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The Correl a tion of Theory and Model Test Result s 

In t he :Lutter Cleara nce Progr am of t he Arrow 

(1 ) Thi s report i s a discuss i on of t he theories that were used in t he 

f l utter work on the Ar r ow a nd t he i r corr ela tion with tests of flut ter 

models. First, the work on the fin wi ll be di scussed and l a t er the work 

on the wing . Fi nally, s ome t hought s on f ut ure pr ob l ems , assoc i a t ed with 

the desi gn, wi l l be br i efly t r eated, 

(2) The fin was trea t ed structurally as a swept beam . Even though the 

aspect ratio was low, the large percentage rudd er made thi s treatment 

quite a reasonable pr oposition . Three modes of vibra t ion were calculated 

by the Ta r goff matrix method. These three degrees of freedom, together 

with rudder flapping were us ed in the f l utter analysis . 

The aerodynamic trea tment wa s the vel ocity component str ip method 

(1) using incompressible derivatives with corrections f or taper and for 

the spanwise flow component . Severa l rudder rot ation f requencies were 

used in t he analysis to assess the influence of cont rol ci r cuit stiff ne ss 

on the flutter charact eri stics . The result s are shown i n fi gure (2) . Tpe 

flutter speed r ises wi t h rudder fr equency then the mod e alters t o flexure ­

tors ion . Above 20,000 ft , there i s no flut ter . In 1956 the company was 

advi sed by WA DC t hat test s had shown that a r udder frequency of 70% of the 

torsion frequency was required . Accordingly , when the flutter model was 

built provision was made for testing a complete range of rudder frequenc ies. 
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A s ummary of the model parameters is gi ven in table I and the model 

._utter points compared with theory in figure ( 3), A strip print showing 

one cycle of flutter just before failure is shown in figure (4), Generally 

good agreement was obtained with the model results showi ng higher speeds, 

The r udder flutter mode was seen to disappear as rudder frequency was 

raised higher t han the fin bending frequency and this effect has been 

confirmed by recent conversations with WA DC, 

To assess the Mach number effects on flutter the flight envelope and 

low speed model results were plotted on a non dimensional chart with NACA 

results for similar surfaces, Since the margin was so high , no transonic 

model te sts wer e considered necessary, Supersonic calculations us ing 

modified two dimensional derivatives showed no flutter and the fin was 

considered cleared , 

U) The wing was treated as a plate because of the low aspect ratio, 

l"ORM 1749 A 

The vibration mod es were calculated by the matrix- iteration method from a 

60 point matrix, The frequencies turned out to be quite low and it was 

decided to include all wing modes up to the antic ipated co nt rol surface 

frequencies , This required the inclusion of six modes, Since the vibratiom 

analysis had considered the aircraft as a free body, pitch and tra nslation 

were not included in the analysis as separate degrees of freedom , as it was 

felt they were incorporated into each mode. 
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The a er odynamic t r ea tment fo l lowed t wo different lines, First a strip 

t heory us i ng inc omp r es s ible derivat i ves a nd chordwise st r i ps with the 

quar t er chord line a s reference axis, Secondly , the strip t heory wa s 

modified a c cording to th e r ules s et forth by Minhi nn ic k (2) a nd th i rd l y , 

an ext ensi on wa s mad e of Lawrence and Gerbe;s t heory to provide sur f a ce 

derivatives over the wing at the mode points of the vi br ation analysis . (3 ) 

Cantilever, symmetric ful l airpla ne and antisymmetric full airpla ne analyses 

were made , The resul ts of the various appr oaches are seen in fi g, (6&7) 

As with the fin a nd r udder , a ra nge of e l eva tor and aileron fr equenc ie s 

wer e covered. 

I n d i s cus sions at WA DC a nd Cornell on the Arrow f lut ter pr ogram, 

the non-d imensionalized flu t ter cur ve of fi g, (8) wa s ob t a ined , Si nce the 

Arrow sea level performance line plott ed on t he s ame ba s is showed l i t tle 

margin , i t wa s decid ed to build a flut ter model to check the accur a cy of 

the calcul ati ons , Summa r i e s of the cant i lever wi ng and t he fu l l ai r pla ne 

model pa r ame ters a ppear i n t a bles II a nd III , Res ult s of' the cantilever 

wi ng-ailer on te s t s a r e s hown in f ig , (9 ) a nd of the f ull a i r pl a ne in fig, 

(11) , The s e re sult s showed the ca lcul ations t o be cons erva t ive , 
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Calcul at ions were carr ied out at s upersonic speeds fo r both cantilever 

, nd symmetric fu" l a irplane cases, These showed l ittle margins in the 

tra nsonic range, but the actual curve was not clear. The theory was strip 

theory with the derivatives modified for taper but not f or lea ding edge 

sweep, Accordingly , tra nsonic models were built and te s ted to prov i de mor e 

adequate coverage of this uncertain range, The result s are shown in figs, 

(14 and 15) compared with the cal culations , They show the marked i nfluence 

of frequency r a t io between the f irst and second modes in the cantilever 

case, The improved margi n over that calcula ted is also seen , This margin 

is quite l arge, In the full a i rplane case t he margin is not so marked, 

Fortunately the ground reso nance tests showed thRt the frequency of the 

s econd mode was considerably higher a nd this provi des an improved margin, 

(i, ) Other problems and pro j ected work , 

4,1 Control Surfa ce Buzz 

FOAM 1749 A 

Calculat ions in one degree of freedom show a regi on of negat ive 

damping of the three controls at a Ma ch number of about L25, 

Typical curves are shown for the eleva tor , As a result of t hi s 

work provision was made on the f i rst airplanes for buzz dampers, 

However, calculations with all wing or fin degrees of freedom 

included , ind icate that this buzz condition will not occur, 

Model tests are difficult since this Mach number is about the 

operat ing limit for tunnel s, and so measur ements ar e difficul t , 

A. ccordingly, this fli ght regime wil l be approached ½ith caution 

during f light t ests a nd dampings measured to e s tablish clearance 

through this range , 
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4 .2 ~op1· ot System Flutter 

'l'he ac el erometers a nd gyros of t he aut opilot sys t em will, of 

cours e , sens e a irframe vibration and f eed it into the syst em as 

a false signal . Since t hese s i gnals will be in a fr equency r~nge 

that the system must accept , control surface movement wi l l result . 

It i s poss i bl e , i f t he design i s not careful ly a rrangedAto ha ve 

t his l oop unst a ble. Work has been carr i ed out to estim: t e the 

respons e of the sensors to steady eleva tor oscillat ion with a 

vi ew to ar range sensor locat ion to mi nimize these fal se signa l s . 

A typ i cal plot is shown in f i g . (19 ) . 'l'hese calcul a tions will 

have to be conf i rmed by f l i ght t ests , 

4 ,3 Ground Resona nce 'l'est Philosophy 

In checking the calculations fo r the dynamic s tructural character­

istics of the a ir craft, the ground re sona nce t est i s one of the 

most important mil es tones , 'l'he pr obl em of support for a n 

aircraf t t he size of the Arrow i s a considerabl e one . Since 

t he test is pr ima r i ly a check of ca lcula ti ons , the dec i s i on was 

made to prov ide a known support, a nd comput e t he vibra tion modes 

for t his support, 'I'he three point suspension of t he undercarr i age 

wa J used and the associated modes comput ed. Comparison of r esults 

is shown in f i g. (20 ) 
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4 .4 Remain i. ng 1/ork 

REFERENCES 

Gr ound resona nce test results ha ve shown that the ai r cr a f t 

fuselage a nd wing are s tiffer than calculations showed . On 

the other hand , the fin did not t ur n out quite so cl earl y. 

Considerable rudder tors ion coupl ing was a pparent i n the third 

mode . A five degree of freed om analysis is now u nder way to 

clear t his and the fin model is be i ng a ltered to g ive the test ca s e 

f or che cking in t h e tunnel . It is proposed to rework one wi ng 

which i s r ela tively undama ged and retes t i t , but t h i s is jus t i n 

t he nature of a f ormality . 

(1) USAF AMC MR MCREXA 5- 4595- 4 - Methods for calculating the flutter 

and vi bration character isti cs of Swep t wi ngs at subsonic speeds. 

(2) RAE Technical Note StI'u ctur e s 185. Flutter pred ict ion in practise. 

(3) Second Canadian Symposi um on Aerody namic s (Feb '54) "Lift a nd Moment 

of Low Aspect Ra tio Wings in Incompres sible Unst eady Flow". 
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Dis~ 'i sion of Films 

Low spe ed model constr·uct i on is pr·etty cl early shown , Instrumentat ion 

consisted of :-

Fin - bending and torsion stra i n gages, 

r udder r otat ion strai n gage . 

Wing - 4 accelerometer s 

2 bend ing and 2 torsion stra in gages , 

elevat or and a ileron stra in gages , 

Complete a ircraf t 4 fus elage acc el erome t ers 

2 s tra in gages , 

The accelerometers were specially made bar i um tit anite type, The main 

probl em is t hat they are extremely good mi crophones , It proved difficult to 

f ilter out noise a nd other undesired signals, 

An ele ctroma gnetic exci ter wa s us ed to at t empt to excite t he model frequencies 

duri ng tes ting, Thi s di d not work adequately as the exciter f orce was swamp ed 

by t unnel tur bul ence. (See sweeps i n fig , 22) . 

The Dutch r oll ari ses f r om th e f act tha t the fin a er oelastic effects are 

ma gnified by a factor of 5, This loss in dir·ectiona l stabil ity was not r epresent ­

a tive of full s ca l e a ircr a ft conditions. The solution had to have no effect on 

the f us el age bending mode, 

Cont ' d ,., . . . . . . ,/9 
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The pitching ins tability arises fr om the restra int i n the fore & a f t 

di r ect ions combi ned wi th the finite fre que ncy in verti ca l translation , I f t he 

spring had been omitted there would hav e bee n no troubl e, However, it wa s fe lt 

bett er to have t he spring to allow te sting at C~ = 0 and provide the pitching 

r estraint, 

No antisymmetri c flutter was obtained , even when only one a ileron was f ree, 

Trans onic Tests , 

The mod els had a ski n thickne s s of 2,5 to 3 thousandths of a n inch . The 

core wa s end grain balsa , The leading a nd trailing edges were ba lsa with pine 

re i nforcement , The skin was bonded t o the core by punching the skin and pres sing 

pla stic a l uminium into the hole to fo rm a sort of rivet, The skins wer e t qpered 

by chemical mil ling. 

The ama zing r esult of the transonic te s t was the rel atively mild form of 

flutter . Even with damping of the or der of 1 ,5% no model was broken. Peak 

dynamic pressure in t he tunnel w3s 8, 5 psi, wh i ch i s no mean pre ssure , 

Instrument a ti on co ns ist ed of bending a nd torsion str a in gages on each wing 

r oot . 
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Stiffn ess Tes t 

Bend moment - 1 l b . appl ied at sta tion 180. 

STATION CALC . SLOPE TEST SLOPE RATIO EI RATIO 

1.875 1.77 X 10- 6 .908 X 10-2 .5l3 X 104 513 

5.453 5. 64 X 10- 6 2.945 X 10 - 2 .522 522 

9.656 11 . 38 X 10-6 5.285 X 10-2 .465 465 

13 .875 18.22 X 10-6 8 .24 X 10- 2 .451 451 

17 . 75 22 . 55 X 10- 6 10 ,37 X 10- 2 .460 460 

MEAN ~ 

Torgue AEElied - 1 in l b applied a t stati on 180 . 

• STA TION CA.LG . G TEST G RATIO CJ RA'I'IO 

1.875 . 0052 X 10-6 .000413 . 795 X 105 795 

5.45 .0180 . 00177 .983 938 

9 . 66 . 0452 .00421 .932 932 

l3 .875 .1025 . 00898 .875 875 

17 .75 .2183 .02005 .920 920 

MFAN 901 

Vibration Tests 

MODE CALC. FREQ, TEST FREQ. ~ 
1 7 ,63 11.2 1 .470 

2 28. 87 39 , 8 1. 380 

3 30 .82 40,9 1 ,326 

~ 
MEAN 1 .393 
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Summar y of Fin Te s t s 

$ 
Sti ffness r a ti c m;c5°F "'466 

Mass r a tio Wm/ WF g 1 . 11 
TUmY 

Wm;w Frequency r atio F • 1 . 400 

Length r at io 

Spe ed Scale 

Lm/ LF"' ,10 

vm/vF = l / 7.1 5 

TABLE I Cont' d 

The model fluttered in flexu r e-t orsion at a speed of 302 ft/sec representing 

a speed of 21 60 ft / sec a t a n a l t itude of 2000 ft. 

WADC Flutter Criter im Appli ed to Fin 

NACA Model - 45o Sweep on quart er chord , 

Ta per r atio = .39 

= 1 . 66 on s emisi au 

br t aken at 75% semi span , 

Jl t aken normal to quarter chord. 

Ma ch No . 

VE 
. 8 1.05 

br c.J"' v;;:T 

)l = 20 , 55 .52 

)l = 90 , 55 . 43 

1.2 

,65 

. 65 
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Cl05 Fin 

,t elastic axi s s t at i on 180 br 3.178 f t 0 

m = 33.0 lb /ft. 

Woe = 193. 5 rps 

Cos/\ = . 65 
Vn Cos f\ 

H 11.f' A ~ v.n brtc.t.OI 

SL .2404 13.61 3.69 1217 ,348 

10 .1775 18.44 4 . J0 1411 0 347 

20 .1280 25 . 60 5 .06 1660 .346 

30 .0898 36.55 6.05 1990 0 348 

• Model 

br .318 m = .367 lb/ft 

Wet = 262 rps fi = 15.1 

VF = 302 f t /sec I":µ= 3 .89 

VF Cos/\ 

br @,i IA = .605 M"' .270 
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- · Low a ,o 
Dept " 
At 

17 

19 

28 

2. 

32 

39 

~ ts and paramet er s of cantil ever wing 

1a) Low speed 

Stiffness Test 

Compar i son of Influe nce co - efficient s. 

23 

Cale . Exp. Ra t ip Cale . 

108. 4 X 10-6 .048 443 116.6 X 10- 6 

109,4 ,048 439 173.7 

202. 5 .092 454 I 470 , 7 

102.4 .048 468 228.8 

157 .1 .072 458 405.4 

239 . 7 .106 442 697. 1 

30 

Exp. Ratio Cal e. 

.050 439 120.9 X 

. 075 431 208 .1 

. 220 467 625 .2 

.110 480 303,7 

.185 456 579.7 

,305 437 1253,7 

The aver age f a ctor on the i nfluence co-efficients i s 454 . 

Vibrati on Test 

Mod e Cale. Freg . Test Freg . 

1 3, 79 6.3 

2 8. 75 14 .5 

3 9 . 83 17 . 0 

4 15 .11 20 . 8 

5 15 . 81 27.8 

~ 
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37 

Exp . Ra tio 

10-6 .055 455 

.095 456 

. 300 480 

. 140 461 

.265 457 

.490 390. 5 

Rat io 

1 .661 

1 .655 

1 .729 

1, 374 

1.756 
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Summary of Testing of Ca ntilever Wing 

Stiffnes s r atio Jlll/lw = 454 

Mass r a tio 

Frequency r atio 

Length ratio 

Speed Scale 

Wm/Wm • .763 
1000 

Wrojl.,)'li • 1 . 700 

Lmhw .. . 10 

vm/vw = 1/5. 89 

Using this scaling, the model f l utt ered a t 243 ft/se c representing a speed 

of 1430 ft/sec at an a ltitude 8700 ft. below sea level , 

WADC Flutter Speed - Ma ch number Curve 

Ordina te is a flutter speed coeffi cient 

VF = flutter speed (ft/sec) 

br = root semi - chord (ft ) 

W9 = torsion frequency , (rad/sec) cantilever 

.,u = wing weight /11 ! j b~d~ 

Applic ati on to Cl05 

Chord a t edge of fus elage= 445" b • 18.54' c br 

Chord a t tip = 52 .8" b • 2.20' 

Semi span is 20' 

Jb~dx = 3000 ft3 wi ng wei ght~ 8181 lb. l.uj • 55,0 rps (8,75 cps) 
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H "fi .f )J 

S , L ,2404 11 ,32 

10,000 ,1775 15 , 35 

20 ,000 ,1280 2L30 

30,000 ,0898 J0,35 

Application of WADC crit erion t o model , 

~ G " 91 ,1 rps 

,u w 8, 65 Ip "' 2, 94 

br = L85 

[µ Vn 

3,36 1217 

3,92 1411 

4,61 1660 

5 , 50 1990 

(b) Tests a nd paramet ers of Transonic model s 

VF 
Coefficient is 

6, Wo / M 
and ca n be rewritten 

11.f J b'"d,y. 

as 2,rt J b'd'K, 9,, 
M 

Vn 
br Weiµ 

,3545 

,3530 

. 353 

,3545 

Thus ea ch tunnel run gi ves a li ne on the Ma ch number cha r t to compare 

with t he fli ght envel ope and criteria, 
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Model Frequenc ies 

Calculated 
Frequency 
Mod el No . 

3, 79 8 . 75 9,83 15.ll 15 .81 

4 142 (37 . 5) 366 (41,8) 397 (40 .4 ) 456 (30,2 ) 565 ( 35 . 7) 

4 (cut skin) 137 (;6 . 2) 339 (38.8) 443 (28.65) 511 (32,3 ) 

1 120 ( 31.65 ) 318 (36 ,35) 393 (26 .0 ) 500 (31.6) 

11 (cut skin) 118 (31.1) 301 (34 . 4) 385 (25 , 5) 484 (30 .6) 

12 ( cut skin) 127 (33 , 5) 290 (33,2 ) 369 (24,4) 470 (29,7 ) 

5 114 (30 , l) 290 (3 3 .2 ) 395 (26 .1) 459 (29 ,0 ) 

5A. 115 (30 ,3) 276 (31.5) 388 (25,7) 445 (28.2) 

114 (30 .l) 260 (30,8) 380 (25,2) 441 (27,9 ) 

6 118 (31.1) 272 (31.1) 292 (29 ,7) 353 (23,4 ) 440 (27 ,8 ) 

The mass of the models is di f ficult to measure, but , t qking a mass of 

' ~ 
33 gr ams as a reasonable f i gure, t he cr i t erbn l i nes may be ca lcula ted from 

the t unnel chara cter isti c. 
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TABLE III 

Com2lete ~ir2la ne Tests and Parameters 

Syrnmentric Modes , 

Test Cale, Rat io 

L 6.35 4,36 1,453 

2 . 8,25 5 .88 1,403 

J, 16 . Jo 10,08 1.617 1,541 

4, 19,5 12,0 1.624 

5, 22 , 5 13,98 1.610 

Antisymmetric Modes, 

Test Cale, Rat io 

L 9,5 5,45 1 . 745 

2, 12,9 7,58 1,702 1.685 

J, 20,9 12,04 1,735 

4, 22,0 14 ,10 1,560 

Mean frequency r atio = 1.605 

Since the pr i mary flutter case i s symmetric, the speed and time sca le 

will be t a ken from the symmetric ratios, 

Thus Vm/vF ~ 1/6,50 

The model collapsed at the onset of weak flutter at 216 ft / sec , representing 

1402 f t /se c at s ea l evel , 

The model exper imenta l point i s plot ted on the basis of mass ratio of 1000 

a nd the mean frequency r a tio , 
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8 

(b} Correlati on of transo ni c model tests a nd par ame t er s, 

Model Frequencies 

Translat ion Pitch 4.36 5,88 10 . 08 12.0 
0 0 

43, 5 71. 5 130 (29. 8) 238 (40 , 5) 335 (33.2) 360 (30.0) 

45,5 71.0 137. 0 (31.4) 248 (42.1) 385 (32.1) 

As with t he ca nt i lever models , a ma ss of 33 gr ams i s t a ken for t he 

purpose of calcul ating crit erion curves . 

' 
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MODEL INSTALLED IN TUNNEL 

, 
I 

.I 

MODEL AND MODEL MOUNT 



End Plate 

Mode I 

NODE LINES FOR FIRST FOUR VIBRATION 
MODES . TYPICAL OF ALL MODELS TESTED. 

Mode 2 
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These traces illustrate how the noise 
picked up at high tUAllel speeds by the 
crystal accelerometers completely 
obscures the desired signalo 

Compare with Fig. 11 
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