used to study the dynamics of singly curved stiffened panels, The major effect of
curvature is to increase tie lowest frequencies and to broaden the banded nature of the
results. Higher frequencies are little affected by changes in curvature. Curvature
appears to have little effect on the mode shapes.
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TABLE I: Comparison of Frequencies for Flat Five-Bay Panel :
M ;;_' )
Symmetry Experiment Theory 'Simple?! Ad-Hoe *Complete! £
Mode - X y (Hz) (Hz) Theory T-Beam Theory e,
(Hz) (Hz) (Hz) fjﬁ'
1 1 :
1 S S 609 623.50 616.9 620.,2 620.0
2 A S 634 630,98 626.2 639.1 640.0
3 S S 651 638.65 636.0 663.2 665,9
4 A S 669 673.78 670.7 689.2 691.8
5 S S 682 673.79 670.7 691.6 695.4
1 2
6 S A 897 915,47 905.8 906.3 906.1
7 A A 910 920.53 911.h4 913.3 913.2
8 N A 917 926,71 918.4 922.2 922.3
9 A A 928 935,04 926.8 930.2 230.3
10 -S A glis 935.35 927.3 931.7 932.0
1 Stiffener Bending
11 A S 1175 1160.8 1156.0 1445,6 1497.7
12 S S 1245 1210.5 1203.8 1467.6 1508,2
13 A s 1330 1288.4 1276.6 1503.2 1522.0
14 K] S 1429 1394.6 1388.9 1622.6 1651.3
1 3
15 3 S 1324 1329.3 1303.9 1303.8 1303,7
16 S s 1333 1332,5 1306.8 1310.6 1310,8
17 A S 1345 1333.0 1308.6 1306.8 1306.8 °
18 S S 1350 1338,2 1313.3 '1315.,0 1315.2
19 A 3 1375 1340.8 1319.6 - 1314.2 1314.4
2 1
20 A S 1604 1606.6 1782.7 1628.9 1651.5
21 S S 1674 1748.5 1725.0 1909.5 1698,9
22 A 3 1982 1924,3 1897.6 2050.2  2114.5
23 S S 2185 2107.7 2075.7 2218.7 2270, 4
24 A S 2353 2258.6 2220.1 2370.,0 - 2813.7
1 4
25 S A 1909 1913,1 1878.5 1878.,6 1878.4
26 A A 1923 1914,3 1880.4 1880.7 1880.6
27 S A 1940 191%.6 1882.7 1883.4 1383.4
28 A A 1968 1917.5 1885,0 1885,7 1885,7
29 S A 1985 1917.6 1885.3 1886,3 1886.3
2 2 ’ '
30 A A 1968 2102.6 1999.9 2006.,1 2005,5
31 S A 1092 2104.0 2004,2 2027,0 2027.3
32 A A 2020 2105.3 2008. 4 2053,0 2054,6
33 S A 2034 2173.9 2060,7 2083.7 2085,1
3 A A

2055 2173.9 2060.7 | 2085,6 - 2087.4
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TABLE II: Curvature Effects Upon Frequences of Five-Bay Stiffened Panels
FINITE ELEMENT RESULTS DATA SHEET RESULTS
Single Panel Bounds
Flat Stiffened Flat
Symmetry Plate R = 4o" R = 20" Flat Plate R = 40" R = 20"
Mode x y (Hz) (Hz) (Hz) Plate (iiz) (Ha) (Hz) (Hz) 3
1 1
1 S S 620.1  666.,0 781.9 590 Simply Supported
2 A S 640.1 707,6 868.7 620 363 430 510
3 S S 665.9 782.5 1034.5 660 Clamped
i A S 691.9 900.0 1292.3 6390 725 1060 1530
5 S S 695.4 986.8 1486.0 700
1 2
6 S A 906.,1 1007.1 1254,7 750
1 A A 913.2 1040.4  1337.6 770 Simply Supported
8 S A 922.4 1089.6 1460,5 810 580 770 1020
9 A A 930.4 1138.3 1585.1 840 Clamped
10 S A 932.0 1158.2 1637.9 850 9L0 1260 . 1680
i Stiffener Bending
11 A S 1497.7 1487.6 1501,%
12 S S 1508.2 1507.0  1537.9
13 A S 1522,0 1528.8 1582.,0
14 S S 1651.3 1657.6 1700.1
1 3
15 S 8 1303.7 1424.,3 1732,1
16 A S 1306.8 1441.8 1778.5 . Simply Supported
17 S S  1310,8 1464.8 1839.6 943 1220 1520
18 A S 131t.4 1485.0 1895.3 (lamped
19 S S 131%.2 1492.8 1916.0 1320 1640 2020
2 1
20 A S 1851.5 1655,0 1676.8 1580 : - o
21 S S 1998.9 2004.8 2066 .4 1670 Simply Supported -
22 A S 2114,5 2116.4 2137.6 1780 - 1230 1360 1360
23 3 S 2270.4 2273.3 2292.7 _ 1870 Clamped -
24 A S 2413.7 2425.9 2451.7 © 18910 1890 2040 - 2070
1 4 ; ) :
25 S A 1878.4 2001.9 2329.1 ) S . : -
26 A A 1880,6 2012,9 2361.9 . . Simply Supported .~
27 8 A 1883.4 2026.5 2ho02.5 o 1450 1780 2030
28 A . A 1885,7 2037.5  2435.8 ] © Clamped )
29- 3 A 1886.3 - 2041.3  2448.1 : 1870 2870 3130
, 2 2 : N : ' o
30 A A 2005.5 . 2022.8 2074.8 1910 ] o ) S
31 8 A 2027.3 2049,3 2118.¢ . 2000 Simply Supported
32 A - A 2054.,6 2078.2 154, 7 2100 1450 1610 L1670 .
33 S A 2085.2 2110.4  2188.% 2190 a Clamped =~ - =
34 A A 2087.4 2112.3 2190.5 2220 - 2100 2280' . 2350
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HESPUNSE AND FATICUE CHAKACIBHISTICS CF
LIGHT ALLOY MACHINED PLANK STRUCTUKES

by

D,C.G, Baton
Head of Structursl Acoustics Troup
British Airoraft Corporation, Ltd,,
Camexvial Aircraft Division
Pilton House
Bristol BS99 74R,
England

SUMMARY

Light .,m«, integrally machined pl.. ks as 'sed in current aircrarft practice usually exnibit
different vibravion chamoteriatics comr red v h those of equivalent fabricated ‘uonventiocnal!
struaturea, Theie features are reviewed together with the reluisd acoustio fatigue implications,

. Rethods of prvdicting dyramic stresses are . wsideicd and conparisons made with practical results,
Save aspscis of the fatigus bshaviour particular’'y related o maohimed siyuctures as devived fran
coupon and aiven teats are cullined, . :

4 current rassarch progresme which o alred et providing luformai ton for the formulation of
design guides i dederibed, : )

Poesible prodless asecolatad with noise dnduced orack propagation in wavhinad plank structures are

INDRERRETI N

) Light =llyy sechined planks are uow used extonsivaly in sircryaft conatrustion and freguently
replace the more oventivhal febvicated ativglurvy wndch conadad of rulled o ertruded steingera
plvated %W witne, Applications are to be fourd . Puselage, Tin, tailplane pod wing constfustion,
hilat the Qroenda behaviour of tha fabrioaled etnuedure 3o in peners) teres well koowsy, and thove ia

- axtanpive longervicw saporiencs 9F (he etaustif Paligue bedaviony, the sorverponling data for aashined

plask Forzels ds raddwr sparwe, Apurt froz ad hoo Iaborstory fovestigations Ry atrvreft siswlaclurers
covparatively Little systematic siudy hka 5o Par boen attesnled, OF thia, w0k of i Imgtitaie of
Sound and Wilretioo Hosesvoh Bu the peosd noleworthy (e, g, wefevencas 1,7) which kag cossentyated on
ertlade of respooen ptleration for exiating wtructusie, Becently, work Hpy coowsnied on sove delail~d
aliriies of W sesponze and falimse Dalevicar with o *iew o previding deatg: yuldes for the beelc
stanciure nd sothade of resfamas eupprearing {refererce 3},

AD eRtePt S wade here 2 hylefly meview the ;;A*eelitzﬂ efpecty and the vericus laveatigeilions
trat have oF are laking place, Comaideratisn i skeo given to ectiods of strevs preddotion for use
at the dealgn alage, fnciudlag e deportency of submtructuere dealgn, :

The gotentinl o pallistive wethola for ENLing structures is Tapiored frwivdisg the uwoe of
damging treatimnts and interssdiate Trasen,

The influecze of looked 58 ostreases and other related Teatures o the §itge Felaviowy ie
s idered 16 W Mgt of variogs teat Fladinge. )

Firally, notae Jonage sapacts of “sefe-life” ard *Coli-eafe® yphillosdsdy are briefly reviewsd and’
A urrent sivigrume S8 work £ expiore thie aree s cutlined, ’ ’ .

2.0 UOE PAOTICAL CONSIINRATIONS ARD THELR INFLUERCE ON DHE DANAWID AND FATISE BRMAVIOW:

Due 0 WOl protiams sl Seilitien esscoisted ®ith e derlgn and cesafacture of machined plaske
e dyapie dehgvioar can JANPer mariedly Crox wat af 1ts Cabricated countespart, Yor ansupln, the
sbaence of stoinger “feed™ for riveting paiptses perdls closer pitehing of the Integrel atringers,
From eachining aspacts it i shbvicasly slapier to ging-will & sooth welanding leg ratder than
intrxduce & Wbl or snpied toan ae wuld s Found §5 e extnuded or relled wereicn (Figure ),
Thie vrepulss i stvingers vith covperiiively 2ow Pleaured end torsionc) stiffmestes, &8 a veeilt ihe
sachined stiffecers no looger aS? a8 *nolis® (o the Daporuant nodes of vilreflon, the plavk tenxing i
bebare ae an oridotyepic puste {cgave 1), Io these clromsiances sitcssen i the atifdenss
aztrexitisg can e of & alniiar sugritede 0 thode (o e silt nooval o the etri<ger e300 {the usual
Teilure location in fobirioatad strvotuve), ‘

ds 2 Tesull orecke can Initiate at e striiger free e3ge sudseguantly apresding dows isto the
shin, This e odvicuely of rotantia) Lmnsrtance in arest of Mgh noise envircrpaat., The ciamples in
iYguren 2 and 3 an Serived froe tests {#afvsences 4,5) serve t5 f1lustrete this,

X simllst scurce of fatipoe ems found whwon sitespting to uss o machised plark confijuration In the
desizn of Ightly slatioslly lowied contend surfece akins, This introduced & satrix of adalloe
stiffaning 10 the “waflle ;late® derlpn flbastrated in Fisuee & (vefersnce 5}, Agein, “erthotrepic
Tlate® vitrstion tatfifaled gfrovavore feilures s8 40 Tras elpen of Ve at&TCensra, Ofaflar falil ves

i
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have been experienced in aircraft usage (fairings) whers shallow integral stiffening has effectively
been introduced by chemically etching pochets in thick sking,

0f course the sdvent of nunerically controlled tape machinine lessens the practical problem of
introducing bulbed stiffeners, If sufficiently enhanced stiff'ening is realised tren the ical
behaviour will revert tc the type observed with fabricated contfigurations (e,g, reference 6), Howevsr,
the demping of an integrally machined structure is low due to the few attachments rejuired, and skin
and substructure response mey still be substantiel, In practice there may also be other reasons for
avoiding enhanced siifaning, For example, if a doudbly curved panel is rejquired, sizeable forming
stresaes are likely to ‘e ipcurred, Such foming stresses can produce a sericus reduction in the
fatigue life, This is dealt with in section 3,3.

3. THE EVOLUTIOH OF STRUCTURAL DESIGN GUIDES

3,1 GEIERAL B ULREMENTS, As with most accustic fati,- - oblems a detailed analysis of the
structural dynamics end fatigue behaviour involves a lergc ..amber of parameters, A thorough analytical
soluticn is therefore intractable, For example, there are the usual evaluation difficultias z-~ociated
with the determination of modsl characteristics, joint acceptance properties and fatigue lives,

In order to produce design guides one needs to establish 2 simplest model, which will provide
ssessments of dynamic stress and stresa reversal accumulation to appropriate engineering accuracy, and
compile reliable fatigue data. In the following ssctions these requirements are reviewed and the topics
of a detailed study, which is currsnily in progress, are highlighted,

3.2 DYNAMIC STHESS FPREDICTION, Ai. suggested in figurs 1, the response is likely o be multimodal,
Attempts have and are being made to produce theoretical models which will describe this behaviour, in
particular, using transfer matrix and finite element methods (e.g. references 1,3.7)., Currently such
methods consider the dynamic properties of the plank alone, its peripliery being restrained from vertical
movement, Such approaches have obvious limitations a3 an easy design aid end there are the latent
hazards of ill canditioning, computer storage overflow, etc, when marked changes in configuration are
considered, In parallel with theee studies attempts continue with simpler configurations which it is

R hoped may provide workable models, I¢ is with these this review providus sxamples,

The simplest is a single degree of frewdom configuration as suggested by Clarkson for flat planks
(reference 8§ and further stud’ d by Arcas {reference 9), Here a kayleigh-Ritz approach is adopted and
useé to examine the behaviour of a single skinestiffener bay, The assumed mode shape represents the
dsformation under a uniform pressure loading.

A similar approach has been used to examine a sorresponding configuration having shallow curvature
(reference 3), Ivief details of the theoretical model are indicated in figure 5, Cumparisons have been
made with experimental data derived fram siren and jet noise response tasts carried out with a doubly
curved panel (the curvature was slight in the stiffener direction), The specimen was a multiple skin-
stiffener~-{reme ocombination, Its dimensions varied and & typical range is quoted in figure 2, In
uddition, at one stage of the testing, the frame pitch was lislved by the incorporation of intermediate
frames (giving effectively en eleven inch pitch),

Initial application of the curved model with ejther aimply supported or fully fixed boundaries at
the {rame locations did not produce satlsfastory results particularly as the trend was contrary to )
expsctations when the frame pitoh was incressed (figure 6), It was fell that due to curvaturs sffects
associated with over predeminance of the pansl "bre~thing mode" the plate eige reatraint av the
stiffener boundary was more pronounced than would occur in a typical nulti-bay configuration (fipurs 5),
As 8 result, Walker (reference 3) carried out an examination of the flesural mode of an eight bay system
using a transfer mairix analysis which appears to confirw this hypotheais, The effect of frame bay
variation on the modal freguenoy in both instances is shown in figure 7, Since the ‘error' was
associated only with radius temms in the strain energy expression attempts were made to vary this
paxameter and the vesult is also shown in figure 7, Por the stiffener bay configuration coneidered, an
‘effective radius' could in fact be ertablished,

The results of using this effective radius to determine the dynamic siress are presented in
figure 8, It 1s immediately apparent that a more realistic assmesmment of tho stress is now realised as
the frame pitoh is increassed, The predictions of the refined meihod have again besn compared with the
tost data, In this instawse a mewn of the simply supported and full, fixed mode stress predictions
have beo:s used in the conparison which is shown in figure 9. It is evident .chat an enhanced correlation
has been realised whish iz in faot comparuble with these obtained Ffor other forms of structure by
Clarkaon and Avcas, This is demonstrated by the statistiocsl assessment given in figure 10 which
follows the rperoach suggested by Arcas in reference v, Probability distributions based on an assumed
normgl density are .ompared,

A number of additional foatures are o, possible interest in assess‘ny the adequacy of the model of
the ourved oont'iguration:

On averags, stitfoner stresses were overevtimated by 65% betwsen frames and underestimated by 4Ok
in the oini y of fre s,

Skan airesses were undsrestimated by 25% betweun frames, this figure inoreased to 964 adjacent to
’ frames,

It sooms likely that streeses ad - ~ent to frames a:s influenced by frame flexure,

Using %he wredominant frequency obuervad in the messurements rather than the predicted f'reuenoy
wa3 found to have little eftect o ¢he corvelation, -




73

Th~ %eat panel was to scme extent lacking in symsetiy (a feature not uncommon in aircraf.
construction), This may have tended to break up ths modal patiern of the type shown in figure 1, For
structures of a fully repetitive nature a las? encouraging result might bs obtained,

. These initial findings auggest that e single degree of freedan model can be used for stress

prediction in a design anaiysis for a limited range of structural dimensions, It seems lik»ly that -
modificationa to the modes may be rejuired for difterent regimes of the structurel parsmeters,

Cbviously corrolation with test data for a wider runge of structural parameters is required (ese

section 3.4},

A e e dame e e

AT L YT IS TIAL, CVOSNAR I SO

Nene of the approaches considered pexmits examination of the influence of the oub stswodure sn any
datadl, Examples of the importance of this aspect sxe to be fuund in references 10 and 11, In
. refer<nce 10 Abrahamson and Olarkson have exemined the coupled rdv and plask vibration of “box structurea,

runy, r A

Limited teat evidence muggests that tlures mey be strumger coupled frams and stiffened skia
vibrations with machined plank formats than occurs with corresponding conventional constructions, In
order to exsmine theoreticelly the importarcs of i‘rame vibratisg, inveatizations have commsuced where ths
machined plank is treated as an orthotropic plete {refervence 3), This sssumption is basad oa the plato~
- 1iks behaviour described earlier, The coarsening 2f the plank s’:esser}.ption permits a more detailed
exrpdnasion of the frame behavicur in 2 Rayleigh-Ritz analysis, It has the further sdveatage that, ir. a
nuniber of cases under consideraticn, noee of the joint aoourzwance propertion may be evaluated Iram-
programmes alreedy available, for cylindc‘ and plxee xmans,, -
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A perticulsr example is»- briefly conaidered in seation k, It ig intended o axtend this approach to .
a more general consideraticn of the iwufiuence of frame design.

3.3 PFATIGUE DaTA, A ceriain amcuat of fatigue date kes been campiled frem ad hoc sirsm tesis and -
~oupon tests in which the specimens are subjected to nairow band los.ding provided by «lectro mechanieal -
vitration exciters. These coupons have been of iwo types as shown in Pigure 11, They are subjected to
zero moan stress {except for sny locked-in stresses associated with the manui‘acturing px‘o»aba} ALl the
quo"ed information has been derived f‘or type Rk 58 xa erial

These investigations have established tsm tentative bounding curves (1igum 12), "re uppsr hound,
ia for structural regicns having no stress concenirat’ -nm, The iower bound ia Cor st-motures wontaining
substantial locked in uiresses incurred during the f‘oming progess, Tha wffects o trese can usually be
reduced by looal shot peening or stress reileving, It is thobght ihat results for configii.tions
containing stress concentrations (a g. riveted io‘nts) should lie nearer t5 the upper tound,

FUAMOOLL fmb a7 NEHSUPIONT 1 AT L SoAL

(oS

- 1t is-apparent from these curves that, if by caretul desirn and manufactire undué atress
‘concentrations are avoxded +this fype of LOﬂStmOthﬂ ~An ntrstund higher dyns.mic stresses then its
fabricated counterpaxt (e.g. an allowsble threahold stress might be 3,000 Lh/ms T8, a8 a.gainst
2,000 Ly/ins® in conventional stmcturea)

TR A Y ST Asee

3.4 ASSOSSNLNT OF KESPONSE AND FATISUE P~EDICTIONS IJ:,ADI\G T0 SThUCEW.AL L‘hbl(‘lv GUIDES. Ip order to

NP A RO, FHAR M £ PR, Ereimarog o s an e %0 s o

1 provide more general data on the response and futigue bebaviour of machined planks a munber of tesy
; panels have been febrioated containing a rarnge of structural dimensions, By tte use of typioal sircraft
3 strusturel atability oriteria s set of panels has bean eviged which In the wwin are repressntative of
configurations found in practice, By subsaguently incovecrating intermediate frases on certain
apecimens it han been pussible to further extend the range of the parameters to prox 'iclcs further
information for asaessments of the damamio behaviour,
Thene maneis whion are currently 1 ‘e teet are listed in the table beluw, Kach panel hus sesen .
skin-atif'venos -bays, two basic framcv and pex lpnez‘al. aupporting f‘ramfm. 'l‘hay are constructed i b 95 .
mnterial.
'I'able, Structuval Test Pancl). Dimensions ﬁinohea)
. < k
I i T S =S
Fonsl Number 4 A TR 5 6 7 8 g
Parel CE%?}S:N w w e " we w w 57.6 57.6 57.6
Frams Pitoh 20 20 20 . 20 10 0 20 0 |
Stringer . E : : )
Pitoh, ¥ Seh 5425 5.25 4,0 4.0 4,0 5,25 4,0 - L0
Stringer 2 : . - "
Thiskneas, t 0,18 - v,18 . 0.085 0,085 0.065 0,085 0,085 0,085 0,085
Stringer - :
“Uight, a 1.0 047 - OQ'? 0¢7 005 005 o~7 095 5 ' 005
.. Thickusas, h 0,07 0,07 0,057 0,057 0,057 0,057 0,057 0,057 0,057
Stability . s, O |
© Darigne). Y oY ~ N ;
- Goimants Panol 6 is derived frum 5 and Punel 9 from § by addition of intemediste fromes L
Al I
- . -
i

C
F <
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The basic pasi:la {i,e. excludicg the intemmediate frame varianta) have been subjscted ¢ o jét
noiss response test in wisich oztensine sirazin measurements were taken and th~ ssuoclated strusturel
noise levels and npatisl correlaticns recordwd, 3

kesonunce tasta, wdch have owmanesd, are te Ye conductad on all ths panels, Ia the main these
will concentrate os $ne Treguency ragions o Zroaisst interest os :‘x_ctskt"ided foom he theoreiiozl
studies and the jet noisa teats,

This iz to 1o followed by siver ecoustic f.tigue ¢ssts on a selection of theps ranels, The Jiven
spectram will be shaped o sxsite similsr siructural response sharscceristios ms observed in the ot
noise toats, Furthey fatigue date ars being realised irce. ctupon vesis of the type desoribed in
sselian 3.3, Sare studies of the effects of stress cxicentiretions and locked In rtresses due o the
pressnce of asilachnents eye intendal using the configuration. show in figure 11,

On complezion of thase investigationz it iy cxpected to underatand She dynamic bebaviour sa
ircurred in practive, The vxisting or modified thevretical models can then be used with greater

_ sonfigercs in design analyses,

E ’i‘he ﬁetailed fatigue date derived for L,93 material wiil form an important reference for future
fatipue csvencmenta, These results should piso shed aome light on the possivlé differences realised
in fetigue results froe sultbuods and siagle mode of response tests,

4, PALLYATIVE METHOOS FOR BXISTING STRUCTURES

“b,) CHNEKAL BACKCRGUND, Aa with sny other famm of censiruction there is always the risk that
nexpected acouutic fatigie problems will arise during *he service iife of an aircraft, These will

require renedial messureg which can be applied quiskly snd with the minimun of disruption to the
-wxisting structure, : ’

Artificisl damping treatments have rarely beem used ss an inbtegral part of primary structure due to
reserverions concerming thelr resistance to cresp, contemination, temperature variations and other
factors, Howewver, -sn spplication ca an additional secondary item presants fewer hazerds, Work at
soutlampiol Urdversity ye.g, reforences k and 2) ras consider d e rumber of damping treatments in this
calegor,, - One ar these techniques avelving the use of a conscrained luyer has recently been tried out
‘with wna of fhe tsct panels. referved %0 in dention J.4 and sosz interim findings are referred to by way
‘of an sxample of A potenilel palliative, Tl e <3 dewcridbed in secfion 4,2,

' The othor mcx'e,x‘reqﬁently axperienced approach s to anbwxys the loosl structural stiffness at the
expensa of a weight penalty, . Irrvitably tiure is a nesd to establish a minimum weight configuration,

- An exemple of cnrrent work for mxchined plenks is summarised in sestion bhe3

_.z,.z' THE USE OF A CONSTRAINED DAMPING LAYEk. The technique makes use of & damped sandwich beam which.
"i5 atvached to the frse edges of the stiffeners in the middle of the frame bay (figure 13), Most of the

demping is thought to came rrom the shearing deformations associated with lateral displacements of ths
stiffener edges, The shearing defomation associated with flexure of the beam is probably secondary,
Detalled investigations are being conducted by Coote {refzrences 2,12) wha supplied the beams for the
test in qusstion, No attempt was made to optimize the beam configuration (it is thought that stiffer
face plates might increase the efficiency of the dampsr) which was placed across the centres of the
three frame bays of penel 7 (see section 3.4),

The sanel was bjected to frequency response tests with and without the beams in situ, the strain
levels being recorded at a muber of stations, Figure 13 ghows an average curve for the ratio of the
stress before und after treatmert, It is apparent that the greatest damping occurs at the lowsr
frequencies where, although the panel and stiffeners are primarily bending, sizeabl relative movements
of the stiffeners mas be incucred, At the higher f'requencies predaminantly torsional motion of the
stiffeners can arise, If these are in sntiphase then energy disaipation can ocour,

The sucaess of the method dependr on the modes of vibration likely to ocause failures, The pansl

- bending modes are ususlly of importance,

4o APPLICATION OF INTERMEDIATE FRAMES, iesults from siren and Jot noise tests ocarried out on a
fuselage apecimen have indioated thut the introduction of intermediate frames reduces the plank streases
by betwsen 30j: and 50 depending ot the measurement location, Initial studise using the theoratiosl
mxiel shown in figure 14 have indioatad a eimilar redustion for modes involving frame flezure, Rasults
for the frame twisting mode are not yut available, : S

5, EFFECTS OF NOLSE ON ChACK PROPAGATLON .

Systematio experimental studies of the propagation of cracks by noise have beon restricted in the
main to those in fi.t uniformm plates either unloaded or subjectel to uniaxisl or biaxial loads
simulating cabin pressurisation stresses (Rr.ferences 13,14), ' vet compardtively little woik has been
carried out to examine the effocts of adjacent fubricated 3 AR

Attempts have bwen mads to relate these results to the practicsl aireraft configuration and thereby
forecast propagation rates in conjunction with °*failenafe’ investigations, This tople is the subject of
further aporaieal by Kirkby (refersnce 15) whose tentative findings nuggest that on ocossions noiss
induced propagation might be of comparable dnportanse with that indused by the quasiestatic forces that
nonnally define the loading eavironment, As far as ihe author is aware suah aspects have not been the

subject of atudy in the oase of machined structure end at this stage one can ouly conjensure potentimd
problems, .
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The application of mechined st.uoture ogén largsly obviate tha zegions of streas consentraticn
fomd in conventional riveted structure, This includes the elimidation of jazolea and other sharp
radii and the rediction of the mumber of rivets and thair holes &id 80 on, In wddition eome 'redundent’
atructure iz eliminated such as backing angles, s 1z safa«ldfe terms ths muchinsd confipuraticn has
ths definite advantage thut sources of crack nucleation are fewer,

However, cnoe dansge hues besn initiated for awy vweasen, inoluding the effesta of non-acoustic
sources, thes rosistence to aruck propsgation eppears te be less, There are fewar innerost crack
stoppers and lewas redundant structure to ofi'er an altcimative loadpsill, Fortunatsly, in the case of
wing and fin structures taere is atill a high degree of redundent structure and in the potentially
sengitive ares of less redundenuy, wiz the pressurissd fusclags structure, the noiss levels are usually
glizeably lower,

A oriterion from a failesafe approsch might be that the strusture should be capuble of carrying
load whilst containing a corack not readily obasrved by visual mesns and that it should not grow to
catantrophic proportions betwsen major airoraft inspscticns, Such a crack might be some asix to ten
inches in length depending on its location, This Isngth might be veached more quickly than normally
enviseged from quasi-static leoad effects, The directionslity of the crack path and its ability to
eircumnavigate potential cruck astoppers may be modifizd by the noise loading. Figures 1,2 and 3
provide come indioation of posaible damage charactaristies, Crack growth beyond a ten inch length has
been considersd, With some machined plank structurss the configuration will not necessarily be
suffioiently "detunad” and can thorefore still respond in & resonant fashion to the acoustic excitation,

In order to assoss the importance of these features a test programme has commenced, The
importance of sequential noise and quasi-statio loads {pressurisation, gust, landing ioads, etc.) on
crack growth is to be examinad in & siren using u biaxial loeding rig and specimen configuvration as

shown in figure 15, This rig has recently been calibrated and the first orack propagation tests are
about to commenco, .

At a later stage it is intended %o conduct tests on a pressure shell specimen containing typical
planks and substructure, Again a sequential loading will be applied, the noisc being mupplied by
peripherally mounted sirens, This test will allow such features as the effects of curvature and
substrugture to bes studded, It will also permit an examination of the effects of noise on exteasively
cracked panels (e,g. orack-length > 10 inches),

Ad hoo tests are proceeding on miscellancous specimens to establish the rate and “irectional
behaviour of cracking in various structural configurations, This work is aimed pri - ly at
maintenance and reliability aspects and includes testing of repsir schemes, :

6. FINAL REMARKS

This paper has reviewed the facets of acoustic fatigue related to typical light alloy machined
plank struotures,

Some methods of streas prediction which aveid many of the oomplioating features ascooiatad ﬁth
response to noise have been considsred, An example related to curved planks has been compared with test

date with encouraging results, Suoch methods appear to have good potential It require further
ratifiocation, i :

The limited fatigue dats that are amsilable indicate that if care is taken during design and

manufacture this form of structurs has advantages over eqx.*valent fabricated structures in tsims of
! safe~life' oriteria,

A ‘damping treatment which does not affect the strength of the main structure and which aould be
readily introduced as a modification to an exieting structure has bsen theisubjeot of an indtial
examination, Results are yuite px‘omising and warrant further study,

Possible problens auociatea. with orack propagntion due to nolse have besn dassussed mul current
investigations ocutlined,

A series of theoretiorl and experimental investigations which are procoeding are expectea to
greatly aseiat in the om\pilation of deaign g\xidea. : '
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Assusad orthotropic plate strain energy expression used in Rayleigh-Hitz analysia:
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Expressions for the bending and twiating ensrgles of the frame are derived from
a method which is sffeciively an extension of the sxpressions of Galletly and
Miller =& givea in refererces 16 and 17,

Kodes for the wodel mentioned in section 4.3 assume the main frames provide fully-
fixsd boundary conditions, Two typss of mode mre considsred involving either
bending or twisting of the intermediate f{rame:
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For 'repetitive! structures Galletly (refarence 16) han suggested suitsble oylinder
mode shapes which are currently being used for more genera' investigations,

FIG,14, APPLICATIONS (F AN OKTHOTROPIC FLATE MODEL FCk COUPLED FRAME - PLATE MOLES
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RESUME

la recherche expérimentule de la terue des structures d'avien & la fatigue acoustique est délicate. Sa

réussite nécessite la connaissance de principes de base qu'il est nécessaire d'appliquer avec discerneuent A cheque
cas spécifique.

L'objectif de cette communication est 1'exposd des données de base qu'il est nécessaire de connaitre, et
des couditions d'essais qu'il faut cholsir pour un traitement correct du problime,

Les données de base sont ¢

- les sources d'excitation
- les conditions de vol
~ les zones critiques de ltavien

desquelles découlent les conditions d'essais :

- type d'essais

~ niveau d'excitation

- spectre d'excitation

- durée de 1'essai

- définition des éprouvettes
- choix des moyens d'essais
processus d'essais

[

1. SQMAIRE

Les excitations acoustiques de niveaux élevés engendrent dans les zones d'avion qui ies subissent, des

‘réponses dyr-miques plus ou moins importantes, suivant la conception, la nature et les caractéristiques d'amortis-

sem.nt des structures sollicitdes.

- Ce phénomdne, s'il n'est pris en considération, peut provoquer des Gommages allant de la simple crique
3 la détérioration rapide d'un élément (gouverne par exempls),

Sur des pidces simples, certaines méthodes théoriques permettent d'évaluer d'une manidre satisfaisante
la résistance A& la fatigue sonore. Il n'en est pas de méme sur des ensembles aussi complexes que des structures
d'avion, d

Dans ces conditions, le plus sfir moyen d4'investigation est :

, "L'EBEXPERIMNENTATION®

L'objectif de cette communication est 1'exposé des principes de base qui régissent sa bonne réalisation,
2. VUB SYNOPTIQUE DU PROBLEMI

Lo traitement du problime impligue la ¢onnaissance des informations suivantes 1

DONNEES DE BASEK

sources d‘excitation
conditions de vol
gones oritiques de ltavion

1

dtoll ddooulent

CONDITIONS D'ESSAIS

type d'oesseis

niveau d‘exoitation

- spectre d'exoitation

- durde de l'easai

- définition des dprouvettes
~ choix des moyens d'essais
- processus d'essais
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3. DONNEES DE BASE
' . SOURCES D'EXCITATION

Les excitations qui influencent la tenue en fatigue acoustique des structures provisnnent principale-
ment de deux sources

« le bruit de jet

X tourbillons
-~ les écoulements adrodynamiques 2 couchos limites

Cos excitations peuvent &8trs évaludes par calil, ou misux, mesurdes sur &vion, banc d'esssi ou mmquette.

leo sources secondaires comme le conditionnement d'air, les alternateurs, etc ... posent das problémes
locaux don. ltétude et le traitement ne sont pas exposés ici.

AR R

B, CQNDITIONS DE VOIL ET ZONES CRITIQUES DE L'AVICN

1a connaissance de l'évolution des excitations en fonction de la trajectoire est indispensable. C'est
elle qui permet de définir :

~ le niveau global d'excitation
~ les temps d'exposition A un niveau donnd

- les zones critiques de 1'avion,
Ells permet dgalement, dans certeins cas, de définir une équivalence : heures d'essais - heures de vol
A titre dfsxemple, la figure | donne pour le cas de "CONCORDE" :

- une schématisation de ces excitations sur wne trajectoire type
-~ une représentation des zones de llaviou respectivement intéressdes par chaque excitation;,
Pour ce cas spécifigue, les trois sources d'excitations ont des influences variables :

a) le champ de pressions sonores créé par le jet des réacteurs & des effets particul;érement aensiolas T /
pendant les points fixes, le ddcollage, l'stterrissage et la mise en reverse des réacteurs, Les gones de atmtm‘o E
plus particulidrement affectées sont celles situdes au niveau et en arridre des tuydres.

i b) 1a couche limite turbulente agit pendant toute la durde de la cro:usiéret principalement sur- 10
; fuselage.

o) le tourbillon de bord d'attaque & des effets comptables seu.lement pan\m}“ les vols & granda ix'xw"
‘dence. Seule la voilure est influencée par ce phénomdne,

4, CONDITIONS D'ESSAIS o -
A. TYPE D'ESSAIS T

Deux grandes fumilles d'essais sont & considérar 3 o

- les essais sélectifs

- les essais qualificatifs ; v _

Les essais sélectifs ont pour but la comparsison dsz différentes -conoepbione structurales ou )'étude
de paramdtres partiouliers, Ils ne demandent pas une conneissance parfaite des sourvés d'exoitation, Celles-ci ,

ainsi que les temps d'essais, peuvent &tre choisis arbitmiremant, tout e x\sata.nt uependant dans ﬁea iimites
occeptables de similitude,

Les essais qualificatifs doivent permettre llestimation de la xi‘ifé en atipue géoqstique d1dénents
‘réels ou d'dprouveties représentatives, en tenant compte au maximum des conditions d'excitation de llavion dtudié.

B. NIVEAUX D'EXCITATION

Essais sélectifs ¢ la finglité de oos essais est diobtenir la rupture des dprouvettes. Une wéthode :
consiste & choisir un niveau de bruit supdrieur A colui mesurd ou estimé sur llavion intéressd. Géndrelement, un ) !
nibeau globsl de 6 dB supérieur au niveau réel est choisi, ce qui -] tx'aduit par une multiplication ngr deux envi~
ron des contraintes dynamiques.

Une autre méthode oonsiste & effaetunr H hourss d'pusais au niveau »éel N
H heures d’ossais eu niveau .... N + 3 4B
H heures d'esssis au niveau ,,.. N + 6 4B
Blle permet de cermor d'une manidry plus fine que dans le oas préoddent, l'indtiation des dommages.

Dautres combinaisons sont possibles, L'art de 1'expérimentateur est justement de cholsir la meilleure
o en fonotion den qualités oscomptées de gus strusiures,

Easain quslificatifs 1 pour oes essais, il est souhaitsble de cholsir comse niveau globel d'excitation

lo maximm tteint ou cscompté au coura de la mimsion type de 1'avion considérd, Comme on verra pl\m loin, 1l sers
alors néocessaire d'dtablir une relatiau entre les temps d'essais ot loa temps de vol,

€. SPECTRE D'EXCITATION

saele sdleatifs ¢ pour cem esoeds, il est reoommendd do reproduire le spectre d'excitation rdel. Cels

n'est pas toujours possible. A défaut, un spectre i niveau sensiblement constant dans la gamme des f‘réquma;m P
réaonance dos atruotures dtudides est ascoeptable,

: iosuis qualificatifs : la oonnaissanco du apeotre d'excitation dana lu smone intérssnde de 1'svion et
8a reproduction la plus £iddle possible par les moyons d'essais, sont {ndispensables & la honne reprdsentativité
de 1'expérimentation, surtout sl llanclyss montre que le apeotre ust riche en frdquences diserdtes.,
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D. DUREE DS L'ESSA™

Essais sélectifs ; les essais sont conduits en général, jusqu'd rupture des éprouvettes, ce qui arrlve
fréquament. $tant donnd les conditions aévdres suxquelles elles sont soumises. 5i la rupture ne se prodwit pes
et 8i las contraintes dynawiques mesurées en cours d'essais sont relativement stables, il est peu prodable qu« des !
dommages se produisent aprds cent heuves d'endurcnce, Cette limite peut 8tre raisonnablement fizde pour des essals .7 N
gdlectifs,

Essais qualificatifs : le probldme est plus complexe, car il s'agit de fixor une vie en fatigue acgis-.
tique de la structure acceptable en exploitation, Tout réside dans 1'$quivalence heurses d'essai= - heures de vol, =~ = .
Pour certains avions, cela est relstivement facile X définir, Prenons par exemple le oas du CCNCORDE ét reportonasr. -
nous A la figure 1. Cette¢ image montre que pendant le point fixe et le ddcollage, seit 1 mimute environ, il exisie
des pressions sonores de plus de 15 4B, supérieures 3 celles engendrées au cours des sutres configurations de wul.. .

les contraintes dynamiques dues aux excitetions acoustiques sont faibles par rapport sux contraintes
statiques. Elles se situ.il au voisinage de la limite de fatigue du matériau, Il en découle que des wtructures
défuues pour rvéswater A dec pressions aléatoires de niveau N ne sont pratiquement pas affectdes par dea nivesux
de 1C 4. iutérieurs,

Dtoh, pour CONCORDE, l'équivalence @
-~ 1 minute d'essai avec niveau de bruit global correspondant au régime max réacteur = B | v'cl_ , - .

— { heure d'essai avec niveau de bruit global correspondant au régime max réacteur = 6C vols Ty

- 400 heures d'essai avec niveau de bruit global correspondant au régime max réacteur = 24000 vols,
soit la vie de 1tavion, facteur de dispersion non compris,

Pour dlautres types d'avion, ou les différentes sources d'excitation ont des niveaux du méme oxrdne,"
1téquivalence est beaucoup plus difficile & établir. Par exemple, pour CARAVELLF, il n'a pas été possible de ..
réaliser A priori, une équivalence "essais jet-noise - heures de vol". Celle-ci n'a pu 8tre estimée qu's posteriori R
en établissant une relation entre les dommages relevés sur un certain nombre d'éléments d'avions en asrvice, et - L
ceux cétectds sur les éléments similaires essayés & la fatigue sonore. Cette équivalence varie d'ailleurs d'un
¢ldment & un sutre. slle était par exewple de @

1 Hd'essai ~— 35 heures de vol sur le saumon de plun fixe S
{ Hd'essai ~— 10 heures de vol sur le volet de profondeur T
"Ee DEFINTTION DEY HPROUVETTES
Ty Lssais sélectifs : les éprouvettes doivent &tre la copie fiddle des sclutions structuraleg étudides.

":»Le moin..re détail a son importance, Leurs dimensions devront 8tre suffisantes pour obtenir des réponsey dynamiques .

réalmtes. $i 1w structure étudide comporte des cadres et lisses formant maillage, L'éprouvette devra en posséder - 3

plupieurs, afin d*éliminer les conditions limites et de ne considérer pour l'exploitation des résultats, que les
na.lles crntralez. la comparaison de différentes solutions atructurales n'est vraiment probante que si les éprcm~
vucteq dg uhac'un des types dtudids ont des masses unitaires édquivalentes,

mssais qualificatifs : les éprouvettes seront, si possible, des éléments "grandeur" (gouverne par
nxan.plo), de manidre A ne pas négliger les formes propres d‘'ensemtle, sur lesyuelles se superpcsent lea vibrations
d= waillon, A dufaut 4'éléments réels, choisir toujours des éprouvettes dont les dimansiona len plus grandes poa-,
#ibles, semnt vompuublea aves l'installation d'essais, i

'?.,,Moms PUESAIS I
Pl\mifm*a moyens d'essais peuvent 8tre utilisds ocomme source d'exoitation ¢ ‘

a) x‘éaoteuxs 1 pour simuler wn bruit de jet, la source d'exeitation la plus réalivte ast, b:.eu at!r 16 ]
rdaoteur de _l'avion ‘$udié, Ce type d'installation bien que séduisant, prdsente cepondant des iuoonvéniants t prix
d'wchat et .d4entrotien Jlevés, limitation de niveau de bruit, souplesse d'utilisation, oto ... .

b) gdudrateurs de bruit A haut niveau sonore t ces Ednérateurs permettent de rdaliser en laborai.ré
dos mmbigncen acoustiguos & niveau sonore élevé, simulant mussi bien lon spectres de bruit des Jots; qus ceux das - -
dooulements mérodymamiquen tourbillonnaires, Quel que soit le géndratour utilisd : sivdne, haut-parleur, etc ...y .
uné inatellution G'essal d'smbiance acoustique 3 haut niveau sonore peut se représentor par le achéma ofwdessous ¢ e
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§1 - la chanbre pout &tre entidrement réverbérante ou comporter une terminaison ahsorbante,
%‘3 - loe tumnels & ondes progressives sont constitués par une partie servant de chumbre d'expérimentation
3 suivie d‘une deuxidme partie absorbante,
§‘ Les dimensions des chambrea et tunnels sonz variables. les niveaux sonores dépendent des dimensions et '
. § du génératnur.
Configm‘stmns dtessais ¢
“Pour les essais acoustiques, plusieurs configurations peuvent &tre adoptées.
i
]
: a)incidence normaie —
2 7
I N
- 7
P
H
! /1 AR
? © bjincidence rasante . - =
| RN T
! R

BN cjchambre réverbérante ——

e e

" = lYroldenos normale : dans cotte configurstion, L'éprouvette ferma tolalement lo pavillon et la
- réilexion du bruit sur lz strubture produit un renforcement de le prossion at par consdquont, une plus grende
- intunsité sur 1'4ryouvette pour des conditions donudes du générateur. Cooi @ pourtant un inconvénient mRjaur
© daas e fait qu'une résonance duc au gouplago atmctm-e~pavillon peut se -produire,

- l'imidenae ragsaate 3 1A, la possibiliid do couplage n'existe plua ma:la ls reuforpoment des prensiona -
ast uupprimd. Jeu niveaux wont inférieurs de % & 6 dB aux prdoddents,

- = 1a chambre rdverbdrente : dans oette configuration, lo biuit vxeite 1'dprouvette on inociderae slég=
mm. Powr de nombroux technloiens de 1'Advonautique, cette confiamtion oat la plus rdaliste,

Coome on le voit, chegue nolution prisento mvantages et défauta,

1o Clest a 1'oxpérimentateur du bi.an commaftaw son inatu.uation pour en ateenum' los inmwdments XY
_»ﬁﬂi tirer 1s maxinum d'nvantaaes. . )

G. ?ROCEbSUb DYEUSATS

- le procassuo oluaique d'un esoal saoustiquey oot le auivu.nt: $

« sepat do rdsenance
R : - = oasai de rdponsa
: ‘ Lo : ) = enmad d'ondurence

y L a) »sséi dé-Nao_m_mg t uet esoed & pour but de E{émxir le comportsmont dynamique de la struoture
daddde ¢ . : e :
S o = fydquences do résonances,
: - formea propres, -
- dont la connaissanco st $rds utile. dnns baiucoup de o8, pousr ozpliquar Atorigine des dopages obtonun U apure .
do 1tesaal d'endurence. o
. b) essai do xdponoe 1 1‘éprcuvetto oat plaode dano le ohemp sonore d'un rdaotaur da 1‘mdon dtudid. Ha
_muion Par rnpport b la acurce de bruit eut tuentique & celle oocupde sur-kvien pur la etructure intéressde.

- un Bicro, pland & quelques. uentm)tm de 1a structure, enregiotre le biwlt dond ltwnalyss
" persat de 46finir lo speotre d'uxcitation




B ’ - des Juuges. ax’censométrix,ues, collées sur la °tmctu.re en Ges points mactéristiques, pex\-
mettant d’enregiatrer la réponse dynamique des structures (spaatre, niveay de contra.intes,.

-, (a8 parnmétrsa © Evesu at epectra dtexcitation,
. niveau et spechre de réponse,
e - sar"ant fle 1éférence & 1'essai d'endurance,

5

" ) sssal d‘exulur&nce 1 quel ‘que soit 10 générateur et l'insta;latzon acoustique utilisde, la premiére
phame de 1'essai d'eadurance consisie & reproduire les spatires d'excitation et d¢ réponse mesurds au cows de -
1'easal de réponse, Cette opération, souvant assez lor‘.,ue, n'est réglo que per des lois empiriquas. Elle demande
de ls.ypart de 1l'expdrimantateur une bonne ccy m..sance de son instillation d'essai,

o

3 is figure 2 montre le spectra de bruit (analyse en 173 a'octave) relevd A 50 mm d'une structure excitée
, . par un résoteur simple flux et sa reproduot:on, su.\- la méme atructure, dans ‘m chambre réverbérante ‘dlune instal-
§ Lavion a QMUTS LIVeEWE-suUio8, . e o
9 N o Figure 3'; de 1la méme manidre, 1n figuve 3 moutz'e 1z répons. d'une ja\xé%:.

" Compe on 1e constata. la Teproductibilité dee -phénondnes réels paut 8tre assurée par une installation

Y L “a houts nivdxux sonores et 1'essad dlendurence entrepris avec le murimum de gerantiss. Des contréles fréquents, au

-~ moihy toutes lee quinze minutes pendant les premidres heures d'essais sont absolunent indispsnsadbles., Trop confiants
-des axpérimentateurs ont ou la déaagréable surprise-de trouver leur éprouvette en fort mauvus état sprds des
tercps d'essais trds oourva

s, OOHCLU::ION
i ' Vingt minutes re permettant -me de btrosser un tadleau trds schémntique do ce cue peut 8tre la recherche
expérinentale de la tenue des structures ¥ la fatisue acoustique. s

vE len quelques rdgles énoncées ne doivent étra considéréeu gue comme une trame Bur 1aq.1ella chzqua cas
partioulier peut 8tra adepvé.

B o © Plus qu'd dé-grandes théories, la réussite d'un essel sera due aux moyens wis en ceuvre et au bon sens
S . des expérinentateurs.

- Les. instellations X baute niveaux sopores sont de merveilloux moyens d'inveatigation qui mettent en
v .. dvidencs les moindres défsuts 4'dchantillonnsge ou de oonosption des str ~tures,

. : . les profits qui en réeultent sont grands et pamottant sur les ﬂtmct\\rﬁs fortenent sollioltdes dymmx« )
‘quement d*éeiter bien des déboirws on azploitation,
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SPECTRES RELEVES A 50" D'UNE STRUCTURE
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CONTRAINTES RELEVEES SUR UNE STRUCTURE
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SESSION 2 DISCUSSINN - PESPONSE OF STRUCTURES

Mr. Coe was agked several questionms relating to the analysis techniques and instrumentation which
he had used, He replied that the excitation spectra had heen analysed on a hybrid system, It was
essentially an analogue system incorpornting true integration to give the required statistical
accuracy. Digital control logic was used to ithange the integration time, frequency bandwidth, and
to control the centre frequency stepp’ ;. Th bandwidth was increased from 2 Hz at low frequencies
ta 800 Hz at 20,000 Hz. The output was in digital form. The strain date were analysed on the
General Radio Time Data System. Smoothing wa not used so that the ahsolute wmagnitude of the peaks
in the spectra could be estimated more accura.ely. The overali strain levelg were measured
independently and found to agree with the integrate spectra to withi: 07

Dr. Lindberg was asked several questions about the comjutation.l roocedures which he had used,
He replied that he had considered four sub cases of syeretry wityu di {ferent boundary conditions in
oxder to obtain all the lower ordér modes. He had negiected inplane inertias. Matrix condensa~
tion and e2igenvalue economisers had been used to reduce the nreblem down to about 50 degrees of
freadom. The running time on the IBM 360/6" machine was in the vange 3 te 7 minutes with the
ejgenvalue extraction procedurc taking up most of the rime. -No advantage had been taken of the
repetitive nature of the structure to reduce the number of degraes of freedom. A sub structure .
analysis could have been used fo give some saving in computer time but thig could net give the time
savings of the Wittrick method or the wave propagation method of v, Mead.  He had not yet done ng
calculations secessary to determine the vffect of curvature on the mede shapes dbuc he did nut think
that anything dvamatic would happen. Questioned on detaifs of ais vepreaestation, Br, Lindberg
replied that he had used a T beam representation of the stvinger, He had included 9% of the width
of the panel with the flange of che T bam and found that this gave pood agreament with the
experimental results, He also sald that he had not ver made any esvimations pr measursmenta of
stress tvespense, Mr, Bayevdevfer refertod to the Imenier work which showed that the ratie of .
#trees in the sxin at'the midile of the stvioger and frawe attachwment lines whanges very significansly
vith cur\mcu\m . Lindbovg had not yet studied this 'fecu. .

) Mr. Bacon was asked if he had \ampnred the structyral aff- ciencies of built up and honeseard
devuctures dezigned to remist -acoustic faripue. He replied that the eheirc had haen- done on the’
hasis of usiw fur static loads rathes chan ’cnu;nu fatigue,

ﬂr. Kirkdy nuestioned Me, Cay  *n tha phfiosaphy of the quaks§:¢a€i¢h tea:‘ag deseribed in thé
paper.  The text times uwied do ot a,naav te allow for seateer du fatijye performance, Moo Cay
Yeplied that he had testied at higher fuine lovels and used o factor of Y an fife., Mr. Cos
commented v the poasibiliey of interaction betvsed the ttenityral vibration and fluld flaw at
rraneonic spesdn.  Thia could cauege a puch reduved dapplag aad hcnca aings ateeas lewlr a3 \ao
dﬁrcrai: pauad :hvmgh the. n‘mwmc flight rugiz-». -
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DESIGN DATA FOR ACOUSTIC FATIGUE

by

A+G.R. Thoamson and R.F. Lambert

Engineeving Sciences Data Unit Ltd
2%1-239 Hsgent Stroet, London WiR 7AD

SUMMARY

The A ARD Cooperative Project on aAcoustic Fatigue Data Shests is described and
the itums prepared undor Phase 1 of ¢he Project are discussed with particular
referonce to their basis and derivation. Areaz where add.tional resaasrch is needsd
to impreve the data sheets are hlghlighted. An Appendix gives a derivation of
simplified squations used in the data sheetsa for estimating the natural frequencice
of honeycomb panela.

! -INTHODUCTION

Thisg papcf deseribea tha scoustic Fatigue deta sheste prepaved by ESDHY under the
AGARD Cooperative Preject on acoustic Fatiguc Data Sheets ang ampltf&@s a0me ycxueu of
their history and technical baaia.

The Euginaering Scisncos Data Unit of the Royval Aesronautical Secisiy has for many
years produced ovaluatad data for use in many fleldas of englinssriug domign, inelnding
airceralt fatigues During thie poried a techniuue of preparing autharitative design
data and methods haa been develeped wherebly a pormanent cvchnical staff werk with she
guidance and advice of gpecialiat voluntary ve:sing groups drawd from industyy,
universtties and reasprch satablieshmentd, Thix sedhnique s destgnad te smsure aw far
“as posplble that the toplea choser for data ahest fraatwept dre ralavant o dunsiagn
needs. both i centent and ssthed o pressnsation, that the methods presentsd are
- -technleally swund ang that ralovant and up«toadate research infersatien wnd praccical
axperlence gra fully tabap fnte accoups in thfr propavstiaa,.  The inforsazion thus
produged la presented in a form aimed nt convethent dedigh GEd; . tHINg UANALSSWRIY
detall, and attempring to gever e full pract: il Pange &f destgh variablen, but
LOINTERG aut LiALIAL oue dn the validity of the data whers nggrﬁ@?iats-

2. ﬁ?VSLﬂ?thT W CTHE AURFH LtQ?SRAT%VK PROIEOT OF8 AC“&R*l? Fatiouy DA?* *Hﬁ&?ﬁ

i 1585 some asoustiv rat*\xe npariaiintg G tha UK. approaghed the Royal
Avranauilceal Savivty o enquiye {nte the potatbility of ropuvieg da¥a ahseta an
agoumtiz Fatliguy a8 part of the wel: watallished serfss op fusnventional Fatigue thal.
fiad Besh wtsrted ieIRe NGO, The Sackety's Fatigus Uaemuitles, abter sludying the
Cpassibilitdes, undertond o SEBpRRTC an fniaiald’ baseh oF sosusise fettgue date sheate
“provided chat the work did ast iateirfere Loy such sith progrote an thaisr hasvy
programte. of work o tonvenilonal Tatigus preblessd.  Aweordiogly the H.R4.8. Acoystl
Fatigue Pafiel vas faraed fo saf®y oul the Tasks ’ -

Tae precedurs {ay deglgn af rpﬂpnnen! L.aki# Yo aveustie faligue %a3 envicaged
sthemntically as ahown 40 Fianre 3. Not al) areas of ‘"o dasign procodute are asengble
0 dats sisept frsarsony, bui =080 of ihe part waglowed & tho sltadad line o Figute L
gafitaiae anbiecy malier wlhteh regnires sgusftitative anal gte Ly mathoda whifeh had by
thd widresistior ecowe Bnfficiontly well s¥ajoaind to be “wsnwslidated ints convaniont
S Hata sfidel Towrw, A paliarn swevrgsd of clasaifving suitable data stieot material inte
s ar othey of the Pollovin* sategaries.

LOABING ACTIONS e.3. Eoand areﬁsnr¢ lavels dues iv Jet apree

NATLRAL PHEGURETIES of eariser idealiszed component gesuwiries

RTHESS HESPONSE of those compafents (o & given laaﬁauv aciion

FATIOUF LIPE ESTIMATION of varlbus coepsnest part )
NISCELLANERIS o g Intrwinctary aatetrial, gencreld dnfihﬁlib“‘. converaionns of uniis et~

The H.Ae.5. Acoudtic Fatlgus Fanel drav up a pragrasm  of datx sheet woth on thoss
finee and plthough SR Stafl eounld wot, at (hat time, provide much aseisvance fica
temNTCER which wete already siretaehied Dy a hoavy programmns of conveniional f~tipue

cork, due ta tha enthu.siase and hard werk of the Avcusiic Fat*eus Panel an in.tinl
aroup of slovenr Jata ltema was preparad, approved by the Fatigue Cownlttee s 1eeved
in Juet twe years frow the original suggeetion for tes warks: & furthor thres iless
vere issurd & year laiesr. . :

At the wane Cion the AGAHD Strvctuvres and Materials Panel had been concerand with
activities in wrouatis fatigue Since A98Q rne had acivievad considaratle suctess Qo
coordinoting and sncouraging acoustic fatigia Fasesrch is the HWATO Natluns. By JQ68
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the lFarelts Specialist Group on Design in Acoustic Fatigue, unzer the Chairmanship of
the Pa:rel's Coordinator in Acoustic Fatigue, Professor B,L. Clarkson. was able to o
report during the 28th Panel Meating in Dayion the identification of six subject areas
in which sufficient re:~arch results had been accumulated of a suitable kind to warrant
their immediate consclidation and presentation in design data sheet form.

Arising from this a project was initiated undei which ESDU agread to revise and
extend the existing data sheets with the support and collaboration of AGARD. The
project wns to be managed by a collaborative structure as shown in Figure 2 and was to
be carried out in two phases.

The subjects chosen for the first phase 2 the project were
{a) Jet noise near field prediction

(b) Stress response of rlat stiffenod panels

(c) Stress reaponse of curved stiff»ne- panecls

(d) Natural freque..:ies of flat and curved = neycomb panels
(¢) Stress resvonse of honeycomb panels

(f} Random 3<N curves for light alloys

Daa Sheats on the tirst three of these were issued as AGARDograph-162 Part 1 in
May 1972, and the remainder have been completed and are scheduled for publication in
the Autumn of 1972. The desi.:: informaivion arising from Phase 1 is discussed in the
folloywing sections.

3. NEAR-FIELD JET NOISE ESTIMATION

. overal methods of sstimation of near-field jet noise were already available and
a cholce from these was made in the lisht of a comparison (Reference 16) of the
predictive accuracy of four of the most widely used techniques. The near-field noise
contcurs predicted by each method were compared with results from recent {ull scale
and hot mec'al tests repre:sentative of current-tecnnology engiies. The comparison was
mwade on the basis of both shape of the contours, judged subjectively, and the magnitude
of the noise levels.

Two of the methonds, namely the existing R.Ae.S. data sheet method and the method
developed by H.E. Plumblee at Lockheed-fieorgia which were developed in the late 19608,
gave significantly better predictions, noet surprisingly, thain methods develcoped a
decade earlier at WADC and Rolls-Royce. The R.Ae.S. method gave good predictions
perticularly at low axial distance from the jet nozzle, and gave contour shapes in
clogser agresment with tite test resuits than Plumblee's method and did not require the
use of a computer for the predictrons. Accoruingly the existing R.Ae.S. method was
am-nded, to indicate its llmitations more thoroughly, and adopted for the AGARD data
sheaets in Section 2 Reference 1.

However it is considered that Plumblee's method cculd be further developed to
glve slgnificantly batter predictic::z than the othc. wethods examined as it is more
soundly based theoretically, and has considerable flexibility im varying the
coefficiaents in the basic equations used. One linoe of development that has been
sugenstoed (8 to modify ibe method Lo use an extended or multiple source rather tha:i a
point soursa.

e ReAe.S. methiod 1s empirically based on a set of reference near-field noise
contoars and gpectra compounded at a datum jet velocity and density using measuremsnts
avallable in 1967 from sevaral different engines. The reference levels thus obtaivned
“re corrgcted for the actual Jjet velocity using a space and velocity dependent velocity
andex derived empirically and given in graphical forme A correction for jet temperature
is made by way of Jet density in ths usual way. Further corrections are suggested for
reflactions from adjacent surfaciys. The spectrum shapes are assumed to vary axially
but uul radiallye.

The weohod allows caleculation of spectrum IQVn\a at a given point in the near
filald very quickly und with acceptable accuracy but it would be useful to supplement
if at a later date with a computer program to give the complete field. Further work
is required to improve the mocuracy of prodiction under reheat conditions.

i » NATURAL FREJQUENCIES OF SKXIN-STRINGER PANKELS

In a preliminary estimate of stresses in the skin of acoustically excited skin-
atringer panels 1t is normally sufficient to consider vibration only in the 'stringer-
vonding' mode of itas complets panel, in which individual plates may be assumed ta
vibrate in thelr fundamental fixed-adpge modo. However interpretation of experimental
resulte, or more complete anrlysis of skin-stringer panels calls for a detailed know-
lodge of the froquoncies of the wmany modes of vibration of the coumplete panel, for
exampie thoss shown in Figure 3. The calculation of thoede modes in the general case
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is arduous, but fortunately many examples of panels in aircraft structures may be
regarded as periodiec, i.e. consiating of a uide-by-side assemblage of identical plate/
stiffener elemants. In this case thz salculations can be ccnsiderably simplafied,
using a wave approach, ae shown by Mead and Sen Gupta (Reference 4). This methcd has
beon adapted into data sheet form in Section 3 of Reference 1, employing a modified
form of presentation of the design curves which avoids the need fer graphical
construction inhersnt in the source references.

The design surves in the data sheet were ccmputed by ESDU using the University of
Londen Atlas computer.

5 NAJURAL FREQUENCIES OF SINGLY-CULVED PANELS

Section 4 of Reference 1 gives a method of calculating the natural frequencies
of rectangular singly-curved plates with simply-supported or fully fixed edgss.

For the siwply-supported case, the natural frequencies are ohtained from the
exact solution of the simplified equation of motion given by Fligge {Reterence 6).
In epimplifying the sguations of motion the panels are considered to be thin and shallow
and shear deflection egnd reotory inertia terms are neglected.

Webster's double power series method is used for the fixed edge case. 'The method
of solution, based on the Rayleigh-Ritz method, is described in Reference 7. The
accuracy of the solution depends on the number of terms used in the power series and
this is generally limited by the computer store availabvle and computing costs. It is
further limited by the fact that the equations may become ill-conditioned as the
nueanber of terms 1s increasede The design curves in Reference 1 were computsd by ESDU
using a prograr provided by Nottingham University which was mcdified to run on the
University of London Atlas computer. The number of terms used in the power series was
increased {generally up to four terms in each direction) until the change in predicted
frequency vas small enough to be insignificant for general deaign purposese.

As fixed-edge plate mode shapes do not have definable numbers of half-waves in
the two principal orthogonal directions, modes are identified by the symmetry ov anti-
symmetry in each of the principal directions across the panel. Representative computed
mode shapes are illustrated in the dats sheet in the foim shown in Figure 4.

6. STIFFENED PANEL STRESS RESPONSE TO ACOUSTIC LOADING

Design data in Section 5 of Reference 1l, giving rooct mean square stiresses in
stiffened panels, are based on u simple unimodal response theory. It is assumed that
the individual plates in the panel vibrate predominantly in their fundamental fixed-
edge modc. This restricts the us? of the data to panels where the stiffeners are
sufficiently rigid in bending to give approximately fixed-—edge conditions for individual
platess It ia further assumecd that the pressure is uniform and in phase over the whole
of an individual plate, and that the spectrum level of acoustic pressure is constant
over the frequency range close to the fundamer tal natural frequency of the panel. .

The r+mvs. stress at the middle of the rivet-line along the longer edge is
obtained directly from a nomograph. The stress at the .ivet line was chosen as the
reference sBtress because failures generally originate at that position and it usually

corresponde with, or is sufficiertly close to, the fallure line p.sition at which Srma'N

data are available from coupon tests for life estimation.

Guidance is given on applying a factor to obtain approximate root mean square
stresses in the case of control surfaces, and other box-type structures; where two
plater are joined by ribs. It is intended to extend the method to such structures
using a more refined approach in Phase 2 of the Cooperaitive Projects,

The acsuracy of the method was assessed by comparison with the limited available
moasured data, using a typical value of structural damping ratic of 0.017. For flat
panels the estimatnd siress valuea were within a factor of two sither way of the
meanured values, but for curved panela the data tended to overesiimate streas.

A comparison of estimated rnd measured rivet line stresses for aircraft tailplanes
and control surfaces showed that for root mean square stresses below 100 MN/m2 the
predictive accuracy ie of the same order as found for flat panels. Above this atress
level the theory tends to underestimate the measured stresses. In estimating the box
structure stresses the pansls were assumed to be flat since curvaturo was small and
varied over the panel surface.

7o RANDOM LOADING S-N GURVES FOR ALUMINIUM ALLOYS

The random loading $-N data given in Section 1 of Reference 2 are a compllation
~f availablo exnerimental results obtained from reversed banding tests on coupon
apocim~+a wubjeoted to narrow band random loadings Because of the limited amount of
dava available a meaningful statistioal analysis is pot possible. Data are grouped
according to aspecimen type, rivet type and matarlial syecification and a least-squases
line ie drawn through each set of data.

et

e ettt e

_......,--..-.-._...(_._

t



The only data avallable in sufficient quantity for guldance in deoign against
azoustic fatigue are from reversed bYending tests about a zeryu mean 8stress. In the
absences of test data it is recommended that allowences for variation of mesn stress
bo made using consatant ampliitude fatigue data replacing alternating stress v luss by
root mean squara values. Data for corrsction for mean stress variation for constant
amplitude ivading may bs foeund in Reference 6.

Only test data for aluminium-copper alloys has been included in the AGARDograpne.
Some data were available for aluminium-zine alloys (D.T.D. 687 and 7075) but were not
included as these materials have poor crack propagstion preperties, compared with
aluminium-copper alloys, which make tnem generally less suitable for use in an
acoustic environment,; although the 1lifa teo first c¢rack in these aluminium-zinc alloya
is similar to that for alum.aium-copper alloys.

Some data From push-pull tests were avallable {References 7 and 8) but these also
were not included. A comparison between reversed bending ari push-pull data did not
show the expected trend of lower lives, at a given stress level for the push-pull
testa. This trend was expected since in axial .oading tests the volume of material
stressed to a maximum is much greater than in reversed bending tests, hence there is
a bigher protability of a flaw being present in the highly stressed regione. -

Data are given in the AGARDograph for three types of specimen, representative of
aheet alloy in bending without stress concentration, riveted-skin joints and rib-flange
cennections. .

During the initial stages of data correlation for riveted-skin specimens the
reference stress was taken at the rivec¢ line. Because of different types of
congtruction, and consequent differences in siress concentration factors in the rivet
" area, it was not possible to obtain agreement between results from different test
facilities by this method and it was found necessary to use the stress at the failure
line as the reference siress.

When comparing random loading $-N data from different sources, differences in
testing technique contribute to considerable scatter. One of these differences is in
the definition of failure which is usually detected by changes in resonant frequency
and damping: A further difference is in the definition of number cycles to failure
which may be the number of positive peaks or the total number of zero crossings with
positive slope or, in narrow-band tests, the product of the test specimen resonant
frequency and the time to failure. :

In rand -m vibration fatigue teste the applied load spectrum.is truncated to a
prescribed factor of the remss. The siress truncation level for data presented in
the AGARDograph varied between X3 and 4.3 times the root mean square valué. This
range accounts for some of the scatter and perhaps much of the discrepancy between
results from different laboratories. .Further work im quantifying the effect appears
to be necessary. .

Because of the scatter in test results and possible differences in test methods
it would be useful to check to what extent the test facilities and test technique
affects the scatter in data. This could be done by testing a number of specimens,
made by one manufacturer to a standard specification from the same batch of materiai,
in eaoh test facility. ' :

8. NATURAL éREQUENCIES OF-SANDWICH PANELS

Section 2 of Refaerence 2 gives graphs and a nomograph for estimating the naturas
frequencies of flat or curved sandwich panels with cores of zero flexural stiffness.
For practical purposes cores of honeycomb, expanded plastic, end-grain balsa atc. can
be regarded as having zero flexural stiffnsss, and the data have been derived with
honeycomb cores primarily in mind. The data were based on Jacobson's work {Reference
11), but.some simplifications and extensions were made that warrant further explanation
here. Details are given in Appendix A. The rather complicated equations obtained by
Jacobson {Equations 16, 17 and 18 of Reference 8) for the natural frequency of a simply-
supported curved sandwich panel, in which the face plates carries all the bending
moment and- an orthotropic core carries all the shear load, can be bivken down to the
form:

2 1/2
f = rucl(ca + CBCh) . (8+1)

where f is the natural fraquency of the sandwich panel and fu is a reference

natural freqtiency, taken as that of a solid panel of the same density and Young's
modulus as the sandwich panel face plates and of thickness oqual to the distance

between the mid-planes of the face plates. The factor Cl is a function of core and

faceplate thicknesses and densities and takes acocount of the differences in stiffness
and density of the sandwioh panel and the reference model. The parameter C2 takes

accuvunt of the shear flexibility of the sandwich panel, while C3 is a function of

aspeot ratio in a ouvrved panal and cQ a funcotion of the curvatures




-3

Broken down inte this form, the frequency fu can be chtained from existing date

sheets, while C1 ’ 02 ’ C3 and c4 can each be presentod in simple gzaphical form

and the frequency of the sandwich panel thus obrained from Equation 8.1,

The mothod of prediction for iiat panels has been validated for aluminium alloy
honeycomb paneis using experimental data by Ballentine (Reference 12). The comparisoen
betwoon calculated and msasured frequencies is shown in Figure 5. The panels tested
had reduced thickness edges, and in calculaiing the freguencies it was assumed that
the edgea were simply-szupported at the attechment lines. The finite rotational
stiffneas at the edges can account for the general slight underestimate of freguency.
Taking the ratic of bLending atiffnesses at the edge and at the full sectiocn (for
penels of similar dosign) as a measure of rotational restraint at the edges, Figure &
showa the effact of rotational restraint quite distinotiy. Neavertheless the results
do confirm that it is sufficiently accurate for design purposez to assume aimple~
support conditions nt the edges of honeycomb panels with rsduce thickness edges unless
hervy dcoublers sre used at tie cdges or the face~plates are abnorually thick compared
wivh the panel depth. .

It may be noted from Figure 5 that the frequencies in the (1,2) mode are -
distinctly underestimatod compared with those in the (2,1) mode. Examination of the
individual test results suggssts that the effect of core orthotropy may be insuffioc-
iontly accountod for in the theory e.g. experimental frequencies for the {2,1) and
{1,2) modes in a given aquare panel differed more than could be explained by the
difference between shear moduli in the two directions. This point may warrant further
investigation when very accurate estimates of natural frequency ars requirsd, but the
discrenancies are not though to be significant in the context of acoustic fatigue life
estime.tion.

9 SANDWICH PANEL STRESS RESPONSE TO ACQUSTIC: LOADING

Design data for the stress response of sandwich panels under the action of jet
neise givsn in Section 3 of Reference-2 are also based on Jacobson's work (Reference

"11}¢ In this theory unimodal response is assumed. Other basic asaumptions are-

uniform spectral density of acoustic pressure over the panel, facing plates of equal
thickness, shallow curvature and simply-supported edge conditions.

The response mode for both flat and curved panels is taken to be the fundamental
mode having one half wave in each of the principal directions across the panel. The

- unimodal response assumption restricts the range of applicability of the design date

to. cases where the fundamental frequency is well separated from the higher mode
frequencies. This condition is best satisfied when panels are flat and aquare.
Further tests are required to determine the accuracy of the theory for panels of
aspect ratio greater than 2.0 and for all ranges of panel curvature.

The data give an estimate of stress at the
panel ocentre. The stresses at the edges are -
dependent on detail design of the edge attach~ ) Outer skin
ments. For typical panels with reduced thicknsss S A
edges there is an additional factor illustrated
in Figure 7 which should be considered when
eatimating panel centre stresses..

In the basic theory the panel is assumed e skin” !
to be supported at the neutral axis and mid-
plane, or membranea streases which would ocour
if the supports were rigid in the plane of the’
panel are quite negligible for deflections of
the megnitude induced acoustically. However if
the panel is supported rigidly in translation in the plane or one of the faoewplatel,
as in the usual panned configuration, Sweers (Reference 13} has suggested that the
situation is quite different. The in-plane stress due to deflection remains insigni-
ficant, but now the outer face plate strain is constrained to zero for supports rigid
in translation. This results in a relief of streas in the centre of the oubter face
plate and an increase of stress in the inner fauce-plate. Experimental evidence for
this effect is vonflioting, but it seems clear that the ratio of stresses in the inner
and outer fage plates will depend quite strongly on the degree of in-plane restraint
of the support,; and this could account for obsexved discrepancies between data from
differant sources.

TYPICAL REDUCED THmKhESS PANEL EDGE

If this effect really does exist to any marked extent it is iaportant and
deserves furthor investigation.

10, CONCLUSIONS

To date eight data sheets for design aguinst acoustio fatigue have been prepared,
completing Phase 1 of the AGARD Cooperative Projeot on Acoustic Fatigue Datu Sheets.
Work is in hand in the preparation of further design data under Phase 2° of the Project
which will deal with
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(a) Neax~field compressor noise prediction

(0} Natuvwal frequencies and stress response of stiffened panels with stringersa
of luw bending stiffness

(c) Navuxral fregquencies and stress response of box and control surface

sJructures

{(d)} Structural damping

(e} Random S-N curves for iitanium alloys.

Users of the data are encourasged tc advise the Engineering Sciences Data Unit of
their experiences in using tne data and to draw attention to any additional information
which may be of wvalue in future extensions and amendments.
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_APPENDAX A

DARIVATION OF SIMPLIFIED EQUATIONS FOR NATURAL FREQUENCIES
OF FLAT HONEYCOME PANLLS

Ale NOTATIOR

1/2
c density factor 6
i Pe n
29— =
Pe t
( a2x2D (1 2\ -1/2
€, . shear stirfness factor, tl 41 2ol
2
n G
' a
v Cq penei curvatura paramoter
|} bending rigidity
I3 Young's mgdulua
B, Young's modulus of face-~plate material
G shaayr wodulus ¢f jaetropic core

G ’Gb transverse shear modull of opthotraopic core in a- aud bedirectiona
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GQ affoctive sheer modplué of orthotrepic core
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A2, FREQUENCY BEBQUATIONS FOR FLAT PANEL

The well known equation for tha natural freguency of a simply-~supported flat
rectangular vanel neglecting shear deflectionn, is

£, = a‘?/.l’-.m(lm) . (a1)
2a Mo : .

Charts for rapid evaluation of this equation are readily available, e.g. in
Refurence 14.

In the case of a s0lid panel of thickness t = hotf y wmodulus Ef and density

f}: 'E £3

- 2
%] ¢ 12(1-c )prt

Pf’

For a sandwich psnel {with a cere rigid in shear, buc of zero flexural stiffnesa)
of core thickiess h and faceplate zhxckneaa Le

_ Ertf(h¢tf)2
2(1-0%) (p ho2p,t,)

fo

~ L

A)s EFPECT OF PINXTE CORE. SHEAR SYIFFSESS
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J 4’y + (20/1){ 20410 v l24p%(1-0)]}

where F = u2(1+c)2 - kp2+(1-c)] [2¢u2ﬂl-a)]

Thus ¢}, (¢corresponding to 02 in Equation A3) is a complicated function of vy ,

#t» ¢ and T which contains toe many varlables for presentation in simple graphical
form.

An approximation to Cé was therefore sought and the expression
2.y /2

2 2
1+ ED (_m__+_&.__>
b \ga® G bh

b

suggested itself intuitively. This can ba written in the forwm
-1/2

2 2. 2 2
{l,z_v {nZry"n") (AL)

ha Gc

{11y? '
where G Alap®) . : (a5)

2 (144%/y)

Equations A4 and A5 are readily presentable in graphical form.

Comparison of 02 with Cé computed for ranges of values of Yy g and T

and for o = 0-3 showed that C2 = Cé within 1 per cent -wver the range of the

varlables covered in Refersnce 2, Section 2. According i~ this approximation was
adopted in the data sheet. . -

It should be noted that Jaurobscnls equations were derived for the fundamental
mode only (m=n=1 in the axpression for p). _The validity of extending. their use to
higher modes, i.e. takirg u = au/mb . rather than a/b, in Reference &, Section 2
% confirmed by comparison wisn Ballentine's oxperimental results as shown in Figure 5.
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ESTIMATES OF THE RESPONSE OF BOX [VPE STRUtTURES
TA ACOUSTIC LOADIHG -

by

Brian L. Clarkson
Director and Professor of Vibration Studies,
Institute of Sound and Vibration Research
University of Southasipion
England

1. INTRODUCTION

In flight vehicle structures, acoustic loading due to jet or rocket engines, boundary layer pressure

fluctuation, or separated ¥low causes high frequency vibration of the surface skin structure and also the
iuternal support members. The design of the internal support structure to withstand this induced
vibration presents considerable difficulty because of its dependence on the fine detail of the local
design.

In typical configurations, the skin is relatively stiff and the stresses induced by noise are

“usually very low. The internal rib structure, however, is relatively light and is prone to acoustic

fatigue damage. In addition to the Tightening holes and stiffeners, the rib often has many small cut
outs to allow the skin stiffaners to pass through. In some cases the skin stiffeners are attached to
the rib web by means of cleats. The rib structure is thus a very complicaied one and often contains
many points of high stress corcentration which can initiate acoustic fatigue failures. Where failures
have occurred in fins or tail-planes, they have usually been in the internal structure or hsve started.
internally.

When such a structure is excited by broadband pressures such as jet noise, a complicated form of
vibration takes place. The siins vibrate as interconnected stiffened plates between the ribs and the
internal rib structur~ also vibrates. The frequencies of lowest local coupied modes of this structure
are usuzlly in the acoustic frequency range {100 to {000 Hz). The response specurum for each component
usually shows several predominant pauks.  Although the skin must be forcing the ribs to vibrate the

peaks in the skin and rib spectra do not generally coincide in frequency. Naturally there is a couplingA"

but the predominant peaks c~re not the same in the two parts of the structure. Because of the coupling
through the ribs, both skins vibrate at about the same level 2ven when the excitation is only applied
ditect to one 51de

Acousfic Ioading on such a structure results in continuously distributed pressures which have a
random time history. Because of the wide frequency range of the forcing pressures, many normal modes
of the structure are excited. The spatial relationship of the pressures {or cross spectral density) is
an important parameter in determining which modes of vibration of the structure are predominani in the
response. However in design methods this fine detail of the forcing- function cannot usually be
included in the analysis.

This paper reports on a study of the vibration response of the internal ribs of a structure repre-

senting possible design variants for a taiiplane. The test specimen was designed in such a way that the

ribs could be changed., Thus the effect of different internal designs could be studied experimentally.

A semi empirical wethod similar to that used in the AGARD Data Sheets on Acoustlc Fatigue is proposed and

the estimates are compared with the experimental results,

2, DESIGN OF THE TEST SPECIMEN

-A muTticell box structure, typical of aircraft construction was made and tested in the high intensity
- noise facility of the NASA Langley Research Center. The test specimen, shown in Figure 1, was designed to

have relatively stiff boundary members, seven internal ribs and unstiffened skins. The skins were
stiffened locally over the rib flange attachment to increase the rib in-plane bending stiffness. To avoid

‘the introduction of extra (and indeterminate) damping, the specimen was designed to be tested in a free

free mode,
The design objectives for the specimen were:
1. Major coupled skin-rib modes of vibration in the range 100-500 Hz.

2. Overal! free free modes (bending normal to ribs) of the specimen to be higher than 500 Hz
(1mpracticable to make 1t nuch higher than about 500 Hz).

3. 2ve:a1; bending (in-plane bending of ribs) to be higher than 500 Hz (probably about 700 Hz in this
esign

4, Coincidence effects (matching of sound and vibration wavelengths) should not occur at frequencies
below about 750 Hz,

The ribs and skins were fastened together by bolts so that a range ¢f rib designs could be tested

“{n the sam ...call configuration. The first set of ribs were plain unstitfened plates with bent-over

flanges, Later designs in the series included stiffeners. Tightening holes, etc.  This paper reports
the results o threae rid designs.
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Figure 2 shows the specimen installed in the high intensity noise facility at the NASA Langley
Research Center. The specimer is suspended by two steel ropes in the wall of the duct carrying the neise.
A 1ight seal batween the specimen and the wall is achievel by strips of foam pi.stic. This does not add
any structursl restraint to the edges nor increase the damping significantly. The high intensity
travellivg wave sound field in the duct is created by two air modulators. The spectrum of the acoustic
pressures on the specimen is shown in Figure 3, 7This shows that acoustical energy is present over a
wide frequency range and thus many mades of the structure are excited simultaneously.

The strains induced in the structure were measured by ¥0il strain gauges on the Guter surface of
the skins and on one of the centre ribs, Four minfature gauges were placed in the bend radius of the

:;b flange in an attempt to measure the local strains in the region of the attachment of the wib web to
e skin.

The three rib designs tested to date arez illustrated in figure 4, and figure 5 shows the strain

gauges installed on rib design no. 2. Figure € shows the strain gauge positions on rib designs no. 1
and no. 5. . .

3. ESTIMATION OF RESPONSE LEVELS

A simplified theory is derived on the assumption that the major part of the response results from
the contribution of one predominant made (see for exampie reference 2). The tests on full scale structures
have shown that in certain types of structure (usually large skin plates) the response spectrum may only
have one major peak resulting from one mod: of vibration. in other structures, such as control surface
skin plating, there may be many peaks in tne response spectrum. Even in this case, however, the simple
theory gives a reasorable estimate of the overall stress level. Nevertheless it is clearly necessary to
examine the application of the theory in & wide range of structures to establish the limitations. )

3.1 Single Mode Response: Skin Structure

On the assumption that there is only one significant mode contributing to the response and that the =
acoustic pressures are exactly in phase over the section of structure, a simplified-expression for the
root mean square stress in directly excited skin structure can be written as:

A = 5 5 st e, | (1)
where - 6 = vistous damping ratio :

fr = frequency of predominant mode

Gp(fr) = spectral density of pressure it frequency fr
9y = stress at point of interest due to a uniform static pressure of unit magnitude,

"

This expression was first derived from the consideration of a single degree of freedom system by

- Miles (1). This has been shown to give reasonable estimates of the skin stresses in uniform thickness

and stiffened plate structures (2).

3.2 Application to Control Surfaces: Skins

In the case of control surfaces, two skins are cttached together by ribs and thus both skins and
ribs vibrate because of the mechanical coupling between them. Even whch the sound pressures are much
graater on one side of the controt surface, due to acoustic shielding, the stresses in both skins are
very similar., These types of structure are not so amenable to the simple form of analysis outlined in
section 3.1, as now the energy incident on c e skin, minus the reflected energy, is absorbed by two
vibrating skins and the interconnecting ribs.  Consequently, the stress level must be Tess than half
and is possibly about one third of that whic