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1. FUNDAMENTAL AND DERIVED) UNITS

Metric

uiT t AblorwviUt AtibrevW&

TA,11gtlI . i moter ......... . n foot (or mile; ... , . f.(r ini.)
Tie omn .......... it PAocod (or hour)..-- nec!(or hir.)

Foc ---- weight ofl 1 kilogram.... 1cg Welgibt of I ;xrnd .. b.

l)I~. .. p horwillawer (metri) .... haonpowar. - lp
V ... f rnaites per hour-----.. h.0 Pnitt-a ir hopur. .- mpi

(inot4,ori por otoond .. ra-p.., hat pler oeeond. -

2. GENSRAL SYMNBOLS

Vv, 'eighit'. Mg 1', HJ(,oouutic Vi$aconiIyV
g, e:jdari iteetation of gravity z=0.80665 Da, enity (mian per'Unit V01111110n)

in/pt or 32,1740 ft./ttooA 8tsndard density of dry air, 0.12497 kg-nr-*' at
V1 161' C. aind 7110 rnu; or 0.0023781 lfte. u

fit Iflr Speifkc weight of '-standard" ruir, 1.2255 kg/rn' or
I, Moryorut of inertian-rnkl. (Indica axits of 0.07651 lh./cu. ft.

rutdima of tratiorl k by proper subscript.)
'AP f~ditcitelt~ of Vig~c4ity

3. AERODYNAMIC SYMBIOLS

,IF, A ret i., Anglo of witting of wing" (rvilative to thnitit
8. A rc'i of wing line)
(7, G~h Ft,,il Angle of stabilizer &-ttting (relative to thrmt

S, -in line.)
hol( lr4 Q, Resultant miomnt

-I ati f, Ieeultanft anguear velocity

I" Tow uoir oqpce.~l .p- it eynolds Number, where I is a linear (Iimemns~
~' (e g. for a model airfoil 3 in. chordl, Ion

q, yia~ac j~t-iwro~"?-p M.P.hI normal pressure at 150 C., the c.Ar-
2 r*"pofuing mnmber is 2:4,000; or for a mnodq.I

I., Lift, nisa'ute eoeffit'ient V,- ' of 10 em chord, 40 tnp.s., the corresponding
D) number Is 274,000)

1), I rngf, ftbllolultl VCoffie;t Cp-0,, Conicr..of-pressure oeffcient (iratio of distance
14, ~ ~ ~ ~ ~ I l'vfp~ds, brit of eop. from leading Mdg to choird length)

1),, Prfif dngalwyutoroelicent00, Angie of attack
4, Angle of rlowuwraiil

1,1, 1:l~' 'i dagairolaiejlent OD, N Angle of attack, Inftnite, as.pet ratin
(If, Angle of Alt**k indumwl

P,,, I'rrwi~ drg, beolte '.~~i'hnL n.. Angle of attack, eheolute mpxvamm from r~rno.Pol V rwit d ag a ool bncwliicit 01, lift position)
(I, (i.-~.wilml)1~~, albaoluto ceffleriet CeOw* 0 y lgtpt nl
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REPORT No. 685

MECHANISM OF FLUTTER

A THEORETICAL AND EXPERIMENTAL INVESTIGATION OF THE

FLUTTER PROBLEM
BY T IiiiDli)(bTo iIIo)HRS.N gol.d 1. E. G[RIC'K

SUMMARY These funiteolns tire sinl)e cominjat ions of Bessel

The results of tlie basic flutter theory origtaally derised functions; they have ben rederived' ill related' formi

.'a11134 atolpd l t as A'. A. C'. 1t. Techn,.ical Reotby Cicali, (reference 2) in 19:35, by. Kassiter and
*,. iir j~bishdRpr Fi, ,-ado (referenice 3) in 1 930, andt( list) by liissiterXst 40; ir. resented in. a ximpler and more compluete (reference 4) inl 1936, who pointed' out thle id'entitv of

formn cotren n~tfor further studies. The paper attempts tefnlKn taottli~IlnGire rfrned
to fait(Itte, the judgment of glutter problems by a syste- the funtionls.u At ab~ot t lite g e f (nefeence 5)n

*I.'.', sits oe f the th~,et;.'*nl effects oj the rarious para in-
eters. A large i mber of experimenlds were conducted onl P-)cnprlgttiiwthejrsiisb anr
caistilerfr wrings, u-Ith and without ailerons, ;n the (ilauert, and von Ktiriin and Burgers for spevial .'isis.

mue svst e i of equa tion s as given in, tile oi,i iN\. .. C. . hgh-speed wind tunit.'ifor the purpose oif plpris
rrifWYiaf the theory anl to studyP its adaptability to three-
di,,.'esio,.a1 problems. The experiments included studies (A1) a" ('kh-- a(' 01 - 0'
01.' ?.I*'f/ topj.er ratios, nacelles, attached float .. , and1 exrtertial
bracing-. The es!sential etfects lit the transition to the

-9 a -)"&)z-o
three-dimensi4onal p.roblem hare beets established. Of2b
particular interest Is the exristen.ce of xspec;lic flur modes.'I
as d;.st;,.'yju&,4dfro,,.' ordinary vibration maodes. Oil the AI *11 orb I - .1OK .O h .11+ k±
basis of the concepts -introdluced', resi ts that are apparently
paraldoxicali ('o.'di(l lo.7.'*lli, be bruh into conform it;111'
.'.';th the. theory1 . In fat, it is shows, tha't them .1, ;,st (('' " ."ih hS 2.h('kX
I 'the, rent.arkabe agreemv ,,t betwreen theorietical (illad
ex,.er;,,.'eid'ai results. .1 s.'.'.'j.'i method is presenitedl for where , 1, B?, M ,e., ore givenl onl page lt (if reference 1.
p.' .'ericai c.',iuiat.ons of Ilie fljter speed by.' ropline
opierations, r ,.'.'irig io referentce to the theory. .11111.':- Z_ a +I-- r
cation'. Is made to at compldete wiumerical era.''. jle. The f 6 t(

mnatter elf ;ient;f!l,;g' I1,.vx';hle types offl.'.tter ;is anl airjdatic will (tatble I)
still/.' of determi~ning thi, parameters is bri.'fly discussed. (kA W~k k)
-t sedeo. it reate'ng the xmihjc1 of forced 'braf *'r.'. isf( Pt m
wil) ng a,, is ir stream,.' uadi the question o'.f air data jong

.'. t~relatio togifitr is inludwed. ~~t~

INTRODUCTION 1h h,,,' y~
where

The theory of flutter.- -'I'lhe prob~lemi of thitter is i
paissin g thIiro'.ugh at peiod oi f ra pid developmien t. F'ull
copughance is taiiken of thle valui e of the thery a simpnle thle d et erm iii til t f thei rofiviiei it f (Y, u, nd h.'',
or fill emplirieill miderstittiding of this juroliett iN not bcne
iivilililule andiolld li11(1 t best,, be of volup onily to thn ecme

in vest ign tor. An exaict treat inelit of the batsiC flut ter J I', 'i,. ?,
problem in two-dimensional flow, involving the inxl AC"It' ;1h TI~ 1h, ilho Rmi?.~. i100 l

ltortmit fuinctiotis F find (7 relatinig to the air forces, R,.. iI ; 1- .R, ii I W- I ih
was given by Tbeodonwii in 1934. (,See reference 1.) where thle Rl's fil( I's tile listed iii thle alwen.'hix.
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This dletermnantiii pint eqpinl to 'zero icilitaijis two Simuitl- pa ranieters are alIso fairly (lifii'iilt to otaiiii. Oin tit(

trilwotlis eqiiatitilis, tile soilutioni of wIIhi deterinies X whole, however, it ilYIiiV -4 sid tliit this ease of
allot Ilk froin which the (unkiiowiis) tilttter velocity antd flutter canil be finirl well%--I hiaiidh'41
flutter frequency tire obtained. (hidy the diagonal Antother imiportallit case, fi hat of the( coiilibilii 41
termns with bhars conitaini the qnaluitity A. All terms flexure-ajleroii, was sinowi by thle originlI stiidvy
conktain or tire ftnict ions of ilk, (referenve I1) to Ile an, ssentitliv diiferent typet. (if

The work of liuiterous investigartors, i otia lly Becker flu tt er fri u flexiire-to rsiol i. It, j)iiIai' ('I11 raiact ecist iv

11i1dii 'pi, hasN shownVI thiit tite structural friction is. is thait, jiorinallV, thll f1lutter is, hiiitedi to at rall#- (If
miain ly a fil ic t io iiof ii nipli t ile, ]lot of fret uciicy. sp~eed'I. Belo 111md abovi e tile extreci ies oif titi-4 s- let
TIit(- st ruett ira I friet iout cal iile described by it force ill ci rlige t I ece is iierod' ll Iiiiic StnI lit v . A rei litol in f
p1ias. wvit i tite velocity but of ait igi iit ini' proport ioi i t it,, stitfic m iomenWIt of t ie( ii eri i witi resp ect to ill-i

aIt tlle ri's touiig ftorce. WithI ea ch res-toriiig-force Ililiige (lIIIiii iilig) recei s t ill, ia1ii e; t I mt is,, lite lo mu c
terrm, say% a(, thre will be at frictionl terml /a g.~ C., ill hillii Is rnisei aulli'upeouuishwr'l. laipn
w Ilicli Y,. is tile idiainping cef iciei i TIt( ii et resi il I is iii the( st ruc tulre is f a ii to iIi,,, tile sriin'gliena eirect
very simipjly thnt the restorinig-force teriis. a( ', O( j, Siffliciewi iiitermil frict ioni will, in fact, coiarijlttelv
1111(d W(. haive been replaced by terims Of tile fill-Il a(. Ph eliIiiate t le dangfer of t1nt tec, as. Will ii1-4) Co1iiijet~e
0I + ;g.), 0CAI +- ;g3), ICh(I --' go/h. These frictionl coef- mlass bn111ce or the( lproper coiniiuationi of liotli.
ticien ts ocetir ond ll di ie iiiagt0 in I I t eriius, of t Ii((let deei- I icStrcii* t ca frl'ii~ (iiif a1 wing S %.StV em, lldiiilIl uit
nlluianlt. ri'iidilv predlictale, can1 Ibp obtajiueil Iv a1 giuliuid tiest

Technical flutter problems and the flutter param- Ill regard to the( ta1il ossi'iliblY, thel difliciltiv is soiiie-
eters.-H xperiiintiI evidentce, sonice of whlich is, pre-- wNi 1t. greaiter Siilre it n111v nlot be' eisy tii ii 'li ifv Ible
set ed liater, lias lbeeli a cciiuiIa teal wi ch irs Iica tis mlost ti a Iige lls, coiiiibi ilioaInii or to) pr' Iic I ill eve v iiit
that , iii tile t wt -iimelisitial 1 u' blei, thle flu t ter speet I en'a tu e dIie liiiessar I's hiarniiitters, iuiclaidiiig 1flit

(-ail be closely pred ic t ed friom t ii't( liet iy if t itic paint- R itn aldIi (111iii ir. It t li' nefaire ,.een is tlii c.i'' ili;
mlet ers iire givent withli (ciiracy. (li finet ,it seems thalt eiq d licin I or si'na iic ii pi rical Iait, Isill be rel iret 1111ti
ii stone caise., tile fitt t'c spee I cal Ii e uised to1 let eu'iiill u tha1wt it will be4 1 n'cessal.- .~ , ftilla I1 ti me at least. to Iso it
somie pairiimeters nuire precisely t iai by lw direct toa fligrlit-tist iiietlild as at finial rissiiralie aginlit taiil
rliloi.) Ill thle twvo-dIiinelusiiollil p leilleiof flexucre- fiitti.
tiirsirn-inilertui flutter, abouit :i tlozeii tdifferenit t11naii1itii's 11w' Iralisitiall to (te tilgri'-i'-l~lewitliil case of actulal
aire requiiredl to cialciilrite the flutter speed. Th'le l11nt Ir isA qaiiti' aoliilex. It is ii'ct'sr'v to i'tisil tili
let eriiiii 4in ti of t hese pa ra met ers req 1 iic's tee Illiiclil Itaei'is yl iit i I 9iii effet 'I (wI il foriia nti'1 is N* ix

skill iniiit experienlce and is perlilis- d tl utst difficrldt sriirill, see refi'ctiie W), tlii' valritiuai aif tilt prirnieters
step iii tli' solnitiii of flu'e fluttei-rob'tlemiii A knil% li'algi' iltiiig the spaii1 I ii'- pitssililitY tifhge-re detlec-
oif til. funcltionail tlipi'iiteiiev tif tte flliittei' spi't't oil tioui nili's: 11uaad, i cietii i'ases, fractional spnii effects,
ernelnI pairiiitter is esseitianl it; torder toi otilnm sliiiiitus for' pnil ailerons,. Tit' miiost prtisiii iiiriiiii'r
inccuiracy inl thie teteriiiiititiai oif tit' iiiuiltiilt oneis' of at tack til suchl problems is by ,vilicalIS ut I1l1v two-

This tit'ctl is inirtlY tlit' pnilmsi' of tili mate11riail givt'li ill ' e'iIlt fiict itums 11iitl average luilnet11(ers iln co'illiei-
thlis pape'r. titni withl ik stit] ,VOf I'eji'eSItittiVc nutotels of reasoli-

Onie Of till' pro bl'ems inl ('olil cft ill 141Il atill a ctli ma able silli p icilty, fo lloiwed I Y lIv crYs tall i.a lion of t1ile
a irpliane is t ie( idIci ica tiii in (of tIil e 1111 bil iin t it oi tf col let'etid experii'nie ito gel i'ra IllY iapplica ble si'iiii-
vibrloinI ill Ii'ds t Inni I1ii nn ciau se flu tteri. 11it rei'ard emiiipiiriaI correcltin fricftoirs. 'I'll( p'lr'isei it pa pc' i inakes
ti wilig fliitti'i, ill tli c'ase4 if flexiire-ttirsioii, tlii' silii- inlitiakl stuidies N itl Ihis lIiii'liust' iii iild.
titin is finirlv (clear. It will be shlown tirit lairiinllll%' t lii' It is rt'ilizetd flit, for ighI valtues (if tile flutter speed,
moi st 11111ir';It niat hIlamla inc cr is filt' ci it ei- if-nrai ityv i 1t co'-rct itoi in ist bieii nitd Ifr 4 ' tit' i't'et Ioif i ouprissi-
lotat io I. Ths 'oistiilt clilii he iliiit't withl coiisidt'i- hilit V. lit i lei first toirier, th1is effet't is tint' to at illung
iiblt' icciiit' ii v il tl esigii stlg('. .iit' vii'ati' valuie ii, thle sile oif ow lieift t'irvt, iii ii o iii the
of ItIiis pa ramie ter' t'ii 1s64 lie t'xpvii iiiiil lv oilli ii ' s ii en (:s(,Iiace k i( iwii ti he iii tri'aset I a pi'ixi miateily
ins tii'e ''tl.111'uifiii' Inirsitun lnxis, 1liin11 is, thle iiXiS i'tuoiiil ill tlitei' rtio "N ~I -- .V, wlitei' 1! is thie Nacli umber.
WlIl t Ilit' Wil ig, Oil i g t0 t le to% iw lii liig fi'i'i iut'i*rv, ('iiieletl i5( iN' itl , Ii (IPCci'Tise ill tile' fluittcc speed, riii glily
oiillaites Aheii pait in iio ttirsitoil rt'siililie. Tleiits (1- AV)"', is expectedt. This correct ion, alt iolih
location tif thle (Stiitit') torsitonnl st ifliess inxis is r111i4'1i sml ,agitleuuilflgtrne etnsapei
more dlifficiilt ti calculate or toi (eterlllieI exp~erinnenItal bl u sets ersoii p eed Unile prme ntalrci
but fortuiniitehi', ats will bie oibserv'ed, its effect till Ilie abeific tpees iava ilali sph cret ionis epre al
flutter velocity is small. vrfctoii vialsil orcii speeal

The itenitil damnping ('o('fliits are, moreiiver, of to riont' midI slitild Ie nplhiedl for highi-speed airplanies.
fiairly smail influience iii flexuire-torsioui fliittt'r; thepse (Seo footnote 2, 1). 9, for details.)
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Content of paper.- -A.~ st rait ilforwaiird schei lit is pre't- wor lth meni t'liont Iing tha iit %-(oi Net lippe (ref('e et' 7) has
sent t't iii thle first sect ion fo ir muft ie calcit'ihi on ( if (t( employedi tillt I ntxperimI en t ii fligh t ii ethIoti fo r deter-
filitter speeds isn tit', t wo -d imen'lsional ty pes (-ase 1 , Ilii n g thet ciical f Ilit ter speed, IwhIich isI basei et ifll

flexIi re-t trsioili Cilse 2, flexutre-at ilern; and (-i 'sg :3, tit Ils (iof tilt itplessed titc ritin i g exii g fo r'e.
ors ion-al icoit atnd ill thle tThe- ereso-re I n '' e ph t it'a I a it' fif e'xpime~ntits ( if thitis nialtuire is

tyvpe, flx t- isti-lilrtiA niumi ericail exale % ut' vt t 4 ii tewit 4141 ll tfial sinice tit'( filatter it smaiiIs(lit comes

referring to ii moadern Iairge iti 1)111I it, is in cluded1't . till raIike t ea'txj 14si vPly. lit lilti- eat s 11ht t ill' 4irtt it'l

Thie second11 Isetion deal1 I'i s withi iit vey of tlil' l.et't't ii'stit, t e ol'' f illt erest I i4'4l ise' tI41 * V indteI l 4 tlit(- critichal
oif t flt ~tter' paramietters 411 th c1'trjitial velt'1

'I. fretqtenc%it' s well its t(it' groll of thf(le lilllliitII

lThe effect (if cihan1 gintg thle pillamitetrs w~ithian certin t resp Olise its the c'ri t it'l speed Slii i l 4.1roached.
Iirii(tieill limits iticse (15' , 2, and~ :3 is showinu bv~ i tlii METHOD FO OU E C'ALCULLATION (OF FLUTTER
her of chiarts. MEHDFRRU1%SPEED

T he~t5tl iltusi o i n' t t - l ti rd i s et i k IIi i lil it it(- I il c i riut't'1ti l rt tfI l ' 411er I i. speed 4 lit' refflit

I represllte t'' rntative tof inisi '-Ir inh' tI g iti it 11 ll4

catifletter is ie icil*d Treii tit iftimflt'sailt - I

prli e otm l c riticeal sjit'tl. Thi bendl i ng is lidesl r.-,x .c iii %h c a ef rle h .-

fact r s. Thes disctsr e d. The ifliti ol 1 f "fiti n wil A ": .1"' t 111111 lvfi lf4 tt it'ou
att~ck tllate geserall praonounced' if ll tiit lsiort'i , *' 11

Ilot 100 'ieprit ta t'i-rdtftttis mtort t'tll rltl t 'I
ill tue tit i iist t tiiae t' r ftti t'he itI4

cittt'litiif t1if4 thit tispeull. teti beningt' tir I iler 2

tinot e r it fitii i ttrt ts 'lt(I. I* 111t' t 111 ('ts I tr'Iitf lri t till I

t'litrt o e nrsig fin 31314r is t hfatt f t lt -Tit i

speedt is rt le Iftu .5 t istn :utti l iivd pt' li ill r 2 , l 1,,
Ar iiirie f s iaetry ilvinbe 11 inmit'r t'ltlii tidi2

preveint fle rlti tfe ttn11A. i.till tilileli mod %%14 be I

Ah Smittimin cii'lttica seed.ti Tie f itirt' it's t'efrt't ill
eifxtleairnglcerping otill tue forem litals of trlIII twti- .111--fli

factrt'siTae exitreg dtitt'Ii 'ilis (i itldledstoI imhtlt

sttnekiirthei generalst , iuofev imuti filiti, IcaI

lpromtici toetri specfed, jiltill ilsipis aif lirt- jr '

Stol ientsit ena teti tuple rttill t'ltrvt I

Inter bel shown two degoreectifn fre idl. I sltrlls(h
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These cnstaisuasire obhtainsed froma thle originlI vaia- snhst ittit ed nIto till- eq til io 10 1 filte salit iota. that
bles sand fromike 'I' ta leb (tablle 2) givens sat the endIE of is, lte iiiiw of X, is foundsi. TInel( reil a'qnsi tioli ipsgssiivY
thle report. mass two sAaluItiEosns, aisiil t(e isaginisrv equaion aslifiallv

Aiotlser set of quanit it es X., I- etC., Will be hilt, oie. Tile0 vslines of A, (or preferi lyi of -% X, siret
neteded ; their expnressins fire is follows: thlen p~lot ted sigaiist I k, title[ the procedlure is repeatedl

- an ta ~~~iiaali otinisah iii rves represenl t ing fte t in eq lisi tio,
ll~. -. 1., + ! u~)~(:'+E' 2 Y tire' obntainsed. tAt tseel itagiasewitor fte kinoledga'

oaf tile silitn t ( aaif sjiii n w tiitsle v cosid ernbi ra t 5 ili ce
IF5  Il~~~2(;( I lit- Mstexr inavolved-a In-ceesa5e it k fill In Issi lila' las ci jaxsa'

resisaaasilsle vsalnies of I k sit ft-e -flirt. For aiiigs tsil
iilerwas, Vk k* i'umsilly le-~ Owins 5. vierv ofteis anrisnid

I 7,*26 7. 7" 2Y, I for 2.) Tinl- 1aaaiit oif iivEr-Eciion olf th I o ee
/1'.11 + A1.1 A + . 1 repjres'ists tne flint ter posiint. H~eaii~i i ~li-o

1 lilt([ 1k;. 'Inel( flint tar speed is tlell 1ive li tilte

7 r A- 2w1r 2 w.~.a

Case 2. 'l'lne coeffiijent aof ibe fir-zt termis itn eaich of

staiitz o'f itersiol fricion ij ,saidu fil,. I'( c-tliciiit 4if

Theise' ;i,% Eiastitie- sire dleriveil from lat volitowil- tile saetauld tvi-a ik buillt ie i ill Thie'1. lii colatalt
ilri'aitlv given'si aisu friami lul andleitimasaal Elnsiltities F111 sa ite'rma i'. laiilt ija likcuisa'. lProsev'd :I, milaljane iu fr
Ga. vs ili] irs fanact ion- of I V. rni, qnsitity i i. i.4. 5E I. he criticail -jaeea i. then
ili reaity. flte iiepeInt virisilea isa tie probllems.
Til utailtities- F sud Ga wea'ir ili tie fiarins 2F'. 2F' k, w~,l I I
andi~ 2( k; their usiliaN sire givenm ill tlabla I foir iilerviii k X
viilises of I V. lit order t4a faneilitaite ft- eslcsnlitliua of
Iline-a qastiti's-. fll-' pirts sdept-ndsinsg sass I k sari givenii %fiCve' 1 k aii A as fit-e %;b,:i~ae t the( iastl--ition jmiiat
ini tilbles 3i s11l *1. of flte ctirne repJraeenting tflit- rvnl asied flitii iiaigitA

Adlioligjaasl s'oln-taanits isivil1lved sie( flit- fre'Ijiienicii- E'Eiiatilii rssl el'ti il. Thi-r sire ii-maillY lti o rit ici
.!,.U. siand !!. deied ma'ilu1 er ft( fhem'leie fs ar n'aicl *ive sa'. "Ie"'kI

alisilifthree tiinaag c-laitlt !1,,. gi. welnl g,. ( ;a'mirilily Case 3. 3 ii': refaitre- it maore litboErioais csilctiilitisin
sill tlie-' voe'Antniit-4 sire aie't sinlaiism ilv meelee. o'f tine, s'osa-tsnaat terln'. itrerai*, ft-e lai('eiiire' i- tie
'te file,, s As in wilsexi be Aolvea. -anis li- fir can,s 1 sends 2. 'l'li' (liat ter speel ik givess liv

Case 1. 'rit' e raletta i. . i s vi lt e aajsadrantic
asiilimi a. feor vita~ iiEE'c referred I tE:an the " 'reanl"*~-J

11i141 ftlit, sasaigairy i's etsiaiik s. 'I l 'hh-ficietit- ofX

ean ii sire given i isa thIe ciilenifluii oa s scinesine JaresesIVtAeI ian
filIe fialo%%isg sect ioan. Thne c'oeffici'nt oaf thli first termi Three degrees of freedom. li'cie'eftre'd'a-i'
ill el'iksl 5'qisiitiiati il5V0IV(' tille COaSitaisit 9. will !/,. thne af freeflosin re'(lliire- tile siaitioi oaf ti t litr~-416-gri'e
ceell'sejeas Elf insterial frictions ar qtruEtaaril daisinsg. I efjllnsills ill X\. 'Inle 44s'esitaat lif lit ma' ft, till- sa'a'eaaa.I,
Ahnich oire gi~e itrs as rigirisi I constIan t s. The cefii'eni mil iit ,n third rE I e n ssre renla * v reo'' giz lI it eminsil Il ilz

(af lte seconds~ terma (if esie'l eqia-iiou involves ft-'s 11 ,ainl Elnsintitie's anlreaiu'lv nisetu ider can-a's 1. 2. wnnid :.

siase tine I1s linel Fs. iist ilefiineal. Tine- emistaiit terin The .presiials for thle c.11SaS1tl tenisl of t lie t aIl

ins Piala1 af lite ealisitiosis kis alinlell lay tile 1.1einatia 11isaiiosis, 10, tal I0', inavoa~v I Inree-roa1uetsnjait
ai rrsi ngemn 'it. -liE uii isn tine ca his lat li l ielivE it Ij lti ilt 'innI'lt- ias ni's by Ingifn rdvlc sims
inidne il fromsn ccrtainr cons5,tanfts .1, B, C'I. anns ), for eachl vanhnie oaf 1 'k. 1I' poiint ir- pasiwt of iwner-

toigethser wit i t lie fnnsit ities 2, 2F I-A. land 2(;, k. Thi' e t ' sa-ioi aof ft, wtuo cusrve's nre sent itng thle etimsan sl

qu11anit ies .11 t. C, anill 1, sire sihmple (l't ersi it- s t'sire sagnira ri'presesa i ve af OIwa 'l riE'53 speeid. uihaici is
biuilt nsj) trosin thle s'eantits .,4 .1. etc. givl bY'a i

Tine csaefliviesns Eof lite' t wo estiial ias- ilnist ha' cails'nn- r.,b, I 1
lasteal for it fixed vanie of 1,,'k tihes." c'ealliaiewis ire, tlieui X'i



Case 1 (h, a).-

(,otefljici.'t of S'-': 01*0.( 8 i t, I

coeiienit sit N: UAW(R C' C.I. IJa ., (

I Iiiary rin~tiEol , I I .

.1~~~. .1.

If If

'.!. 1Case 3 m.

r~~~wjaN U,,-Iut j_/ 1,*

Case 2.-IA 1  
(

('iieut of .V *: OLZ I Lw (l4Ifi'll of .:

( 'sefficient aif N: Owbfiv(J.4 f N: /,,

('neficient of N: 11.1(I1,4114 /,A) ll(1.4 ,,l I~ 14

%,to that wh.'n ltwiwi,.n -Mrswnf- rt rt. i , q I k .j'n I *.- .rm-- 1), IS *.im1

,all term. in all imacinsry egi.alk.n% B11, B., B11 12?
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** k 11.241(mi. 2F 1 *417%,. 2F 1--' 1 117 s.

Case 1 i fie xure -torsiow.

16 11 I4 ol f

Thr~~~la a,41'1,0 lOiI-hi'iI to itl *\ Isr

AS % r'" 1106*141 to(fi repr.i-tti I- pa sm 11 1 72 4 (

f al ,i~~lfl In- r I rsishil. 04re Im'ii'a'1 tie.:11 ''01l-t1.m talm

lif I, I-(a flt 1.s 3rl-. Iosir e ie vii e ol r of T l 11 I'gaj lell -l a

vik%~~~~ ~ ~ ~ ~ ~ it.%A t.-f12 twlo~ i i e vi ,. f ie- mfi-

11411111,1s VII aIiVI fsl ,. fl, 311. Ii, .rIl 'a 'IIIte LV' V pi nVI (1.7( 4 I N .1 . (1. ) 33011
ll.', ii t. .~li i .1 1 et IIrlj~ I'Ilt 1 .1 m-, Them I,,gimL' ium v'~ Ilmil im Ii

lit ,lr,'.'- i.. the~a Omi u.i '-' Sin l e ,' r -iss lr rei

iliIll'lir.a 1111fl l'he filrial~ -te lll Th ll o li st fwrr- 1d .2 %45 N1171 . .it7 1557 0 ~%
111ic, r t.v l - hru'iii ti e r i mp-llL Tile, Psot'r u Ieiaiim tie mi yllr-ot, N I S n

I~t~ ~ gl' atI s'm'rl I hml'N 19.421.~ arrut.' l j~ "g ts lit, tail t (If' fi t- i a i ay.111 i l i

e~~~niujaiuu~~~~~~~~~~ N'wIji'u' I, A7 N111 '1, 411 AII (17.l aul ti 17 .! i 1 Mi. s~

'te .je'if ti) Ii~l Theseli 21,ie fif tNe tireSlhi~ 1)41feltg its'- k l ig r

*pli'lI-. th h
1 Pta lim e pin- 11131 *tu r The' f~l ile , l 's'- 1h iresta e 2%45y hi .tti 7 th (t ires liltl

igIIli 1 re tiic v aiol file nr. ar ' I'pWN iciYi s 2 ite Tiime. rNT- he s mit (is ilit IIXSI . 1 .(4, 1 *% 2'.46).

il Ilss9 p1C1' all tie illerll fil-, e'ia CRN .22 tim- 1iue 2.46 1ut's'ltih 2~nt~ N I.54 .

schif4es ar liou lm the fo't'llows:iit 2i s ari~ fh .5924



MECHiANISM1 OF FLUTTER

lit the p~resent exaimple, the chord 21, is 12 feet and( W The conlstanlts
is 90 (correspolnding to a1 torsional frequencey of 859 A, -- 0.034601

evjes Per mlinuite); bw, is then 54(0 feet per second or Al2- 0.082-55
- II. -0.008154

9~~~~~B ----- ___--0.016510

- _0 (V49SM

S-~ 1D2 -0.10258
8 -....... 'Ihe constant termo H 111 - - -- 01.07322.

-- * -4 - ___-- - The real equation is tilen

- . . 0.00 18N2 - 0.0048113X --- 0.07322 .0
-- I minitar eq nationl:

S-. T m coe'ficiit of X is

0.001 X 1.07881. 1(0.021177--0.00031,10) (1.02:34:37

-- -- ~4 The constta t termn .lI1. V (1.088554
ri( imagnmlrv equationl is thicii

0.0213437V-0.0,"8554 0

- - - [ite r-oots, of tilie real equation are X .182 and
785 andl the root of the imniarYai eouaitionl is. X

R 3.778 oi- (forth poitv roots) X 2.271; and 1.9 44.
- - I liese values of \'X are plotted ainsiet 1kZ 'in ti-zure 2.

.--- I . 11 curves tracedl bx- the roots are sliomii :-.~ tihe figuire.
- -.~, Since It0 initersctioni exist"', thi if v eas j stale.

........, /Case 3 (torsion- aileron).

I te cfici eelit of XT2 is

2 3 4 1 2 J3 3 (1.0012

FtI, i. 1. (a-, 1. 1Nulurwal v-~muplv. i,t t E 2. - Cas, -1. Ntiiw xv af, '3 .. 2 0M 04

'In l~it- .lr t N if fie rual W111f li, MMUIa - raii H w liii- S "N 4. f 1 h 1e II' oe livieint of X is

i Iqs , . I 0(.0017012S 01.0201470l) - 11.00014--( 1 .2.s5 0I. 125913)

a1boult 368 1111c, per hourl. I lice ti(li ltter Speed is, T1,1e cons'tanlts 0.1 -7

for this caise.. 567 miles, per hiour.1 I., -A (lO(1146 S- 0.(103)129
F 1., 01.021 IMI C, 1.11424 I

Case 2 (flexure aileron). B, l1.01t11799 I . (126964

Real equation: T7 01.0012090 I) 0-(.014-1!4

Thie coefficient of X2 is 'I'lii olistill t(liii .11,;" - 0.0121173

3(.(1 (.11 0.10045X-' ; -1N7 M11:

2' 0' 001) - 1 00018Illmagimal- cpaionl:
Till. coiliciclit o(f, X is

'rite Icoeffiicint (If X is (1.02 1177 : 0.11013 18-4) - 0.00014.)(0I.9 01.077013 1

0.0018(--5 :0.210M) I 1(--0.00l7028- : 01.(.120470) nilo cotiisailt term m1' .0.130076

0.00480:3 Thle iiiiagliiarv (f fitll Iis I l

ci~r ,-,uu ,iiiii) ,nr,,-u,, [A-1 the iali,ht,.. flinller roo fil a,,, , l. (0.021 ES6.5 - -0,0130076 0
i'ressible fluid ihe r, nill, flu- ,-.rr,poini l w -l fi-r tliem, fre-nif- flimid ,a i . 'I'lie roots of tIit' e e l eq iiii lioni are X - 1.567 a ld -30.03

ilenlri i~.1, i . I,' whre h ,I~-j~ iliiui~. (ftin ttu aill the( root of tlie iiniigiiiai\v qu(( iol ti is X 1.:37

M'o (for thei positive ro-ots) A'.Y 1.2-52 and 1.173.
T aloie for dw'IXlr plotte eliagainlst 1 A inl

lr. , wi 1% lo r I/: . igmire :3 I((' cil rye trilem L'( I v the roots is showli ill the

~ o(..' I- ~figure. Xii( i itiet(i .is . ,tlli vls istilso stlnble.

Three degrees of freedom (flexure-torsion-aileron).--

,Nue that the exwi ien reters tui e el ll nI(r'(it alitde i ~ipeshullil hie .1 40 12
towel on anotlher value ufx and an apprumolirf riu of nflhe %elim il f isounuuI - .001. 0.-i0 112



10 REPORTr NO. 685 ~NATIONAL AD)VISORY COMMITTEE FORl AERONAUTICS

Thle coefficient of X-' is eter is usually accomipaniied by unavoidable changes
0.00045(-4.7994)+0.0001125(- 1.41093) in several of tile others. This faict must be kept in

+,(O.O13442) 0.01O42 mind when actual or proposedI changes intended to
The coefficient of XT is increase thle flutter speedI of airplanes are considlere1.

1(-0.07322)+0.00045(5.76524)+,1/(-0.021 173) This dliscussioni is intendedl to give only thle salient
= -0.07592 faets; the clairts contain the complete dlata.

The constants are CASE I (FLEX URE-TORlSION)

R = - 0.032848 1'=0.017042 The flutter speed for case 1 is p~lotted in the coefficienit
R= 0.077092 T=0.028790 form v,'bw,. In thle followving grap~hs, tile frequency
S= -0.004381 U=0103485 r~atio w~/w. is generally used ats abscissa and thiecritiv;l
S=-0.000344 U=0.0 17720 flutter coefficient v/bw,, as- ordinate.

The constant term DR=0.094635 Tile grap~hs nd~er each of tile following sections of
The real equation is then~i ease 1 tire arranged in ordler of decreasing VtallIe4 (Of K

0.00011 253+'--0.001 042X2_ 0.07592XT(-0.094633 0T
Imaginary equation: II I

Tite coefficient of AT2 isR
0.00045(l.0788)+0.0001 125(0.82297)+!4/(0.02149-))

=0.005952 4- ___

Tile coefficient of X is
1 (-0.088554)+ 0.00045(-3.30557) 1'(-0.0300O76i) V

-0.097561
The constant term D1= 0. 11711
Tile imaginary equation is then t- --

0.005952X 2 -0.097561N-±0.1 171 0

Tite positive roots of the( real equation are _Y- 1.270 x -ix

aind 21.0 and the roots of tile imaginary equation are(
1.302 and 15.08, or VX7= 1.126 and 4.58, and 1.141 22

and 3.883. These values of _ are plotted against-
1,k in figure 4. The curves traced by the roots against ~ ---

1,k are shown in the figuire. The intersection is t-

VN= 1.06, 1;k=0.875. Hence /, ___

0 8 75 j ~ -- 1- - - -
v=,1-X2X- j(bw,, -0.82tibw.,-,-

For 2b- 12 feet aind w.=90, thle flutter speedl is 3041-
miles per hour. 0 2 3 o 2 3

These examples have been selected fromsera //A
listed umnder the last part of thle following section, to FI~vuRF: :.- ('asI INunwrivauI\ Fvo Iim 4. '1r. lin-,,r,'- 4 fr .

I ple. '11w roots % N i rJ t. Niw rva , Tn; .
which thle reader may refer for ot her examples, includ- Owd I, iIII!IilY" ,Il.'I X~t -f ow r,al aid o1w

imig the case of an unbalanced[ aileron. lgainst 131;. ijagmary 111 o ,lI ,n avatt 1,k.

THEORETICAL SURVEY OF THE EFFECT OF THE startinig Withi K -1/2 (lightest w~ings) and end~ing with
FLUTTER PARAMETERS K-V 1/2( (heaviest). The range of K for p~resenlt-day

The purpose of this section is the studly of time effect airplanes is approximately K - I . to K- 1,15. rlhe

onl thle critical speed of the various independent varia- graphs tire further arranged in order of increasing
ble. Atlotililieli~oiyiiitselpciiitslieolitiIvml Ies of a, starting with the( smlallest valles of a

boes alatoughr the tho ifilf y rits tesolution (stifriless axis in the most forward location). In miost
ofay Cariul aewihu ifcly i ssmwa nses, t ile mad li s of gyrIa tin is kiept ait at fixedl va hie

difficult to obtain a perspective of thle effects of the r, 2 _'14.
parameters. Because of the many variables, this survey Effect of center of gravity x..--Trle effect of x. oin
tias been limited to tile magnitudes and the ranges of flutter speed is given in grap~h I -A. It miayv be observed
most practical interest. It is realized that thle effect of that there is usually a. dlecrease in thle critical Speed ats
increasing or dlecreasing a certain parameter is dlependl- the frequency ratio wi/Wa is increased from zero and
exit on the values chosen for the others. As it inathe- that the curves tend to at minimum nlear the frequency
matical experiment, it, is possilhe to change one variable ratio w/=1.There tire cases, howvever, in which
and to keep all the others constant. With reference to the miunimum critical speed lies ait wh/w=0. The
practical problems, however, the change of one pararn- transition takes place for a certain small value of x...



MECHANISM OFI FLUTTER I

1- - -- r- .2

0 .2 .4 .6 .8 40 0 .2 .4 .6 .8 /.0 /? 0 .2 .4 .6 -8 .0 .2 1.4

11

V --

0~ ~ .2 .4 . 8 ' .0 . 1.4 .6 . . 2 .4 .6 . . . . 1. /
. .- .IIr -i to . i- ) I Ih,.g,,. . ,3. h . .a 333 xI t. .:3;,h .- 11 c , ,;o -3.:r./ .~=

t~l3
0=( 3 '.:r,~.. .2 g =1, =-.;r.0sal;rt~=.4

0 rp - a )Teefc fx;tefutrcefcetaanttefeunyrt.;r= 1.Cs A )
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This vahue is greater the larger tHe Values Of K (light speed niear unity frequency ratio fromi zero to inifiity.
wings). For instance, whenl K1/4, a value of x. As may be observed later, structural dlamping will
about 0.1 (graph 1--A (g)) brings the minimium near the greatly alter the shape of the curive in t-his range.
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MEHNS 0FFUTR1

3iato !+--. IT ote wodth iite 'wd lgh %il'VK3oIVnp (

2 Y.. 2. .

q, 95 q, /q =

0.

05=g 0

. . . . . . . .

0 .2 4 .6 .8 /0 120 .2 .4 .6 .8 t, 120 72 4 .6 .8 /.0 1.Z

aetualillyts no iiiflueiiee oil the fluitter speed. Ou1tside I 5,0ttM feet, withia resiiltiiig illeiase ill the fluitter

of this rlllger, tha.t is, for' Iar1-11I VaIIIes1 of W,11U),, tile reVil- I Spe(l JIIIiiiei IlIjIllI eIIllIIstall((s. For tihe casc %%ith
tionsihip is less simpJle. Gralph I-11 (b) shows the 0 .2 gi 1n1i rap I ( itieil4Ieinl

(lepenidell(V ((I thle ceniter-of-gra1vity location foirou hl fut tel (oefljcienit is ironi Iti to 19.o bu 0lriu
positions of thle stillnless aixis aI. For I couusiit X_ I, i possbl that , for. xvry hg Ilt wingls, tile flutter.
that is, for at colistilt (istail1ce betweenl thle stiffnless speedl m1ight decrealse with I at itid let ii a Cer-tini

_T2

3/ . . .

0 . ... .10 .2 .24 6 . 0 / 8

.12 
I

//Si 1111tecltrefgaitte1utrsedi lti ca iai4. lo lga auso i'i
llire~s~l s hestffnssaiis(siidcete ofgrviy) . .g) .h .h~ .r .1e4 .l~e15' nerl .t t . ~ .q

Grrap sow he Ia te (';iwel Ilal tedk-it ugains Efet of-imn stutrhafito C, .. ap 11)i

iK. 'rue no~rmhal rilge (of %ings is iieel inl the iteal' to shiow thw elat (if tal stitit ir Iiicti 01]
liaagramn (the henviest wings to thet right ). The~ tfllm iIe cr-itictil spleed. As the coefhiviilts of frictol lou ar

grumils tire tirranrged ill (lrler olf illerellsing viies of illerellSed. there is it deluite teodallav for the cafte'll

(WA i.) oaIlaf a. ArI initerest iiig reslt is4 theI existelca4 proollled IminilinII fitit tel speed nearl W,, W. itt to
orf i mliliilllfl rFit ictii ,llwed thalt fills ill ft(e raltiga of aisaplivilir mill4 teo prtliwe reshpolisc curv~es of Ithe tYpe
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Obtained foi- niegative Nvalue1 of J.. III ti( he1111ige of nIost (Iules, ill tite p~receding tablle tire givenl ill relaitioni to
p~ractical interest (Wh 'w.-_O), tile t orsionaiil frictionl is the( valuie for K ~ ~.r~1.which is the CILSe Of
the( more imlportiliit. lowe-(st wving, dlensity and smallest radius of gyration.)

Effect of radius of gyration r..-Graph I-E is ar- Tfie( speed corresponidinig to giveii stiffniess drops if anly

rangedl inl convenli onl ord er. Note that the flutter imass is alldell SO that /'. tit(e denSit V I K, or' both arv

('oeflhc ell t ill thle low wj~w/ ra Ii ng incrIeaises W~ith ill- in cr'eas~ed. H~en ce, ally illaass addelld not foir tile pi1lposte

crease inl tit(- radius of gyration. '[his incesei tile of increa~sing the stiffnless or. 1II(Jo'iii the~ ceiiter (of

flutter coefficienit doe1s niot necessarily' corresp)ond to all gravity forward is (let rinient iii.
increatse inl the fluitter sleiI it (h)111 if the' torsionail Flutter frequency.-Tlie fitit tr frequtency is shown in,
frequencyTl. 'e. is kept constanlt. If tie( .stifflie.'s is graph I F'. It is Seenl, for Iinstanice, thalt for Si111I I

1.4 -~.-- . . .... .. .. . . .. .. .. .. .3.

x'. -. 3

d.. ..... ... 1. .. .....

0 .2. .6 .8 .0/ 1.4.. . ...0 . . .. 8 . 0 2/ 1 ./8...20 ...

- ..

4 

. . .4 .-.. . . .'. .

(a). .T .: ..i;; . .O~ (OSA. (II. . ~ ~ i'l' .1 .x d t. tosonl Thi graph(is

1.4 1741 4

(41.2~~ .. .1 .. .4 . .niie lo g win is gie t. .e ~ .lge of . . .
zl 05 442 14 reo.''isaragnetbcueo h 4fcei
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coupjlinig, exhiits If Iiigliei. criticail siiiii. ( '1ill the to i1) Iiirvetit, of thle totinl chiord ii.prese'ii, .1 stailihzer-
fraction h uiv ii ig both ii r'~of freci ionil 4. TPhe rtetls elevit t r (oi- a Iiii-rui tle r coi i in lion. Sev eral v allie
IIIe Showii for seera values. of k inl -raph I G . of .rj 1111l /-,2 11ud of the duitn1piiig cicitit 1.1 ami1d ,

Divergence velocity and approximate Blutter for- haive hwenm inchlideil.
MUR.-It Cuiliff'b slhown illtt the( divergenice velocity It should be inieitimieid that orilinuirilY, i sliowt nit,
Iiity he e'xpressed' iiiit) fliiliiionajiiji formu a reference I , t(isI' 2 iffeihr., I iailaI.% trom i('ise I byv the

2 6
l)w,, h 2 K

F- A. This velo'it v is lisliaullv higher. thlni t~n' 11u1te .i .--.-..--.. .

velovitv.4
All emiri~~cal e'xpress'ion, hihi., tisheil inl qjiikl~ , I ..... 31

oIbtaiililig thet ordter of tuuziguitiide. of tile hult tel speeti 9'3 ..

for sinal1 vialies iif w W. 11i1d which appilears to hotld vet,
-well for hiealvv wing"s (with h .1 it0) is givenliv b.%..

Graph I B 60i shows' the curve uiltiied froiti the z. 6 8/ 0 4'

empIirical exNpreioS~n ( lashed ) aiind a cirIve blis,', onl (lie 4. / &.
e.xactt vidlue (ill full line"'). i I .1 , Jd, .. t h.

C'ASE 2 Ri iUALElOlt, 
rq.wro

The flutter coiefficienit fori eise& 2isr , ,. he, fne- "Xisteiit' (if ,i tif r ,tal f eteliil'~lt evl ;I'n I,,%% or
quenevC raltio W, W,, is iirdiililfijlY us~ed as ublscistql. 'l'lle ""diiil iiilipii'l 11tlittt'i' '.i'I lii" la*lil','r of th111at .:llgi

(rillli ale lil ziin11r C(iu ill oIl,'i:: f iiicrellitg will, b ri',d of eljtifiiilv b%- Nariiol' liii'ait". h1i- il

hinge ijs v hoive bueeni iuiellided. 'I'lie firs~t %:alie. c thle fi'equieiii'v ratiO wjw, , if) faclt, for a N21i11a1. -lighil
K, r te aleoui ,ll iudteual to 251 lireteelof thle tota grater lt tit.ieial sped i-t.iret'

(chird. is ititetid to telutesvtut a1 %%ill -ailei'tr cI'liliuu- critical are liii', do nt 'I-'rild tiiuch ei iviud ti [liit.
thuh ; thei. sevuiii l volume. c' ti.1 orn the mu1ik-tI)ItI cliitl I 'q ual i,'I'l i'4'lii(tiili oif thei'C -iif-imiitN. distie roit

..... .. .. .. . .....

2~~~~~~ C.pr c o.~-, . .2 . . . . . .

o ~ ~ . . .~ 6 .1.0 I. .4 .. .. 4 £ 8 / 2 . / /

re~~~~~~ .:r.,r,. . .' ./t' 'I. ., i. . . . .

-4r~i i i'. Ftt ,liim iz~~ rqi'yr '' * rs .A
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5111114. genlerl effect. TheJ'lwfat thnat ltle atilertiii extends tlitll alli114st tilil Illin, then-1 lo caiclilat11e ti I oillvi
effectivelyV over it shlre lenigtih is tliCoitti(*lii'VN ex- vailiij. aII iil Iiaiiv to vlalatie flilt linet piracticali celllibl-

p~ressed1 by at ''Coi)liig factoir" 4, which is the higtil 1lant ion, Isili (lariof SlIfit v.
of tile aliler-on diivjided Ytil total Ieiigtli of tilt- wing Effect of radius of gyration r, w- ( raipli 11 A,
executing dieflec titon. Tihe effect of is slhtown IIililill l fo ito a tyici win-aiieoii '" 14 liti- 1ttitt of

of the gralis. jII t iIau hItl rad(ius of gyrltioll foll %-11riol' %,ill of
Effect of frequency It- l c ').-(radns 11 A (i) lit( frequaIncmY r 1,0.

and (t)) silo%% tille effect of mwmilg !j, ill ret! 1illg tile. Effect of frequency w, w, (C w. ii lit ji prelt t hig

eiitical Ilreal. 'Ille e.ffec(t of dailllI)iilg is siltiwlIj ill grilil gilils. - hfl-lit iigt ls wa ll li I . Grph ia1i1~ i ).
IA(e) ain1d. filmally tite effec(t tof t,~ llgliit -.t (iti. i E,. alld 11 F 5lltt(1tii lili. fosr c tt. -iii vn

Effect of center of gravity ., c (e Grnipll1 It it-l( wnrangeci ill tuut :r 1 il d bo ill( (tfi-t tof J, f.

gralitv iistinic li.giving", for two -ti ains of X, lte. ftill (raid iI)(i)

.J4.

a)- - -- 41
>7 F<7I

02 0/ 02-.2.-...JJ.3J1.? 2 )

is h .pe /lte . 1pelbclls lfliefl .it vet/

.t is i-ip..ili to /it(-, /9 o~ il(IiIr411 1(11

il. thsfgrta sims.b e- Ilsd wo teitl

Iile whc is ro.e crtcl 'Iote oaoi lit

tIfec't i laillg tis frvieiv i, lilt loe alt tvileed Efc fcne fgaiyi 1 cI. ii'I*~l''

'Viiies it~ ite rtiiit cotii , lrili.r 1  iill. nThea lt*i-l n ~ d IL illlgt ilai

fr(mnyrailgt) i i hts te cit sti efet i sltt tefcr ta
0 ilctlUl' inhit f0.r a11 certan"IS03

Irt is er tll~ t o m itY teit', ii r c lsim~illgr roi'l tll.t .rpilc

lorf ilrer tilll teiiis it it low'i fteor 5p1i'.ll r .

vlilue. lil ollier wvordis, at crit icai fri-umni rai-(1161al Effect of coupling factor (C -Itl ii g ph Il- F the
be (ie-fil'(i for elcil Valle oif thec limbsiililce mid1(, in- e'ffcCL of tine ciiplinig factoir 4 k shown~l for an ext remle
versl V, ai diiiite crjtictl valiuit of fte Imiblanle coll Clise of ubalanicl (.rj large). 'Ilie slnperiinpostl effect
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clinitit. flit- flutter itrea. r, I. i*.ita1ilY -1tIlivie'il.I i 1141 III't l i 14 ~ fi-4uiu

flit-E i-rigri44isiILV.4-t tfime'wo t ii frl Iblllc ; i- I

r~~~~~lrl'4' ~ ~ ~ ~ ~ n131141 grzIpI.4. Ir a. jI 1 inlilI' aeI~.It. amc h4N

lThere' is if samilaarit t' l*u-s- 2. I ;riah III .~*i%

lIto% theO ifilenili dataniiig. iiuve'-= t:, Itm1 ir Iha Ier lit urdlir lt rliiiiiii 4  fill- rt41414-1 tI Ii .tiii.
(11- 4f t hire ,Ii~iei 4i fro'g', it i d 41if, 1111l4"11

ft- flirt-,- *,IIH to4 -, it "4'! 491 i'. icili Ii.a~ -i. 'Ii..a

T ilt . 4:1 vfi:l111 1 14 41 11.. flit. I i t 441144' III flit4- 1111-

N414 O ll Il kiII '111sri'lyt o sell 2, 11141 , Ow~il %alm, 44 414 ,

f:, 41 . t;1 i~ -l' ll , rit-I1 v ' I n, 2. 11'.'r il e . 'C' I tiling.ikwil~ w1 v al

111-1lt vroIM i terI Il4l) t 4'im . lot tIimio'l lit i . or ft - I-:., Tit "II 4. 41s41144 II hiti ' 10e. iii I -', I 444e~'4 -,444

woeridm % :ai' x, I.4N2 ,* tes
1  41 i 4 '.I 2 4 14 11~i ii ll II4l . := 14-11 pa:41 1 S 4 1lit, rr-'114

Ti,' h t er 4144 " *ittit~iIII ISV tel 14'i4" j ta 1 1111110-F fil fi41l 4l 4,41 4, 1 0% Ill4 i. -

sIrhn~i taaI~r 'nI'I' Ii, 4 11111 - It6 I ,il, "I f41iI~ll tt 111a ict-d. i in:. h id~
I ~ :i ,,'.i,,izg I,',,, I ;44411111 Sf 4= j4:lt11s~l I114 :1111 "i I,,, .1 'f-.114 It(, fl:~i't 411444441 :4444

mlwin44 t414'. lwvs'4't flit-4 t ill ilinttilil if 114tif 'r foir 4*ii lllll 6111-11 % i'44 Fm l ist- 1'4 4 . 1114'l hill~, filiiii'.i 4'-,
fill-to :1f.1 :144 ,4:1144 44111114 1 %%fi ll 14 %I f11114- .4 016 1

ti~i'ii' :4 te*411,:1 11:1if I I !Jjt it: .. ii '',4 h ttl j4iu'

4---- .- lit 4J*m n4J.~l .1,451%le el 114-1il .3

I i1 111 ~~ -.'e , ~ Ill I' 11! . '1] 
14I r'4I- 4'f4

3; \.tt. it lust nosri flint in ,n e lot e1 :l'l14'in44IiI1 i

t f l~ ~ aii-i i .th (odia y son-t f., 0) 4...i 11ie 4 4

.4;1 411ice t . I~ 4t 'i. that. in 61111414' in l w I I, i v1 V 11,fil iie 4 t s i 1 o n , g i tib ete ~

a .4ight 14h41)4411 tw1 frtie im'i. 144f4 I,'r. i.4 !11iffic4io'lit Il 'lt 14, vt i h i lon lf t l'lr *1.4 it d4, itn CR' 2. Condi-
41Icancell Cfloruse(i 641 hlite utIr. If ;I'oph Ill C' (fair]~ * 1,1 v ~ l '4sn r 1 ill %. oI ore ivr file e4Ilitiat ionl Showni ini
Ii4'a13 winig) shows that, for no fitiion, a smiall over- figimrl 1; (4- .
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,i ift,. ro-ioli. sa igirIr l i lilt- s amv, iiieler ii- iiidat-t PROB~LEM S

11m It- 2 iil :1 Fir fill-' raiautiiia. gi aei ill figtiru'-li jiii' i 'Ii=J' jo l ieNlt..t t~~iuiiii~iii

7 l 1tter tu~im Im ,fi mer v. Iartfir ,. Ii tl I The4 I .'ilile m l. A i''il i tou 11 EIiltiuuilifl'-itii' e -111 Th

fb le miiI Iiv i lw o-tr -, lt' '4414 IV IVV I l .14 1%e.' -le (m .tToa p c

110 ter. ~ ~ ~ ~ f T l-% br flit llarI At% r aio-o-.im ie t ifii, elikf li p rak il

l I# am*1:,11.1 .1 ii-7-1Ilf1-
il -1.- 1 m l 3 l-e ll . it o c-m lh- %

F llI tr ii' .'Irr I nL~'li4l f l i'll rn'# foi li . 01(o 'i llut 'm

. iil ill fiituru 7 1- 'Ilii' a-;isa 2 llmit Iir 4:114 lie rec- A
,i~'um,'l l, .11 IM , 1Il ilt1:m4&1. I I V i" :l ill 1114 ut
rative- ,f v'iv-4 I wll vili4' 3 liii 4' imeel' . as~ ill tisitrvi

7rdli
Fairire ' lilt., Iten.4 im-i'fuleuI if, sli~u~tm lit the're i's is-___________

v -'iierablle l''m "rinr 'af I lie lihut te'r sliced1 fisr lIfim li' %) It hiv 1' ' /P 4 18 9? /

oif the4 oviIlrim frey iaaec-i v v ell tl i ghiil tle sijle'r-oiti IN W - I111.1,14l1, ''i-..v-
to"iIaIri'u . 'rii. onifiiiitmi i'. loriohmld % imot ouf pflari - rh in:i.f"ir . S *. I'4. . I VvI~I2

ci neri loeii'ii'' ni sm'a lli fioitn o f frie lii, pn rt i: i. ni
gp., %'ill re-tier, tie' flowter ipel ft it- flill (re I I viluil'. ))it l tn'tv u-ailsiulercl :I- am -afelY fac-toir. siice an air
It is fit tie ntid Iiu~el en. tlint ni slniht meitu~lumie -1ej'mu (if lte~ ordler of it feui percent more t haiil ti t in

(.r, 0 ~) n bie di lehq. I Wi-flimi sihi4ut Iluini is~ iie4'esfnr tem i mise flutter.



MIEC'HANISM OF' FLUTTRii: 23

Consider thie calse (if a rectangu'mlar cantilever wing. freqIieiicv. Ini tile case of conventional wvings. tile-
Softie aui1thoi's halve at tempIJtedlia soluitioji on tit(. assuiiiip- error is a ppaireritly in thle order of only I or* 2 percent, a
tio11 tha it tile respon0 se Cuirves ini torIision andll deflect ion ftn'ttili ate Coinc(11 idece b('('i 151 it permiiits thle uise' of a
1111(1 noIr101ia ii cond( it i on., ( zero ir 5jpt'C ) i lv be uised simall xpe ietal-iiiiic Icorrect ion. This po int
in thle fluitter tiit'oi'. It is Conltendled thalt t(il ssil5illJ) of view is in irmiou vwithl tile RaYleigh prniciple.
tion is faise. Several r'athle r inte resting- ex pen mlitil a hc I OjVstt tl ik t aily respionse' ftiiil'tioi whla tsoever
resuilts will lbe prelseintedi in tite niext section) Nviilil corresponids to it frequency bigber tilaii thait tif tile
slnIx1 directly aind indirectly that the miodies iii flutter fiidamleiitai.
dire frt'' d Iica liv froinit ie( onia rv oneits. The followig To recapiotuilate: it ba adi aq fr qu~w II'IICl Ulr ' ;t,

If il'5ti11 aise-( (1) IDoes thle winig flutter in the first, tlu fluttir i f a cati u/ a vo ;N Wily ruati r toflom tht oll/. ((l

second, o1' thlird, etc.. bindiii "miode ..? (2) Are these (it .(lro aIii fJ( lt lmlll so, till hIjar*tillfh ;itffivi11

illod es ill Ian v aY retlat ed to tile o rd liiariY t vpes of' his/ intefi ti- pheitno is de'iaqi-e bvr tilue
vibrat ion iiiil Ti iteetgpeionioi s(euils atdb h

C oinsider first tine case of a very highl bending" ilnaie. photogralpii of thle flutter ofi a1 lillioriii cantilever beaml
it~~~~~~~~~~~ is isfu tt '-iiirtet(-(iieiilii ae (see fig. IS) presenitedI in tile experiniental sect illl

re~eset iv tt(.of aralieertin vaiabes which shlows thakt tile iiiaxiiiii amlulitud~e is not at

of tle hre-dimnsinalcase T vaiabl Itnow thle till 1)11 is rather c.lose to till' iiiiie or til' Iiim.
of te tireediii'uiioial ase.Thevaniille il110 ~Alotll vvrv' coilvilillg expienlital proof (If 1tik

a .)1eaiiir ini tile (two-(Ilmeilsioulal) ettIiiitions refer-s 'onnn.gvni h xeiieia eto f

to tile 'ave rage-A 1 ichi appr )ioach ies zero e veii thog 110er1 is thtacutreIi t h il'ci lthe( local hI ii tile 10l)f. is very' large. It is, fuirthermore e',s iitacuiiewiitatti'tl t'' (1 I
il'. front oIf tue ('tcinter of gravity acttr iilv IW it(,l

evident that thle average cilivat lil's aile gYreater. tile filitt er speed of' .1 uif'ori cantilever Fii. lor I
'"reatei' thii(loe. Both these condiitionis .11v l'(jlli.d- reaieysiaicutewglt.il'il ''tll ilI\li

he \%ork loust per cycle refers to at very smnall average h. another rathier remliarkale experimnit wa.S Iiiade: A

icanitilever wing flutters'.at aboullt 2001 iies per hour.
The ploint wi,('l'l thle nodie oif the se(ond~ leit'itiin ode
(at zeroi air speed'ti) intersects the to~rsionual stiiu's

a1xis waIs fixedI bV collieetillig tisi point byw ~ires to tIll'
tiiinnel wails. Thbe wving( suhsequieitlv fluttered at

[i,.,I(~.5 bit, iwa i ir, fr luit-r .r-lr iltiilC ling VnIit. ive milli broke! Ii ' exphlna tion is thaint th li' Ira('ilig Nll'S
r,"traim, I by m in, anIi wIh 1,11,vtiml~ii hI.I Icolilple" at beninig iodc that wa's previously viitirelv

value ;I,-s till' llliii1ll' nI of tiI mode is inicreas-ed. It is aictnualv iiivolvedl inl this tilttter is ;'lal lIn excess
p~robalie that the( secondt ''flutter'' 111(011 inivolvets al of that oIf tIll' secoIIndiedngIld (at zero airi SpeedI
coefficieint of damini 20 tol 5(1 tiniit' larger thanll that lrge forces ale thlerefore t raisillit tt' throughl tilt' Will'
(If til' fir'st . supporlIt s fioiii till' walls.

A ~ ~ ~ ' 'tlvo b -ipi ihseii reference toi thie li In r'er to illust rate more cllvilllv hloNt Sill)

effelct (of diamin~ig shows tiit hlighier filutter Illodets tallilliOt Will's IlW('l t ile fluittter 'pelI ireferencii s 11:1 i f) (

This fact doeits hnlt Iii('ll tiiit flutter (IIclil's in thlo 1w- w\ing,. If this ho'nlig fo'qeiicv is aboulit eujiial to the
est (zero aii speed) beinig miode(. torsionlal fr-~ele.n, tihl lowest hut ll sllevli is IIItuilil'Ii

Tilt' beiidinig fi'equiieuicv iin flutter of ii caiitileve'r blni Whll thel slilphI(It W\ilerv ' lt'l I'VlOl, till' \%ill- will te'ndl

It will, thieretforet, hot assli( its lowe'st (stitioniiy coulplinigs liisijn'ar. ill'- ay miomen'ts mid11 thll it forces

highler frveey. Since thlis hiighit' frequt'iicv. tends illy 1)e called tlil effective valliles of a and0 It whel'l tilet

o(rdinairily haippeiis tol Ile at crotss between tile fiirst 1111d calst's. Fo~r inistancle, the tranisioittal (If it siiuili h force
(lie secondl imodles. Large iiiterual friction will tend to to thle supp~lort inicilates5 thalt till' positive l' i tte Iie-a-

p)us1 lite re'spon~hse closer to thle first mode1k. r'he( result I ive h vilhil's very near11ly cllitlel . TIhte hl ffe't , alt hollil
is it fliitten speed dist inritl loh we r thlaini thaiit cailcula11ted I b allY larlgt', 111,1 very ner ca nce~ Illt'' itse1lf. This fiict
ol tit'- basis (If fit' frequleni cy of thle ord inaiiry funlt ii- doi es illt pr'even'llt tile use (If ii 'e rtalii i si 111 Ueraw ot'i.
mental ben'tinlg mode. i'( flitte'i speed cailciilated e'ffective' It ini tile ciilcuiliitionis. With 101 intenal f ric.
I)y using ft'e lowest bleninirg frequlen cy is to(o faivoril e I ito i, tile fluitteri spee'd( is no11t (e lla1 ged IAs wa po ~ited'
Iii the(, case oIf winigs oIf stuall internal frictioni (s4olid (lit befoire, ft'e use (If (ile sill eil'ective hi for higher
metal wings), the iactuial fltten speed is olily lihtlut (.9, fitaes is, ill reallity, topmiviulent to employing it gi'c'itlY

lIeI( sp eedlci li 'ii te of)I tile basis of tlie lowest beninrg inct'r'eaised coIt' l'fi ieit of init ernal frictiton
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This discussion anid associated experiments lend to the Tile. solution of the deflection-aileron vase is givenii i
important conclusion: A bracing wire may lower the reference 1 by
cr-iticailspeed of a canitilever winigor fini. It usually does--
lower tile critical speedt when the internal dai ill R Ilb Rbh- i4p,

tile strulctuire i ow. f, iL I -

Foirecaglrcniee ig there is no dlifficulty and wvith the effect of t:
inl regard to the other paramieters. W'itii the bending
modes considiered knownt, the varialbles a, 0, 1111( It were _R- Jh (h ,

g'ivenl silflhlv w.s average valuies anld used inl thle two- R J-I, , Rlh -'- d~

dlimiensionial soliutioni. ilisipe(tionl sihows tha t tile flut ter' It is niot icedl that tile factor E<1I describes a evi-taam
speed of .i Imifori cantilever wving- is cs'seiitialiY that of iiicotiipiiog of the( systenm. T'1lecalelilatioti (of tilttter

tild twode sioper cas fre l'vvil( tiesil aal~ speed canl in' performed foi- any con jiiig factor ~
all Ct ilevoer wing of iornia Iot a ek(Ish e~ii ietAain it, shill be 1 n rememllbered t ilat tile free-v ibtio ln
li eilt -ifI t 111(1c mode al ot idenit ical withi t lie flutter mnodes. A

he cnsiered Itis :issiiiiied that there is a1 simiilarity tnec exst for t to a 1piioaci I iiiitv -sitiwe tile
inl con struction a bin g tile spaln for vciici cross sect lolli
Tile 1mass is, put equl to it constalit times the squaiire of .uui foce th l1.~ I tewl'

the cholrd: static Ioients, to thle third power: anid tile EXPERIMENTAL FLUTTTER RESEARCH
ii loilielits (If ineurtia, it) tile foiirthi power of thle chord11. GEFNERAL

Firthier, the air force is hiropo(rtiola toi tile chord aid 'ieproeo ieelviina eeri afrt
hie a114 c tin 11 iii iiets arie p ropo(rtional to t IileI second( iiCJl ' OI ftI 'c I'' i 'i eelIdIWS is

power. ~~~to I Icieck the~ t iieoryN us, l'I'garid ala ii aV and.I secondli, to

Varimlis weight factors of the formin (b br)" (J'PIr arell(vleabssfralllcltidig fpiiiumt

(Ibtul iid, where f-isa weigilteli wing~ Pa Ill IillVtcl' and W'ith Ii liii.iipiille5.

X1 is lll'iisllrei alng thle span. If thle reference Sec'tion Thet 't.1)0 t)1'iililil11uiiWl'ciidctl
fo iii a i' Iciii ill' ~ i till N. A. C. A. 8-foot ii -sp)(ed I li ll '1. (See

is cho(senl iill uc I lola tion) thiiat fig. i. pi 1t iv 01( Ii to pritt r li M,'iI'i(I' ile

,ff(.r~~~dx ~~vii'( scill was inisertedi ill tile test sect ion iiilIi i
*1 iil'i l~~behin thll fllut te m''i odl . Foir conven'ienice, 1110(1W s

which is aliways plossible, t e ha vili flutteir speed below 300t miles per hour were

h ) + Itestced.

tilI5 f h ''('(lc'5l(t(I i ik'Ib(, 'l~I o tl brnch pr(if tll filittli' cu v as tiih ii'iv o tiile Iin '1111

tilll i ellsci (1( ('liI' nbord tlere~~il e ailga-l'lied "i'iu y Ilil iln was npt llv pIfc thlutte w'iasii

iIl o t e i Iids clth e limits. Thill' ii n( rfereneseti o of it v i i oe t iipe ti. I ia1i l oadli' %%t 11 Ii m ill'Wi l '('5v fionI tll

rlidrh e eih t equa Ila- l l s ' av til'l'odtis l ig e te oil si0' ai ng l tl i le lower I ~

rituei Ifthe lici nie sion s I' uS ili tfoects e to- til bra iII'l) tilThell s ii 1  'gon101i(Ii

t'lille o f t lein g t ii there w il 'f tbe 'ti tW I verai poi ive corll's u rc ci d of'I t h e rang l'l'S WIolb'! iJltai y h e foi l' ll I ill'V
teoll if~ eco aslig t closei iina rd h r wol(I il l be fl'~iyis Il''Ol- IIeo j e he t ail vo wla ll- s pt ill l ase by(' rls'll liii t

f v orc o . eoecs.il sti svrt ilN t.)I lvieu itilelta c i t igt's el. ld tn illjinil l ) icroste

f 'in be t e (If 'I i l11 ii ts T1 5(fil tmcrst r' ereseniiatile TI~ lfi'I'c. tY itll' V' I l pera illn was stIO oill 11 fro tgil-

sct 4 ifn willie S lose( tai o ifths[e t elii t ion giving i 1)11' iiie til aranemn coul be v('ii~e th( r(011 it11

IIe t'piil l wo 11 fdimlnsiniall Ils tile fengt Ill n fi)t ' i lliaol%-~l] NCVieidvtil ficpin lte

is oli ee dI tioii be fi a 11 l to 1 lit ii and ili l~ it 11 1111 ti (''t Ill ( i is t('5I' ha Vincreased Cbol til I ' (I a ig 1111I r(' h sd

h er. Tiaus leng ti~I is i co li he Iolll 11l(1 to'l is,) till'e ilie I vl i a i sti l o wiy teraie it h
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p1-, ni: 10. iii. ,lir l .,f willg iI ll~ S tmlhgh-lOj.'I tuiwle. 'le Thslop hl, l %s ji llonly a few ilitil ipt .

: Jm iw x (per ordirile 17 ll ililditiollto obtiingil the futrsedo iepll
mihch icknmmless; wings, th iesof restraining Nieo ils il11il

cotinterwveigltts ill Va r-iotis locations',, inl of hal- rgeaeib'

S2.5 464) 1 othi lit tile xing anld sonle distan1ce aw frot it \%ere
2'5flx -,titlict. Experimlentilldli d ti re neid lltable 1.

Ill tile iilei'oli tests, the effects of iass baliciog, hinge
0(41 ~location, freq lielicy, and1( friction were, tIveslt i-ezted.

41Wing 1.-Wing I (e i.1)Wt i1C~~nIlt(I i

5f - ilever Wving mondel oif 14-inclt (huratliItii pila te of 12-
71c chr b612-nc thickness by it free length of 6

.2:10 feet 9) itiche's perforaited with closely dlrilled1 1.-jlj('
jIM) .020 hloles and cuiveredi by it riorritichi sheet of nht1ainjlinf

to give 11 sila othI su rfacei. Th e c( iist iiit (-;it lie
Tile frequvincies of the v-arious witigs are givehn in tile obltinedO~ frot (111t ai ill tile eXIper-iiietlt talel(.

Ifii. talhe of exlperililentitl datat (table 1). All section Wings 2, 3, and 4.-Ning.s 2,:, i 4 repret(Cit a
constants were obitainedl both fly calculaition tixio by di- series of cantilever wings ofi the sait, rooit s'ctioni 01-
rect tet'ting. The ailsie sect ion hitis its centercof grit vity foot chtordl lY 12 inch thick), tie( saime spanl (6 feet 9)
at 42.5 percent front the leiading edige. The st iffness inchies), hart lii g tatper rat is, resplectively, of 1:1.
axis is tit 32 percent hart wits artificii ly punt lit 3o per- 2:1 ill 4:1 . (See figs. 11, 12, mid1( 1.3.) The wvinlgs ire
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mlade of duralumin and are constructedI to give sijni-
latrity in strength and mass dlist ribu tion. .Note that
the detail alt or near the tips, is a scaledl-(own replica
of the detail at the root. Thle stiirness axis a is put at
:10 percent chord or a ~-0.4 by means of chordwi-sc
cuts.

The three types of wing 2 k2A, 211, and 2C) were so
dlesigniated because tite first onei' 2A, flially showed a

F it RE 12.- f'rd (tint 1h it wt l. E 121. -iap.l dn-
:i; Iil.ir ratio, h, in chril :III,]i! itit in ta;
tliekiinsis2:I. laivj'.. 1.jil- 1.

of I. 'ing 1"tiSll ft. lllw l. Inf htmi iimws axl,5 5 i at III permni Owi
fr.-II ht,,ing nitI.

V i'tck ii hadII11( to it he' jilitced withI 211, whidi is allmao st

jletiida. W~ing 211 fimally broke' at the root. wais
reipairedl by shiorteninig it. anfd waIs u1sed foi. sonme tests
uinder the designation 2C .

Wing 5. -Winig ;- s ai. lso it solidl duilmllit I rVC-
ta ogiIa r oa itilevet' Witg of -fo at co rdI 4-fo ot lengthI,

mtidl I-inch thickness ait the maximumn ordinate: it wa-is
iiseol for aileron testing. (See fig. 14) Three ailerons
were testedl, 14, 24, anid :34 incites long with 2, 3, and[
4 hinges, resp)ectively. Most of the tests, were per-
forined on the 24-inch aileron (ifleron A 11).

Tests were mlade for dlifferent sp)ritg-restraints on
the hinge, with at balnce couinterweight on thle out-
board end (fig. 15)) andl with i a special arrangemtent
permitting the( chainginig of thle linge axis from the
forward edlge of the atileron to aibout :30 percent of thle
a ilerona chord behtin d the (ceiter of gra ivitir. tR:I. >1I rigj f jrntt.



MECHANISM OiF FLUTTER 2
Wings 6 and 7.- Wings 6 anid 7 zire illodel wilngs of speed, wichl filet agatini tends1 to prove tihe contlention

normatl (Iensitv built byv coverinit bnkIl~l~ structure with that the fluntter lbenailng resp~onse is closelyv reited to

'1e-inch I ahlogany. Wing 6 hats the saine external
dimensions ats Wig 2 (fig,. 16). Wing 7 has it root chtord
of 18 inchtes, at miaximumi tickness of 1.5 inchies, and( a
taper ratio of 3:2 (fig. 16). All tapered wings were
tapered equally in Chord and[ thickness.

DISCUSSION OF EXPERIMENTAL RESULTS

Thle scheme already discussed of introducing flutter-
b~ending modes completely fits tile experimental results
into thle theoretical lpicttire. Figure 17 shows the~
theoretical flutter sp~eedl for wings 2A, 211, 3, and 4
withl tile experimental points p~lottedI. Wing 2A with

1,44i Hy 16. j4,Otii 111Lfr am hl t 11 jt a".w ..- I),a ret
la4.r raltoI.3.:2.

tine second ordunairy lbenulimmde Note also thnat thle
Flw ax 5-Winig Swith aiairon miass liatanced ty c.unteriwiht at outboard 'm. observed Ininilnula speeds corresp~ond~ very nearly to

at flutter speed of 202 miles per hour obviously b~ends in 400 ~ ~ ~~
a "'first'' flutter mode that alilproaclhes fte second( l)eIl(l-IaOstvd ~q2
ing 1mod(1 ji ai~pearance mid1( frequency (fig. is8). ile 30
flutter frequency calculhated oil thle basis of this bending 4 8.....

mnodle closely cliecks thle measured flutter frequoency
(fig. 19). Wing 3 checks equally well; its hendhtIg
frequencies are lnote(l in table 1. Wing 4, thme Inost - ..

taperedl one, obviously collapsedI (fig. 20) in tile second 1 /0 2

flutter miode. (See fig. 17.) Onl this assump~ltion, its G en dnq frequencies

experimental flutter speed also fits well in figure 17. 1 .6 .8 / 2 I. /6I
0 .2 .4 .6 8 12 .4 6

Since tile effect of thne bending 1110410 was brought so Frequiency rcli, co*w
strongly into thle picture, an independent studty wats Fiowl t l 7. --'her*,icul flo 1.ter sl x4-d bossed on c rPttotants pertaining to %%ings 2A. 214.

made on the rectangular wing 211 anid onl the tapered 3, and 4. -!6oo; a=-04.4; X..=!4; r,,2=.:t.425; -. =23 t4mles per houir. Eiwopri-

wing 3 b~y at tachinig 0110 point of tile torsional axis mnt3al teat points are also shown, and 11tutter modes and fre~pitwncfrs are. indimwie..

rigidly to thne tlliel walls b~y restraining wires. The tine minimnum theoreticil speed. (See fig. 17.) Of
results tire shiownt in figures 21 and 22. Note that the p~ractical importance is tile fact that at stay niear the
wire ait tlied to the tipl) hd 11o efrect. onl thle flu tter root, of a wing gave at higher bending frequency and

Ji
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FIuURZ 18-V. og 2A In flutter, demonstriting first flutter mode. Note tendency for node at tip and maximum amplitude near middle.
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definlitely lowered the critical speed. There existed fixed, t he a verage ht valtie bevoies very *iiland
poinits, however, near tile ini(lille of both wvings for the ht deflectioni b)ecomei(' 'iio'th'tive.'' A relaitively

highi flutter speedl result s.
/6 UPe -- qrC Tle matter of letoliig-eiige eomiterw~eiglhts lihas beet

-rheo-,-. fi.-al Investiga ted, ill pm atI m on %Ii wi 2C. Figt r 2:;
1.2 o Observed. wing 'A.siovteefetifiiIif 1 oite egltlogte

span. The N%-eight hats a ither surprising tefritu'e
*.~-.8 -.. ~-. - effct Ilela r tile tip), itidieanig t hat, inl this eaIse, there

mu11st be anl h nodle inside tite tipl tial againl slibstaii-
tilltitig' tile theor.N of tihe 1hut hr mlodes. Farther ill
mi1lmi tile wing there %itS, till expected i llfes (Itt li

* - . lutter speed. Whein all three weighits %Nere applied
0 .2 .4 6 . /.0 /2 .4 .6 t the samte time, tihe flutter speed for wing( 2C wa!;

W5 /,, iietrtisd to 295 midles per htntr, wltwh is ima r)()4
Foi i tE 29- Theretical flutter fretiuettties based on ,otivtants for wings 2, 3. and 4 iirreei(Iemt withI tile Ctii('ttiitii Value.

with extlerimtentaiiy ob~servedi values for witiga 2 and 3. -: (.4; to', A inarge mitt elle ait a1 inbar po ) ~ tIJ(sit iton (f ig. 24 ) iltl-
~u.3i22 Case th. o).Creasedl tile flittei' speed fronm 202 to 216t miles per' hour

Which tile stitys Caused tile flutter speed to at tautl a1 whenl ill tile forward positilonl mid d eerea s(( it to 19
l.ar-e value. Thle explanation is that, with this poinit when inl thle rearwtard poit itn.

Fioultz 20-'Tte effect of violent flutter (tn secotnd mtode) on wing 4.
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Lairge bodiies dlisposed ait somne diStaiilCV from1 tile tllstale lV (llioci t regionis. Fiurther light (Oil tit( whole
wing, such as floats, were very dletrimntal as regards mnatter of flutter. is givenl by at studY~ of tile vibrationi
the crit ical speed. (See fig. 25.) response of the wving systveill to iiajprt'ssv fores 2111d1

Wing Ishiowedl a flutter speed that is ill agreemlenit ilomlents, that is, g('ierallizillg the polinit (if viv"
with the predicted value within about I percent. This 300_______________________
agreement is dtie to tile considerable iternal damipig 300T7
of this wing. Wig 6, at rectangular wig of thle sone -

plan dimensions as wings 1, 2, 3, and 4, but of low -- 1-- ---
dlensity, sliowved a flutter speed about 3 percent below.-.-- ______- - - --

tile theoretical vahiue based onl tile measuredl pairamleteIrs . 2j I-
and the lowest ordiary benalig mode. This result 20 --

tes ~ ~ ~ ~ ~ '0 tht treurs h
1iicat;tht for dailWd, how-denisityv stutrsIh
flutter miode liplroilies tile first. beiling" mode sonic-. - -

wvhat miore thanil hitherto indicated. - o.
Wiin(-alilei-on flutter has beent studied on winga ~- -: - - -

(Ree fig. 14 and table IA)The theoretical response is ~ __

011

of0 IP2 40 60 8

D1tneof restraIningy 41/re fror- /', ,rT Root
retirainling u4 ire':Jingm4is of % ing.

-fronm fiee vibraitionis to forced vibrat ions. Instv('ad
------------------f thle hiomogenleouls systemii ofl C'Oplat moni (A). (B1).

Seodsfhnrvonngnd anid (C) (see JIntroduictioni). imnpressed vi'ii g forces
-......... ~ ~ ~ ~ an . _____ o1(11101ie lit. nitrtodl ced oil tie( righit -thi I Id side oif

____________ these' equlationis arel conisidleredl. Inll cilillioli (A) a1

.~~~~~ ~~300 - -.--.. . -. -

' 0 20 30 40 50 60 70 60'.
Tp Distance of restranng wire from hop, in. Roo'.

re.~4rihiJw %4ire along11 axi of ning11 211.

shiowna with proper co)nstanmts inl figure 26 for thle mo1st

representaltive aileroni All, upjoni wich most of the ........ .0 5,inqlc we,,It.
tests were madI4e. A inumber oif test p~oinits Ikov b( een C'3segl

dlirectly plotted inl this figure. Ili order to ob~tinl
internal friction, it leado hige was uisedliln somie tests.
It is rather renul rkabhe hlow well thle thliorY is rvl- L /00.............

lifruned by thle test (la. Appairently, if lilt paraill-
eters couldl be satisfactorily oletermined, no0 flutte .I...r
testing would be necessiry. Tests iii wich thle hinge.
axis (fig. 27) was chatnged sho~w tlu' ib(eitii efrect of
(lecreasing thle uerolyunic Inomntem ai'omiid tihl hiinge. _______i.

hThe lower fluitter sp~eedl, which is tie oi(, (of p~racitical /0 Zo 30 77~

imiportance, is conIsiderabiihly iireased its tile hinge Locof ion of counterweght from tip,

aixis is mio ved bac'kw'ardo. ';'r1is increaliise is no il]% it lW~k~R (-iIeto ~ih~'w'gitinV~g 24.

veiiter-of-gravityv effect but is Aso5( calusedi i) thle die- terin 1.d~(at -'b inl eq tliit ion (11) ak t vri

crealse inl tile fieroilynmii nonent iirouindlie ihige. *1fs ( / b2 and, inl eq uiat ion (C) it termn
Note thait, its thle center of gravity is approached, lie I)0oeil-+,k2)IAfb are nt rolduicel. HeIre .1 1, and( If,,
flutter speed riather suddlelhy becomies infinite, aire thleo magnitudles of thn' sinuisoidail impressed torques

AIR DAMPING OF FORCED VIBRATIONS ~ il t1he a a 1(1 0 (degrees (of freeomi, Po is the masgn ittil I
of the itipressell force inl the It dl(grev( of frel'doin. W is

This report has heretofore been concernedl with tItl' circuliur freqney (of (ii flirlel vilbrltionls, 11nil Itlie
a study of ii lorler velocity sepiritiung stlnld' and11 O's aire certinl pilisi anigles.
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FiitR 24.- Nw lo n wing 2A~. 2 . inntlat hed tn Wing 3.
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Q150 T

/100

re>3--.-,

0 J1 . J 4 6 .6 7 8 3 z0 1 2 13 1.4 1.5

CASE I h.- M) pervelt tic the vivlill (roit of 111v vlai-i ii \i-.

11V s bstilitill o a~a01-4 , If , ii,

1-fiIIItionls (A) andi (C) finid solvim,. for (h) 3111d( t.

Mki~~~~~~Fule (pt.onIbm.thr esft

from Wich both1 tilt l1l1l1llitildles 111141 tilt' iihosies 1i3 ll' 

dix 1111( A,"t and1 A,' reprentll tilt, reiil 111141 the ilmlagillill V 00 ~(
equa~ltion~s listed undieer the v'iICIeifill sch1eme for (-itsI I... ..

C onsider the4 4'(Imi1tj411 for 1/0""1 111141 dveiiew teiIlt-.

dheterinaniijt ini the num~leraltolr by~ N, i. 4e.,

6 5 4 3 2 e 0
If the excitaion11 is uid in Il hI degrev (if freedollm Posiho. of aille-on hinge

tn 0, i . e., t hiere is 114) iImljrssed forquve 11 hfout t1he -4 II 7 I~i~r 1.-cllm mi Iir.~i ., 1- i of ,ilmm srt, 't'r, I,

Plastic *ixis. If ai siiighe exciter were plaled4 , foi- 4'xoml1)4, ti 101creo es l i i 9 tie hivnigi 41 roh# ,, ,lp er-4.kr!.s it yltI.? 1- 111 r
AVI111.



I )eine ti., it he- -it iti tit ti-j,iI ro-jmm; c.e 4 11nl iimire.se0il

Theis

_v1O\1 igoire 2* i. it jiesitsc.mriph cif iito i~~*.Iii~eisie

im lCC olf the rseisImw riihes it I#,, it- ii filiictieolIi f sthecc

r low.. fuor is evcis et sl'ifljii-erj~ ior % 1.1.1 it vrit icve
Alt fote'r =iiseqe l'it. iti this e.~siiijle. tl .ilt- ciii- feire

lili5. IH4'liS1ii"'.iiiite tel 114-1 ill thle ehiiictiii4i (JI'icev 41f
frei'.etioi jilieii 111, 41. At ze-re. -iNi'4l there ve't l %'s

re-sc'nimot (rcetljeie-Ic-i cci rrc'- 1steeli i t~ thi mitic 11*1le iI

frc'et ine'e- i ill lit wn rt ('e'grec' (of frce I' 'iii ills
iuir elijsi im. (lilt- tcs =jpseve i% /.ere jicle tihe re-1i~ii-4. is

11., 1e '. -C ~ p of 11".q'i Ow.~ IngI. Jrwi ~..nw int. -fr illili iit' t thice frefejeicie. A~'ithi friciei !1,, ui

.1 in.icr ... i.'i..icc~~' ~r ~ n- p q -t e re.I i A!.s th e clj ,l ire wwil . Ih ir 4fl i l",F

It i- i mvia ie lc t t o) es iiie it e rtc iii -tlale de fle' ctji i rc.iere a-ti I .m l - te - pevi 'e di im e s. i ol. d i aim i i 'heu.,l ulicih i. tia' le eietinii elose ti rs-c' I'f reelene % herimchllt-s w. hbratch 1 lii' re=Ietue-e lisesie.

I/I., ,I' Iie~gliiV m *ill . . Iesse': tille' 4sticr frselui'ee *i% crich.

I 73/

'C

.-~ 680 '743/

~ 705

_ 975

. I1 t 6!

nrmik rs"'siit gi e'- lt- u' iese -- jit e 5isfe Wistsi rvojk 511' j

1.0 ii te'nnm ctf th i tliclf lletiomi Ic,,41l1i1' it 1l11 i~Ilj)II'VS4-11
ftese ewr Iliimpit rhse resucl cit mmii~e se iiilericsi
I'llleiilc Iilm. %ill 'chiri I' Ise jtre'4iitseil.I A'

IA-t N\. repjre!'4'it lt- e' lesrmsumvit in I file Islmicruia er ect

the ex~press.iona fear cirle:

a//



tho ajar tdiaiai. it'ltretm.4'. wool[loci ri-jbem w. i,rzt-ww e''.a leI iud . I. ia,out Il fits i r 0. ']'11 \ai if4

critical flutter Irceoiaa'aw.olv II.lt-veit the. t%%4, critic-al w I- is 14 ife~a .I , ii Them.i *llii. Jun'~. Ii, 4.11-

677
mo-'

V. hq

O .. *.;Q

0 f -4 .Y,

00-5

9F P9- -f
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1" htE 0.- Frced ibrut ion response for torsion dt-gree oif tn-tomi (axis at a=1 ; Fl wi la. . I i lo 0. -S; lt I, ai . 1 1- t~ fr t%- to i it,

It is observed that tile speed is (leteiilled by~ of thle torsional nXis. "I'le air tblijtittg at resohttice is
M' I i u l~aa 'a 1-0) "I'lici essentially prlopor~tionltI to m , id to tite walve-

.1\'_ .2-- B"2 lengt jtil rlilie( I,1k. For the( (tal-ter-cIhord p)osition

1""J of the taxci , a 05, the l'espoiise a0 aX~ is VeryV similar
w I- to ile elleciollresptonse h., ill the jpiecv ling case(Kw (-l-gJL)1  (1i". 33:). For allyV 1ositiolt of the torsional axis; back

B(of tile (11ttatter-(Ihnl'( poinit, hoxeeapcuirsl

--T I

60 a K~

0 0 .
5, 1.00

. . . 0 . . . . . . . . . .
20 -. 374

877 .04
a /0 . 08 .. . . . . . . . . . .

68 77.40 (7,.80 .~ -

766/ .34628 11~2, ///0 .0
0 / 2 3 4 5 6 7 8 39 /0

Ve/ocIty rafib, is/bw&.

FpwiHk:17.- i'stk f.t rioj.,lttIts toi a lie.ih. rI, sai t o l ind Ii 1tltO tl,, Ot * i nd !-'oo). Cat, I h,,~).

The nuixi 111i, response is ow in is oh tarn e(I. Th e air dampiin g ilierenses with Iinc1realse

a,,) (,Il 411 )1ill speed 1 a1d tile rest llilit frequn cy dIecrea ses; but. at
(a ~ speed is ult imately reached where the response increaises

zigaill 11ntil, ti t a vtiiiisliaigly smallll resonanut frequeie ' v,

Figutres 35, 36, andu 37 pertatin to this, case. The t he response is very large. Ill ligure ;5, which il lus-
resoitit frequiency is stronigly affieted by thle p)ositioni t rate, 11s ca(se ftii the( ili(IVIoV( posit ionl of tile axis,
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1~ V ,~elocity robb<
./?0 response I',6 ',

. A . . , .'- D~

9 60 1.05a ~
j~0

0561 _.____

- ~ ~ /"'hI.h650,- . _

II i I

5 --- - -5

I /66a
z0-94.I

F/u1/e region 9, 9,.,0 /.9> ,.. 3
-7-1

Ve/ocIty ,-oio, vlw Frequency ro/,b, o~w

*!l.,qq if chIiwtir.. Irili. e-flick-mI. v,,=g,=II I-- 9I-Y.-O(.2. (1111r parauwic-' aiv c=v.,: .: enl, f.rq -.- N wtlII! Ial'. ~-lcci .

a-0, th e pea k responsii e ocetirs at c 'bwa 7.101. This in Vol viIig torisioii-I lextiIri1. is e viii l t l sytillifle trical 1wvithI
sort of instabilllity has b~een calledl (ivergelice. The respect to the fuselage. The ailerons wouild therefore
Ii ver.veice Ie V' ci t , vai '11 be elisiY lv ( Ic U t e i as follows: lbe ill plne an h11( ave at fre [lielilY VcIIsi-Jera bly in excess

Let W, W O I A, - ini thle exp~ressioni for ai1 a0,, of tile wig-benllimg freqfuency. This condition is

Thfit Vora Ille. Any slack inl tile aileron cables, however,
Limt ermiits it liliotioli that iIliav calise it ild11( tyle of filutter.

L iita) which silolill not b~e permnitteid for. tool lonig af tiliit.
( ,V, - ,(?+~ I A1 stousvfnlet rival ailerll miotion~ wouh1ld involve ai

or X . SecOInl benldiig mnode (ioisYninetrical). It is liroll-

I1Y r0
2  F2 ab~hle ftint inl mlost Cases. tile 11111k would lbe c.lose toi thle

J 2 idd11le o f tile a ileron and11 therefore p)1orly coiuplledl.
.~~~ ~There remainus toI conIsider at compillete case (If fIlitter

(tosio-flxiie-alern). Apparently cases dto exist inl
C'ASE: 2 (0. h) which this type wollild a1pper 2 at tile lowest speedl. The

Ai stind Iv (If t he respoa nse chaiiracer('*ist ics to( foirced vi- effec t of tile f idditiol 11111 Iemree of freel li call 1)1)11ablly
llrat ionls is lso (If somte interest ill the ciise oif flexuire- h~e taken ca(-iof by a sa fety factor appllied to the filutter
iii len n. Tiu (let aus are( omllit ted hle re. Two figi ics S pee I (ill ed f ;Ir tw~o dere f freejl ln. mI ecca-
arie presenitell .Ani ill ust rat ii shoin g tilie peak re'- C 11111tol of11I tile caiseo' f thiree dlgrees (If freedl is per1(1-
spohilse raltiol 1,,/I,, iii this eaise withi and withouit friction fevtlv strigiht forwa.rd al1thlnugl mlore leiigtliy thami the
is piresen tedi inl figu re 38. A responi se fo~r oie(- degree (If si il~ le caises.
freed oin of thle a iheri n alone is sh own ii i figi ire :0. TAIL FLUTTER

lit regliil to ti ii hit tel, tile situnat ion is miore com~uplex.REMARKS ON FLUTTER IN AIRPLANES Th'le JloSSilile (cllhiiliijtiolls iire slibdividedll s follows
WING FLUTTER into three niainl groulps, which will lie sepil rlitehY

Prhew ing maly fl utt er (s it who Ile ili to(rsa i-fl exuire- amin lyzec
'l'iis ease is thle most easily treatedl Experieviee withI (I) Vertical fhemire of I nil asseilibly.
Miodlels imndica tes t hat this flut ter speed mav hle calela- (2) H orizonital flexiure of tail assenlibly.
lited oil tile baisis (of tile miea~suredh conmstanmts With i ll (3) Torsion (If tiail asseil.
uii evlr ofifa few per(elit . The iictiiil bendimng fre- Vertical flexure.- It is piossibile, inl geiieralI, to ideii-
qlelncy invlved ill hint ter is iapiirenitly not exactly the tifv twol resp~onses ill verticial flexiire; one correspondling
lowest irdlimil 'rv betiding frequency lit it slightly to tile funldamlenital bending mlode oIf tile fuseliage anld
higher vidte. the other, to tile blending inoile of t he horizontal-flu

Probably tile most colivinon type of wing flutter is arrangement. The frequency of tile fini arranlgelent is;
Case 2 (Ilexure-iiileron). This type, as well as that slightly greiater thanl tile omie-obtainedl with the rear end
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of the fuselage fixed in space. It is probable that the Assume the wing(, to be vibi'atin.g aroutll axis at at

fuselage b~ending itiode nieed not be considleredl. Ini anly distance d behind tile stithiless a1xis. Thew iiioint, of
case, the flutter speed cailculatedl for each of the two cases inertia. reduced[ to the center of gravity is
will not differ very much because the dlensity inivolvedl
is about in the same ratio ats the squares of the fre-
quencies involved. Only thle vertical fundamental MIoving thle axis to d incrfeases the nuomlent of inertia to

bending frequency of the horizontal finl will therefore be 'If(,.2
-X 

2 )b2 + I(xI-) i2 b-11(t-2 --&'-2r) b2
considered. This bending frequency may couple with Tiecrspnmt-ioa ifesisC!&C.
finl torsion and elevator motion. This motion is nleces- Thaorsotigtiita ttns s(~2 2 h
sarily symmietrical and( sinmulates the motion of thle The frequency is consequently
iainmwing system. Sin(e thle elevitorlhasino particullar )C

2 (t2
restraint to this miotion, it, is evidlent that an unbalanced _i(2 2 x.~) 2

elevator is highly tundesirable. As inl thle case of theb
wing system, the iiiost frequent cause of flutter is also 'I'iien
the flex ure-aileron combination. 2 log w~lo- (C Mb"(62 -- o 2 (1~ 2 -2dix.)

Horizontal flexure.-Ilorizontal flexure affects thlen I
vertical tinl or finls anti may hbe separately considered as The wing will assunie tile state of vibration gtivingr tit(

at cantilever wing with anl aileron. The rudder, which greatest freqluency. By (lerivationl. withi respect to (1,
takes thle place of tile aileron, has no particular restraint dc, dI -
to this motion and miust therefore hbe carefully mass C'.2( h

balanced. or,
Torsion.-Torsion is composed of at relatively low- (_1 1

frequency type of flutter involv-ing the fuselage andl a Te
higher frequency ty pe involving the finl tips, which mnay-
be considered ats finl flexuire in opposite phase. This , -

type of fluitter is not comnilioil because tile great stiffness

o;f tite torquje tuble p~revents its occurrence (0 large). or, w~ithi d kiummi,

Thle rudder is :iffectedl in the same inannter ats for . (L[ ' U) I-(/ for cc W - (

hiontaul flexuire.
lit sinitnlarv. it nmlv he said tua~t thle exhpeeted l i uses Titis, tileie-f-rivtaXiS isslgtl i(i o

of tilttter are theC iii-piui se motion of thke horizontal fills tile' dyiiaiic axis (aIssuitliig both a1xes to be t liov1

as fiexure-eleva tor and~ the motion (If the vertical fiil ill behind the stiffntess axis). If thle t olsiotil freiiq n .ctic is
flexuire with rudder Ilotionls. very large, t hey u'oiiciile (1x .(If tile torsional fre-

W~ith two rudders disposed ait thle ends" of tile li- quency is very low, d -- 0). giingt(e stillntess, axis.)
zoitiil tilts, care miust be taken that the flexure fre- In other words. thle ceitter-of-ra vit v locationl altg a

quiency is sufficiently high. The luass of the rudders, finished wing canit be delnilid by est ahdisliiug the
tit thle ends, of the( horizontal fills also affects the pam irn- dyN )inaic torsional a Msl.
eters usedl il thle tin-stability calculation; that is, the DIMENSIONAL. CO)NSID)ERATIONS

(lsity of tile tinls and( tilie radius of gyration are li- i'i)ti Il Icmii ildiiisoi fawn

crease11-d. Th eitro-r i~ oainityas e while retaitning all (details lowers t he frcquienlees ill inl-

GROUND TESTS verse proportion to the size. Thie reference s)ped cob
th erefore td iiviy VS eIiatillS th I i t5une., as do( till other lt-

DE1TERMINATION OF CENTER.OF-(;RAVETY LOCATION ramieters including, the wingw diensityv. Th'le att uitiitten
IFromn tile theory, it inay be observedl that the locaition speed therefore depends onl tile shape hult niot oil the( size.

(If thle toIrsionaltl stiffniess axis is of fairly secondary ian- It is imiportiint to keep ill 11iiiiii however. thaiit tilie

portautee. Tile location of the( center-of-gravity axis, onI reference is to wings (or toils, shiiil ill resplects. Inl
the other haltd, is of great imp)ortanice. The application reality, a1 lighter c'liitriict jolt is llecessu m-iy N eiplloyedl ill
(If a very 1(Iw-freqluellcy (zero) torqlue will rotatte tile larger wing sizes, resulting iii it wetaker st ructurne and( it
wing around tilie tors'ionalll stiffiiess, axis a; the aipliiclt i(iii genierail lowerinug of tile crit ictiafll ten Speed.
(If it very high frequency (inifinity) torque will cause The( foregoing consnitilaion, iarc sig~nificant inl the(
the inilss center line toI reriiii stationaitry. As the tor- testing of niodels. 'Phus t true mioulie oistluletel of
sional frequency for wings; is several tunes larger than thle same material as thei full-scale aiirplane, will have,
thle lowest beniding frequency, it canl be shown with till the same flutter speed. For testing p~urposIes, it is
dlesiredl accuracy that the axis observed for tile tor- very desirable to have a fairly low flutter %peedh. This
sionail frequency is the center-of-gravity line. enid iniy be achiecvedl by ('ip~lovIig imodelsof special
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iliatvrials related to celluloid, w~hich have at value of lower than that calculated oil the balsis of the lowest

V E'-p nearly five tillies smialler thtan thlat of ilaterials vibration frequency and thne flutter frequency itself is
normiall ' used in) airplane construIction., higher. For ordinary dlampedl structures, this effect

The mnost desirable condition would( be to Ilse at lowers tit(e flutter speed calculated onl tine basis of the
material with tile Samle dlensity p as the( airp~lanie andI lowest bending inodle by only at few percent.
with the mioduli E anti (, say, I/it times the( original 3. A cantilever wing flutters ait a speed calcilatt't
values. Fortunately, the dlensity of the model wving bly uising tihe constants for the most represe'ntat ive

canl be very simply corrected by using at suitable thlick- section, which is located ait approximately three-
ness of the materials. Thus, if the (density of the quarters of thne semnispari.
muaterial uisetd is three timevs lower than that of the 4. Aspect ratio antI structural daniping effects teind
original, tile thickness of the skini and aill tile internal to incrTease the flutter speedl by a few percent above
members is inretasetd by a factor of 3. that calculated for infinite aspect ratio a 11( zero internal

It should be futher nlotedl that tile imodel can be damp1~ing.
critically chiecked ats to accuracy of reprodluctiofl by 5. The effect of mass b)alancing to brig the center
direct mieaisuremients of its mnechanical properties. Ili of gravity' forward is essentially as p~redlictedl by theory.
other words, all the ptaramieters, including the reference Thle effect of nacelles is of lesser importance. b~ut, large
quantity ub. are- directly measured onl thne mlodel itself, weights located ait somle distance away front tile wing
The value of Ab is usually close to the predlictedl value'. and attached to it show a ve~ry detrimental effect onl
The( importaiit point, however, is t hat it is not neces- the hu Ilttj speed'(.
sa ry tot d epei oi I u pred Iict ed thei oietical valuev. . Wilig-a ileroil experiment tIII st iilies shnow tha nt thei

Thuls thle fealsibilityl of cont Iicmt il ngdirect filutt en tests chaiira ct eristic fluttter ral nq predicted by tile thIe o rY
onl Model 's of actluia I irpl arnes or of its comnpon en t parits ex'ist s and1( is ill su bst aintia I agrelennt withI tilie pie-
is, i ridica ted. Sonme work of thiiis niatuire is now being (li t etId iies. A decrease in thle ula 1 nice and Iai
iindvrtakt'n. Thle pioc'dtnrt may he oif value iii cases Increase inl tile frequency ratio are both benleficial.

6 t lithat are dlifficult to treat tfhn'oret ically and should be There exists. for' each value of the unbalance, at certitni
of v alto' in a ccuimuIa t in uiseful experie'nce oii spn 'cia I critical frequenicy ratio anrd, inav ersely. fo hi ifv

GENERAL CONCLUSIONS qlueIn( ratio, at certain critical value of tile unbihanrce.
7. 'hIie con siderabl e d ifficu lty invsol ved inr thle dleten-

I. Tilue twvo-dimeltnsinal thteory hats beenl V('nifiel iitat ion of tile primary' s ruituiral paramlete'rs it nchl-
"ithn tile limits of error in thet determniationi Of thle ing, tile daminiig is r'eognizt'( andl will constitute onle
Iri ninal '5 li iparimtersi. of tin' ellief piohl enis of ftur iicIttter resealrech.

2. Thil' mlost. esniii tlmeniiiin'iisitni effect is tine
o ccuiirrenice o f I isti nict Iliittei' bnn g z non Ins. WhIiich
t(mr'tr froint the' orinariyi' vibration mnode.'s in that tlneN
te'ind to assumle at forri whichi ap~proaches then next LANGLEY MEMiRoIu.4 AEiRONAU'TICAL .kABtli.%ToRY,-
hiigheur vibrat ion niode and e'xhibhit in correspondingly NAXTIONAL ADVISORY C~OMMInTTEEm FORt AERIONAtTICe.-
higher freqIincv. Tihe Itit te' sqn'v'd is consequently LA.N(;iEy Fi EiD, VA., S(14(1111011' 22. 1.93S.



APPENDIX

LIST OF NOTATION C.,, torsional stiffness of wing arotind a per uinit spani

a, angle of attack (fig. 40). length.
faileron aingle (fig. 40). Cs~, torsional stiffness of aileron arotnil c per unit,

h, vertical dlistance (fig. 40). span length.

it. d2

Cay, Of, h0, fjl V2, amplitud~es and phase angles. ch, stiffness of wing in, deflec'tion per uinit spani lengthi
b, half chord, uised ats reference unit length. i
a, coordinate of axis of rotation (torsional axis) natia antia fipiec of torsioiad Vibt-

(fig. 40). L)cIationl Of Stiffness taxis in percentage Ltion arouinl aI in vacuumi (w. -- 21rf-, wlher
tottal chiord measured from the leadijtg edlge is f. is i (c(cles pe seconid).

1+a 2 (&~e axis)
100 -4---ora = 100.

2' f 0 I'j higa(i.40soato natuiral tilair frequeiv of torsional vibra-
C, coor(ila te 0f aileroning axs(i.40.Lcto tions of aileron allowt c.

of aileron hinge axis in percentage totail chord

ielisiled fron lea linir dg is 10()LcorC

(.2(aileroni hing'e) ti. ele-j- 1 ~ ntrlaglrfeuic fwn i
100

P, mtass of air per uit oif voltinie. L cCCding7 Quarter Tralling
1, mass of wing per unit span length. chor -lcr edg

2rpb2
K= -~-,the ratio of the mass of a cylinder of air of a Ia

(lialneter equail to the chord of the wing to - _Ai frt/o
the mass of the wing, both taken for equal Hng,-

length along the spani; this ratio inay be V -
expre sed ItS K-fl 4(b 2/T1I) (PIo) where Wis '~,
weight in pounds per foot span, b is in feet, ___c-g of entire wribg
land pipe is ratio of air (density to standlardll
lair. [The quiantity cr= Wl'4b" (weight per c. g. of aileron-

-iar foiot per cho14rd ill feePt) IIS bV~ la' e d 1 CII p;,11. 40 half cho~rd b is usil is tb hunit lengthI. Itn it s' ee ~i
stiianpandhire indicatedi~ Iy arrows. No.te that a is jiwastiri-l fr'.jj njidhrdi and

by Bri tiSl I Wlit('15.o TI it is K -r (( .061/0r!) (p gp0 1 thatr., is invasured from the .easie axis 13o.it is to the right s. l t. o wta

S.isa-ii m 'nijs. prametter find not the autuai 'lishince (roin tihe iag. tn th cw . v,.
X.= A~'location of (eliite!' of gravity of winig-aileron the isiler..n.

systemi rneasured froll a (fig. 0;8,sai
moment of wing-aileron per uinit span length I ie
referred to a. Location of c-enter of gravity r, speed of forward motion.
in percentage total chord mneasured fromt the rf. fluitter or. critical speed.

leadingedge i 100 !a±' or W--j, wX4rC~ilr frequency of wing vibraitions.
ednt e of graviy 2 ork==. 4 b ., reduced freq iency~ n in ber of waves ill ie

100 wake in at distance e(Ilal to the semnicliord X2w.

j'o.116' eic oaino etro r~iyo ieo I/k, re(hicedl wave hengthi=length of one wave of the
referred to e (fig. 40)-. 8$, static moment of wake in terns of at distance equtal to the semii-
aileroni per uinit sptv length referred to c.3 chord X 21r.

- ! >radials of gyration oIf wing aileron referred
UPb . F ani( G, fuinctions of k' in table 2.

* to a (fig.' 40) 1. moment of inertia of
wing aileronA~hoiitt tipelsi axis per unit 2
span length, elsi ) Ai+a~( + )

rs= is/-,2 redticedradins of gyration of aileron referred 11
. TL. ; 2G Tla 2F

1b2to c (fig. 40)'. is, moment of inertia of R., ink -A,+ A +G+a X r *k - -- k-i
aileron about c per' unit span length. 2

a Note that A1 refers'to the total wing mass and not (o the mass of the aileron alone.Ra = - h+G a k
40
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7'12(j_,)2LG'2F1 v/bwh, flutter-speed coefficient (case 2).
2~~h k !waw, frequency ratio (case 1).

I B' 21  T 20'-I T13, 2F\ W$/wh, frequency ratio (case 2).
R,,., Bpi ~+kI C0wwk k ), frequency ratio (case 3).

R4h B4 -~ T, GVD=bw. .. 2 (1/2)_ divergence velocity.

1_'~ w~ G'. 2~ F structural dlamng coefficients; 7rg corre-R, , ( _C k 2sponds approximately to the usual logarithmuic

2 G' 2 Fdecrement.
R'3* -C' T 21r(? T 0r Jf .114, malgn itude- of Sinu1soidlal impressed torques if]

thme a and 0 diegrees of freedonm.

26 GI'-1, magnitudle of impressed force in the It degree of
freecloin.

~ N.)' 1 #,phase angle.
AL 2 ()k( ( j rF ilnJ o~a,,, 00 i.. /10 ht ,,, peak response for ltme arious

liegrees of freedom.
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00 A\ 2 ~~~ imislal ,,rilirci Aimfirie. \onu I'hgelu. . Tftfunlirtforschiui

1[2(,+( .1. 1:3, Nr. 12. 20.1)e. 1936, S. 411) 424.

-0 2F+C,,,5. Garrick, LI. I: Pr..joulsi..n -of it Plap1.ing ad061tnAL '2 F" )Airfouil. T. It. N... 567, N. A. C. A., 1193i.
6. Voi IL.: lWiui,-Timn,.I hi.'..tizati. on Fliral-

I'iT A2G T2'-(.4 T,.rsi,,riaI Wing11 Fliriier. 'I'. M. 'so. 1477, N. A. C. A.
+ -Fr 11938.

1 7. \on Schippe, Wt: The Qlwrviti (if SIpoitaivits Wing

1h 2F Oscillamtions. T1. MI. No. S06, N. A. C. ,1936.

S 1_VTABJI: 
I

I'll HPI(9 .5m .014 (24 .90241. 1MI 02
6 I#01(37 M 17 W 024 ANON :r27%
4 .:.5(1 to 1(( 15(1' . 11 .32 0;2%J
2 . ' "(111 0w" .~l i012..

K W5 WW437 5 '210 0,36, .14,% .40

24 K.1333: 5.03 . 1462. 2 7-3621
.0 . (NM 05( 0. .1.244
.W) 12.031 11659.0 .3292 1.34

.",3j0,?_ W :.3:1L313 -.5104 3700 15 Wi 34 lo
.2) 4.34167 .6336( 1:7A.4 5W 3. 5 2 %
.2t; I.-43 .72,4 .(14 .11100 31.4(43M

43. !'S2. .0 2 M .. "79 . 1.71 2.34N 54. 732
tiefined ~~~ ~ ~ .4 2n.e tV c2cu73o f;em (p.57.T13*o i~m .20 152 36 4.(m.4;
T's~.4 2re liste 62.5 table 2.W The meiiin ofth:'s1.1 : 344

Ih.0 3'3.01 .90MW 93 19 .42 787.

4 44(16M .9541 .M(42 41.35652 024.26
than~~~~A t.os lite in17 thei tabl berqielN mw .08 . MAKI964(

The. lutitesed A.,co,,ec.n a es 1X an 3). tr f %Ih6 235 .9 9

1 1 .=3 M1M O 19
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TABLE 2

Values of T

-'0.5 --- 0.2

T .. / .01(0011 -0. 54 -0. 21221 -1. 16539 -1. 124111 -0. 09MA4T25'0 041 -. 3KS2 -.09191 -. 0M34 -. -. t24l ITtfr( -'a,) . oo(I -. 805(0 -. 0NWi) -. 4'644 -. 3735 -. 31192,/----- ------- 500 -. 37922 -. 062M -. 0354 -. 01(672 -. 1 4-9
To/- .. . " .00(1 .94233 . Slh:l .7241M .74779 .7(0616Tpi/2 - - 1. U o 1. 01125 ..564A3 .44(13 .41146 .1:1s4(IT.1/2- ----------------- .-51000 . 20675 .O415 I .0516 S .379:1 .03779

.- - -. 06891 -. 110( . 31(45 -. 099,Ii -19115

.1378. .3111 .347S9 .3742i 39474

B, - T - I I .87342 .35611. .27,9(9 .211h7 .33,3.

It3 =".. XI .135 .29416 .23 14 .153t79 .13i65

MI .07M 057537144:
T,- T T,o .... .137 .1441 .:92P

4( 4 1 44 II. 11 .7 (' 14 11 .1,I
. . -_. . . . . . '- -- I 1 "

T. -0.06231% -0,04o -0. 0232 -0. 01145 -0.004201 -Ik 401i76I I'
" .-. 0107 -. MW(5.39 -.11t1Yt2 -. .)71 -. 14((14 X (T, ~'=-25231! MW 14ZI4 -- o,,!-..911 . I: - 01'(T: , -. 01161 .CN)4211 . ("Ll

26  
.1IN34(2 .144(12 T, . WA 675 INI(1 :,4% ItN IT.4 .392%.2 .2123Tt, 2r. , 27(r29 . 6: 14 74 .A,09 2 AI,,S4 O *MW tT,: 2.'. . '31799 .1123"1 .149 (Nl MI .0 ij -; IM1(I 3l .44 144241]l ITr -. 0(1 -. 4h91 - 0,433 - I11414 -",9s2421 -. 497(41P ' 10. "9 1 0,43IIN 17

.l4 1'- 1"0 .'1l
4 I0 .413N1 .41,74. -::0 4 .... 3413"7

1  
261,43

7 - ' ) - -. 3)113 .14144 :1444 1314 -11,1 411

T-. . .14112(1 .414(442: .1211 4 . .1 27:, .4 1i,,:5 13

((.,3 -"3 5fl -4r2:314 .115 li11l .. , 1111.4(1471) 4li1271 I

The r'x|pr.iss hns f1r INc T's art, listed in rvii,-3,- 3, 41a1 ' 5.

I'a]i of:.

Lk -(.5 -V.45 -41.4 -113 -V4., -0(, 1I

0 (I 0 I 0 ti II IIo 30; 11 -. 01(940 (-.10122 - 01240 -. (11352 -. 0460 -. 0633I 36647 I - 0017193 - (41341 - .)41367 -(")9( -. 01079 -. 41,10620 4 -. 4933724 -46767 -03313 --. 229 -. 0244 -0.X14 9- :133333 II -. 63401491 -. 0136( -. - 2677 - - 1:9:35 .1415140 - 16292341'0 44 -. 1351.5 -. :1444 ~ -.. 0*6013 . -. 9(31417 -. 43643 -. 1424 I
"6447 ' 41 --. 1127fm,1 0 40,19 MUM I,54 9479') -2552".c1413 04 -413749 10677 I 7W1 2553 5 .1-3 -. 44,04I. 400 11 --. 0444314 193 -. 24716 -. 36077 -. 346 -. 3,143

1.2,0 4 -04 39937 - 39291 -.. 943 .625. -14:0I,0oi.33546 - 3491!6 27374 -. 4622 3I 1417 -1.407403.IW67 -8 4260 M1290 43663 -3.06113 37. 3.47 221 3
9.74.57"2 i -. 214 -41943 -2 6 - 1 2 27 69 .6165" -1.9951.2.1(0)6 - -. 2467, 5 ,25 IW 'I)r - I ,25 -2 0.579 - 2. 42102.27273 -351I3) 31,693 I. 42.0 -2. 0574 -2. 71170 -3 347202.'00 - -. 4294l I X5555 6-1,94,51 -2. 501 3. 21I44 -4. 1122.3 )141 I -. 0444 - .2110 -2. 40192 -3. V,22 4 7221S -5. V,4.50:. 43333 t0 -- 7.366 - I, 5 -314410I - 4. 4C, -6. 34l4M 7 4917734. 34147 A-374 , 441072 0 14'02 - 111 072 -12. 523303 19" -3 1.6 - 7 -7.57776 -4 316; 3., 444064 1- 4ll(3 I

61 250 - M 04l30 -A. 1025 12 2160 3 1 -24.1379(144, -' 11.14 22.51. 33333 I -. 7421 -3 1. 4914 22. SKi2 -4. 227,42 4. 5l164 -5. 740530. I0* -%. 4q47 46 95114 -43, 43136 - W I4364 A 4,,7. 3,114 -"-4 I.32 7104 -13.43 -27. 2,) -.54, 4210 - I.1210 101. 52240 4.. 43290&W4117 44 2.5(6 -49 (R777 -99 ,,, ' 4141 149. 6713 -' ,4172 241. 4.25244 (i0 4, -36.10 -7141 18%0 140. 27520 239 25W20 29'2 13240 -34. W((



MECHANISM 0OF FLUTT~ERI4

TA1BLE 3-Coitiied

Values of I..~"

-1." -0.45 I -0.4 -0.3 -0.2 -0).1

0 1. 00000 0.90250 0.83000 0.064000 0.49038 0:3900 0. 2.00
.30 1.00000D .90256 .8:014 .0401 .4 X .300 .29

:.36M07 1.00000 .90208 .8103S8 .634083 .49135 .312 .. 2 ,74)
.2.50 1.00000 .90291 .830)30 ( :1387 . 493803 36432 2537S

3%3 OkO .90323 81354 64331 953 .36:64 019

3.000 .00000 . 908735 .81247 C41741 1.7,3 9 37.2115: .27240;)
664213 1.00000 :905924 :28 1570 65-24 .506 .41 .37, 2S9

3.33 1.00001) 9D6496 81970 .06W2 .112)1 .40404 .308 12(

.502 1.000)9) .9192) .84s (YI.557 7 45 R01 .54,15)1 .36-255

2.0800 3.0)9)00 .92334 .85261 .72923 .62972 .55413) .A)24!,
12. 27273 1 1. 0)9)00 .92794 .81102 74856) (15)112 .5935'4) .55.%W

2. 500 1. 000)9) .937 .78) .0KA.48)1 .. 8) .189
2.1411k .00000 .93964 .885761 .79)739 .73)90 .09829 .8755

1 33333 1.000)0O .946W, W01880 .826)201 .77920) 750W6 7 7JIM.)
4. 161917 1.00000O .96124) .9)29491 .880675 S 7206 .88T3: W6255I
5.000 I .00000 .9751S .1570 .914437 . )23 1. 00515 1. (179:20
6. 250 1. 008.w 99478 . 99720 1 1.02410) 3. 4.):2 1. 17196 1. 2911))
8.&33333 1.00000O 1. 0235 31)05W1 ' 3.2423S 3. 2119)5 1.4137S 1. 59)785
30. 000 1.00000 1. 0433 09)1484 3.322W 1.3M36 3. 57904- 1. S07W)
I.500 1.0000 1.0088 1. 14613 1. 42007 1 -5311 (1 1.7910: 2.07140

30. 0010 I.00 1.02 1.)7 11.511; 1.152; 2.0)7314 12.43050)* A6 131 00 0300319 3.24 3.25438 L.,5) 1. 7.35 2.50. 2.15

TABILE 4

Va3lues, of I?)."

k,-c 0.3 0.2 0.3 0.4 1. 445 0. 01; 0.7 11,8 o 9 3.3)1

II 0 0 0 II 0 0) 0 0III
100 .00123 .00100 .3rs) .0000 .008145 (M3412 .4,621 .49101 I O91)5 .148)1 0
1611067 .03)42 .03237 019: .0016 .i(41)324 .48817 .4(117, .48K.)81 484

2,5)) .01)708 .00033 ,. 6)9: .0037S 1X:2-,9 .11196 .18)321 .499173 .3 2 .4NOON (I
.34333 .41387 .01109 0877 W7 V .03817:1 .0I4N .4143 .3225 1 A19)11) I .486150 .168)5 0I

"WK4 1 .3)3085 .4)2505 .03978 .01519 .4)3322 .1787 IN )517 18)29)) mil)2c1 (41332 1
.fw1);7 N")394 .0441 .1:525 .0)2706 .039034.14112 .10)1) IN :18)5 .48)111225 .19)14
S:33343 .034 7 .4)738 .05540 .404250 0.3)37 .32236 .01419 .1)1)881 .481 .4312

3. 1N8: .12517 IOU)"5 OsOI05 .03)146 .4)5:5 .40)77 1 )r2(4 .4)11414 1115101 .1)42

3251)A 19714 ) .31232 .0011 .01)31) .44)118) M1214 I I), 25 .4)9 .1) )
150 .2323 .:723 .38699 .14317 .10)547 .1):473 1144744 .11)6 1I3)7 . 14;o307

I. C-667 3514 .20854 .27:1 33 17:399 US 313) .08952 0.15755 .4)211#2 04142o .19)2371
3757 2 - .41)62 .332"8 .203195 .:a")41 .134750 . 3)06)2 .4321 .1751 .901:47 .)426 U

I.93 .59) 421)22 AIMS9)7 .2248) .38595 .3298) .4)8::15 .047:7 .1)"115.. .355
2.r 23 .6708 .54753 , 4071 i 32842 .24177 .05 111 113) .)114[ .814

m"51) .825W .673h .524W . 4151 2'4A)7 . 481' 13 131 017417 .0234 .4))88 4
2.943381 1.15)907 .930(0 4 7:58I784) .11).9 1 .285881 .8211 .30)8 .4480 .)1 )2

4. 1 W47 p .175 3 :123 15I52 1. 154:3 0475 8)5 .373403 .219)5 24(43 .042 I
5.(A9x1 3.53385 2.8J4390 2.2193 1.39912- z.2oo; .85 34 .54387 .)28)) .1:3137 03o:tm. I)

8.03.333 ir434": 8.28324 0.4471)1 4.8b7083, 1 :.574 2. 4:1454 4.535 .598 :3140'4) .0447 (I
3I.189 15.1343531 12.11112 9.435%8 7.10(321 5.13465 .3 2. 241367 3240 .5343 :1:633 I

TrABLE 4- -Con~tinuled

I -o- 11k Im''

0I~- I 0.3 W42 0.3 0.4 3.5 41.1 G 44.7 4).s. 0.9 1.11

4) 0. 32299 4.23827 0.3093)) 04.33472 0.)1734811 41.404275 ) 1112212 1).38WWI4 4.384IN:4 4. 469035 4
.3)8 .12281 .23820) .3425 .336K8 :.0734 .1)4r7:3 .4)232 t1n)44 I134210 .480345 11
30007 .3Z073 .238I38 .31643 112 17;111) .342619 .1)2233 .14834 .41) .8015 (h 4)
2534 .324 .2:37141 10311986 .130) .0724 .)14 3012111 49N N1942 ' .3802 000305 0I
333133 .32199 .5:3753 .33174 I314:V:3 (017 2181 .4244 I lYZA I.' :198318) 01.,92 .4990)5 11
AA3) .21)7 .5"330)8 .10, .13:386 0721 .4)4243 .32195 .3963:37 .4832) .845 I
38167 .31931 .23549. .136727 13333 .017213 .0147a) .4238X4 .4091 .3842791 .604
W33,333 .33714 .2343M .3)1 :.314 .:73 11 4N 83 IN32ICA .468325 4: 7 .304 I

1.6000 .33483 .222 .16444 .1338 .37Oft .0435 . 0 254 .43833 .1127 .43K04 41

I.251J .310 .2239 .3627:3 .13119 037013 .013 .4:2323 .408104 .194273 .1334 1I
.13136 .3(84S .22572 .314024 .31014491 .0690 .04(13 RAW.3. .43180)4 .19)317 .04:4 0

3.1611117 .31343 .22362 .151473 .10)746 .3917 .111037 .4443) .489)8 .18)2) .(3380 1 1
I.7M72 .304332 .221904 .35752 .306)2 .3:131 .3100 .3400 .1874 .38202 .(MUM: 41
2.33000 .29431 .23878 1 523 .30 316811 Osm01W ) .021323 .3893 .384257 .03M3: (I
2. 27r,73 .2933.3) .234112 .383 .30)7 1.53 .13832 .03991 .4945 .30252 .1)2 41
2. f)84 .21)857 .23332 .349W90 .30337 .194489 .1768 .0394K .38933 .38)249 .39854 41
2,94319 .277726 .208423 .14491 .1130 .48123 .6343 .01.81 .19166 .033214 0() )

'.913:3.3 .26I93 .911413 .3401101 .88 .339146 .035 .0186 AMY779 .034232 .300119 0
4.3800M7 .28366 .34A3 .13352 .33999 .0565 .3415 .03708 009.728 .440217 .36807 41
& 301) .23)12 .17325 .322W32 335 .0152M9 .003 .0533 006 14)9 .4W233 .34302. 3)
6. 25) .21229 .54 .13300 .07)110 .04775 .02793 .01442 .0613 .3838 .0823 01
3.33w 3711415 .3197 .032 .306345 .0438 .02W62 .03220 .03.414 MI m1)5 008.419 0

30.000 .1mI3 Ji3m3 .039194 ANN56 .0356 .02069 .03,070 f 181457 .00135 .00037 0
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TABLE 1. EX PER I M ENTAT. R ESULTS OF FLUITTER* IN VI;TMATION

q p3ercent .

L.F.

133 r c 03' 333 3:37 .3 Test oniion an w rev3l~jar $ 3 2223:X3

3333 r0: reetd23 ~2
11 7.3 123 .

1 .9 6 97 15 41.2 41.2: :3). 11 33. 31 73.2 3 o Te -l 31 3ttrlsts on(wng Iwer prelin l ;.I 33 12. .3 o- !071
3
. . 1

A(tp %auterd.
i odd es s i npl~N(-, ira t 233ee -Isi-d ,ttI x:. -- -9

D~s a intg l ies 17i.;rn 3 . 1 23-4 .20

(0 - N cll 20.13 relb.t '3343If -5.4 2.33 24l L_
-%%'ighte wl3, 2t. fro L 3.V . :34 n 233ml 2. 137.4

11 2A 1.LV 7. 2.0 1 . 4. 1. 3 ( 0315 6.50 Slu 233-1 r.a l tet Neei Itself 3Of 2.2215 5 0 31 v334
13333333-23 areed '_N -3V, 2.37 I23r 2 -t'.1

3 .6 33. fo n .15 333 F~3. 3 3r(i.
M.7N 2el .50, lb3. 3330333 f. fron Toll,.3. 203 27 2. 112' 93. 45 1 o.

2.70 i. ahedo 23.-g4
70 aell 33 , I 22 ft3.3 ro 1i. 343-3 i(23. 2.23 43 3o .

bac-k ofs c.i g.-23333 i.3$k f 237 223 72 33

olu e w i~i .7 1) tL.E 3ft. 1')2.173 13.i

23333 233-22 33.33.333.3 !.? 2 1 2.7 33 r331 I

11$r3i333 21115333333333 [.:3 7.73 24 1.2 17.% 43 -2. r, 30 I;,I., Il f 1 " i ta t-2 .1
i isk I'll 73$r33333 '33332-in 35'3. .n of i r 133 203 23 2. 3731 .. 1137.11

14e333r312.4i313[b, in. 40 333. ir.33 aln 33.: 2 23:.7. 221: 323 23
'it303, ron e ner 3333.

T DiA ;is n L~-2.5plac-I Iin. 0wal -,f !o. . .Ill
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TABLE I.-EXP IIM EN'A L REsl'J.T oFp LI'T I IN VISTMATION Cuittiiiiw.

c.g.location~

A rit w conlit inms am .in allrks f

1.401 K.2 '22. ~ 98.1 42.1 5 30.01 1A11t los-pa eiure1 i~ i tr0n 473 2.1;1:1X I,111)
1.22 7.2 20.4 . 16.21 Wit -1.5-b cou n, 1,r14 tiI 1 im -71 2. Ills

t18 11,,1-E.
1.2 %i ..2 22.4 . ,Couint.t'A4-iglil I in~ll t 11 .. F .34 75 2. 11221.
1.34 %.04 22. 2 61.0 (nilru.- gli 25 - in i. atl L .E 41- 71! 2. 10124,.
4.:1. 7.6 22.5. .- Co61u-(neripi:hI3 KIn r.. rnal i t L E ;N-77 2. 1116 24. 7
1.394 7.1 22.44 - 1.4 .- Vontiervigh 141 in fruna tilt all1, F, it-71, 2.122 z12 2

Z .2 7. 1.4 .1.4 ti--~~-- nnerwieiglittl in. fromn tipail L. E J.-7!4 2.1:1 Im1..
S.2..719..i3 S .. Wth wegiolsiliulae.,us at11211 2 1111. 2. 41"41 !tfl1:

I - 615 611 4A .1 30.7 291I 42.5 42.0 30.0 -. 20.494 Plain tapered wing .20 2r 2. 14 I'dI 1. 4 2101.1
3 in 20-22r14el 11e .1040-45'. 2.A1 214 14

42 3 1.14 52 13.1 1N.. 4 S.19 37.84 Nacelle 6.44 It,.; c. 41. 3.I10in. back .f 244-411 2.24 _I' 2
e. g.ot airfoil.

9.1 Na - tnl ~ 1l 4.10 in1. 11111k or I-. a. 241-711 21 24.1111

14 ..Nacelle lalcedl 2A)4 in. 1111411114 vt , N 4 71 2 241 P.11 IN) 4
W in W1-4144 tliIP-ltl-ll 241 _1 2I149 14.44) 2131.3

134 4 -2 117 6 14 13. 3 24.11 36.2 41. 2 41.5 41.8 Violen I It11 tihr siidlletil). %WaI-j 414 111 647 2. 174 l
wi1 U lofshale. Fig. 24.

1.- I 43 41 4 41. 1).7 N1.1 . 2.3 42.0 W . 4 Restraining wires 591 in. frl i tit -NI 'I, P1 214.7-IIO1S axiS.
Sane except wums 2 in.ati11111 oft' llt. 244 I ')4 2 SliP 2 t.

11415 axis.
Saint, ecept Will's 4 ii.. lka4k ofI stilt- 244491

I teslraiuiing wires 444 iI. troill :!i a: 1 43:2 Z~lI
stiffne'1ss axis.

licslralinita wires 17 in. frwlr i' aI 4 2.2214

Restraining wirc. I in. rmilit tit 'N) 94.'. 2 111221II
I stilflass axis15

Rtsrainling wirvs 27 in. fr, ll ti ti a 91) 4; 2 '112 104
"sSlil., axiS.

t; 2.30 12.14 31. 2 . 19. 2 . 421 45.. 2 .3.45 it..tangilar ,-o-b-ntll ail-l.I: [in. IQ.2 2_ ,7

16 7 4.192 23. 0 67. 2 . ,35.1 . 42 !, 43 94 G.01 ra.;ird WI.,.. 44 1111 ~lit-;m lIOII1y 241192 2. 11.194 .. 11.

I I ,4~dIor..ye1 by vP-.-nt hlll 11lr.

L/,c4
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TABLE IA.--WING-AILERON Il'UlT'El. TS:'TS

First nAilern (of.

Vnitig Alnry uWing A. l|'.r .~.nlitiuta, and remnrtL I ir ,leo. Air bend- fre*1i A 1eron (see fig. 14) weight welght in. '- ( il- T"I qu too pa I l. de ,ity Airmodelb. (lb.) .cy ("Y/ tion) 11). 0,a,"s 1% , %lc
rles/

5 All --- .. . 44.841 0. tk, 1. ( 0.0019 Aileron with3fzfree hinges. . 11 M 2 27.1 Io- ."i ,
AV-. ils 0 . 2%1 37 2.'.77' -. ) 7All ............. ...... .W 5.75 .. Aileron with springs . ... 3 2. 7: 3. 4
AV ... . . l 7.91 At 3U5 2 271 42.4 -
All . .54 12.5 - 244 44 2 .5 74iP
All . Ts.,50 . "rheoreticul results (or aileron AllAhm i lifg. 24 2 II 2 1,. 44. .+
All |l.l1 .. 24 2 2.1 3| 55.4
All 11,0 .. 211+43 2 21441X14) 147"
Alt. 12.5 . . 24 2 221 I!,l 4,
All .. . 13, I .V 0-4,5 2. VOW slAll . 1.47 21-4 22.2 /,7.4 .1M6 I" W.A
All.. *. 17 . . 2 47 2 2.Q)4 741. 1 2 ] . 11-
All 5 . ;, 7 241-41, 2 240 :24. 2. mo!, 144.4
All 0 .- lingestree. ........ .. 2-49 2.242 :. I . IA.P , 2' I
All. 1 3.3 A...- .2 .- '1 .'A2 12 7
All .1144.5 - . -. 211-51 2.240 6., 2 141 1494 'd
All 44 •.. 3 free hinges with uilermli counterieight. 4i.557 M0 '-2 No flulter

lb., Fig. is.
All 4 . Counterweight, 0.452 Ill... . A.I10 No flulter
All 0 Couterweiglht. 11.346 If,. 2111 54 2. 219 75 2 2.2:1 243 1
All .. .. II ... Counterweight, 0.31 It. 11 2 _M '- 2 2:1 4.5 1:1 1147.%
All 3.01 . 41o . - - 211-.% 2 24:1 11. 9 N31t 1f;7 .A
All 1. .42 .. M1Y . .. ,57 2. 22 21

+
' 147. I

Al . 17 I .M 2reehinges 2-5' 2242 !A : 2 l 4 1 21-7
A. 5 !lree hinges 24-54 2.2', 221 lK 7
Alit 1.43 . 1 . 4 free hinges 244- " 2 2!44 d.d 111 ,..
Alit " 4 free hinges, w lh le-l for dmul4I.14 24 t 1 2.*I . IP. li
AIII _. .. .. 'I'' 21 2. 1 1 7. I 171 I..,
AliI do . . 20-414 2.3V.2 s.5. ' l44 2o
AI. - .. 4. 17 . ....... ., 2 -.

'
j ±2. ;' 175 ',js

• il. t;. l ...... .10 11 66. 2. 'o4 l.i ;,P. 16.1 G4
AVIII 2' .01 _ . 0 ........ Ilinge-pin l0itioln vilri sl a .hn.in in fig. 27 2141 45 2. 2-' '4 I 2 17' :o ,"
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Ni,tivip ,ifrictimin of ax"s and angles (for'ee awl rtiornnts) are, showu by tirrimm

Axis ~ A1oi11Md. ,bOlt Alki Angle dc~e

IFore

;ynlol [e t l n g

1,tIrz - Y 1'lLoching.... Mf Z - -. X PL.. IF

Nraz z Yawing.... N X-Y .... W r

A k olti roofficient4 of Itnoutrirt Ailgleo f FwL of control surffnco (relative to neutral
L Al Ar Ipomitii), A. (Tndcato murfaco fly proper suliioript.

(tolig)(pitchinig) (yawing)

4, PROPELLER HYMIIOLIS

I) lir, ptel P, Power, alwOlute oeffijrientCg,_;

V" 1110ov, velocity C, Sex-oe ofiin

V., 51ijontreartn velocity 10 Efiiec

T, Ttiritit, abuolute coefficrient 4'T , Ieltio pe r honelix ~ a

S. ?fUMIICA1, RELATIONS

I ijT. 76,04 kg-tylfsUM550 ftlb./Xce. 1II,. (li.4A311 kg.
I Ynii'tr', horelwrw.0132 lip. 1, kg-2.2fl46 lb.

-, 0, * 4470 inrips. I nif. -' 1,4M.36 mum5,290 fU.

f 226 n~. n32O t


