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S U M M A R Y 

This report presents the results of experimental 

measurements of the damping derivative coefficient z , for 

constant chord rigid -wings of various aspect ratios having 

sweepback angles of zero and 45 • * 

The resxolts f cr the rectangular wings shavi substaji-

tial agreement with the imsteady aerofoil theory developed 

(2) 

by W.P. Jones. ' The dependence of z,̂  upon frequency para

meter is as given by theory and is much less than for tv/o-

dimensional flow, but the numerical results are approximately 

10 per cent belov/ the theoretical. This is attributed to the . 

large trailing edge angle 22 of the N.A.C.A. 0020 section 

used far the model aerofoils, 

The effect of sweepback is to decrease the numerical 

value of z , but this effect is much less pronounced for low 

than for high aspect ratios. For aspect re^tios 5 s-nd 3 

the numerical value is greater than would be given by a fac

tor of proportionalitj'' equal to the cosine of the angle of 

sweepback. 

The measurements vrcre corrected for tunnel interfer-
(1) 

once by a method based on the theoretical v:ork of ".'.̂  P..J ones. 

ooOoo • 
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§ (1) N O T A T I O N 
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coefficient of z in equation of motion (6). 

coefficient of z in equation of motion (6), 

lift coefficient. 

vdng chord. 

coefficient of z in equation of motion (6). 

coefficient in equation of motion (6), 

forcing frequency, 

natural freq-aency of oscillation of aerofoil 
plus rig. 

resonant frequency of oscillation of aerofoil 
p].us rig. 

natural frequency of oscillation of eqmvalent 
mass plus rig. 

resonant frequency of oscillation of equivalent 
mass plus rig. 

farcing displacement, 

amplitude of forcing displacement, 

Mach number, 

equivalent mass of aerofoil plus r i g , 

see auxi l iary equation ( ? ) • 

angular frequency of osc i l l a t ion , 

Reynolds number, 

sec equations (8) and ( 9 ) , 

iTing areo., 

see equations (8) and (10 ) . 

time. 

vfind speed. 

velocit;/ of aerofoil normal to planform. 

aerodjTiojnic force normal to planform. 

aerodynamic damping der ivat ive . 

aerod^^namic i ne r t i a derivat ive. 

displacement of aerofoi l norr.ial to planform. 

sec equation ('i5}« 

amplitude of o sc i l l a t i on af aerofoi l . 

amplitude of resonant oscilla.t ion of aerofoi l . 

non-dimensional daiaping derivat ive. 

Z. 
z. = ——̂  non-dimensional i n e r t i a der ivat ive . w pbc 

a wing incidence 

a amplitude coefficient in eq-uation ( 11), 

/ \ see equation (13)-
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spring stiffnesses. 

mechanical velocity damping coefficient, 

kinematic viscosity of air, 

air density, 

time for free osc i l l a t ions to decay to half 

amplitude. 

phase difference i n equation ( 11). 

frequency parameter. 

• 
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3 (2) Introduction 

The purpose of this experiment v;as to measure the 

damping derivative z for rigid wings oscillating with simple 

harmonic motion. The wings tested covered a range of aspect 

ratios with sweepback angles of zero and 45 • 

Yfork on unsteady aerofoil theory has largely been 

confined to investigations of the tvro-dimensional flat plate 

aerofoil, and the results of these theories iiave shown good 

agreement with the limited experimental data available. 

Fairly recently three-dimensional' flat plate aerofoil 

theories have been developed. Using one such theory W.P.Jones 

has made a very f\iLl theoretical investigation of rectangular 
(2) 

v/ings of aspect ratios 4 ̂ -nd 6. The v/ork herein gives the 

result of experimental measuorements on rectangular wings of 

aspect ratios 5» 4 a-nd 3 a-nd should therefore form an inter

esting comparison vdth theory. In addition results are given 

for Vidngs of aspect ratios 5 ̂ nd 3 having sv/eepback angles of 

45 • Although the maximum Reynold's momber of test is low 

these results should bo of considerable practical interest as 

it is believed they are the first to be obtained for swept 

wings. 

An interesting result of three-dimensional theory is 

tha.t for wings of moderate or lovr aspect ratio (say below 6) 

the aerodynpjnic damping derivatives are much less strongly 

dependent on the value of the frequency parameter than in the 

two-dimensional case. Provided this is established by experi

ment we may conclude tho.t in flutter calculations in v/hich 

three-dimensional effects are allovrod for, much less error will 

be involved when the initial assumed value of the frequency 

parameter differs from the value of the frequency parai:aeter as 

found by subsequent solution of the flutter equation.• 
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§ (3) The Measurement of unsteady Aerofoil Derivatives 

S (3.'l) Methods of Measuring z 

Two fundamental methods exist for the measurement of 

the derivative coefficients of an oscillating aerofoil. One 

method consists of studying the free oscillations of a spring 

restrained system, whilst the other method consists of studying 

the farced oscillations of such a system. 

In the present case the latter nicthod vra.s employed. 

Partly this was beco.use the experimental rig had previously 

been designed for this method, but, in addition, this method 

presents advantages not possessed by the free daraping method, 

In the free damping r.iethod the system is displaced 

from its equilibriuni position and the free oscillations of the 

system are recorded. From the frequency and rate of decay of 

the oscillations can be deduced the forces acting on the system, 

The relatively high rate of demping of the oscillation presents 

both practical and theoretical difficulties. It prevents a 

study of the influence of amplitude of oscillation on the aero

dynamic forces, but, more important still, the conditions of 

test do not then conform with the conditions assumed in the 

theory. These conditions are (a) that the motion is simple 

harr.ionic v/ith constant rjnplitude ojid (b) that the motion has 

persisted for a long period of time so that all transient 

effects have decayed. The forcing method, on the other hand, 

permits the amplitude of the oscillation to be varied as 

desired and also, v/ithin experimental limits, permits pure 

simple harmonic oscillations to bo roaintained indefinitely. 

§ (3.2) Theory of the Forced Oscillations of a spring Restrained 
System v/ith Velocity Damping. 

B 

'A 
/ 
/ 
/ 
/ 
/ 
/ 

S1 

.A 

, . - ' " • 

Diap:rar.xiatic Sketch of Forcing System 

(See also Pig, 1) 
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The a e r o f o i l A i s r i g i d l y f ixed a t r i g h t angles to a r i g i d 

rec tang t i l a r frai^e,which i s supported by tvro p a i r s of eqirnl 

sv/inging l inies, so t h a t the p lane of the frame i s alvra.ys perpen

d i c u l a r t o the ax i s of the vri.nd tmine l , but the frarrie i s f r ee 

t o move l a t e r a l l y . The frarae i s connected a t one end to a 

Spring S, and a t the o the r end t o a sp r ing S„. The sp r i ng 

S. i s i n tiorn a t t a c h e d t o a f ixed support B, viiiilst the 

spr ing S„ i s a t t a ched t o a s l i d e r C. This s l i d e r , vz-hich i s 

dr iven by an e c c e n t r i c D, o s c i l l a t e s xilth a simple h a m o n i c 

motion. The geometric inc idence of the a e r o f o i l i s always 

ze ro . Lot 

"C = displacement of s l i d e r C from c e n t r a l p o s i t i o n . 

£ = amplitude of displacement of s l i d e r C, 

z = displacement of a e r o f o i l A from c e n t r a l p o s i t i o n . 

U = e f f e c t i v e mass of a e r o f o i l , froiie and sp r ing system. 

7\, - s t i f f n e s s of sp r i ng S , , 

h- = s t i f f n e s s of sp r ing Sp, 

f = frequency of o s c i l l a t i o n of s l i d e r C. 

f̂  = n a t u r a l frequency of o s c i l l a t i o n of system. 

V = T/ind speed. 

(i = viscous ncchanical óainping of rig minus aerofoil. 

'7e hOwVe, 

- 8 = 1 sin 27:ft (l) 

The static restoring force due to the displacement of the 

springs is, 

and neglecting the inertia of the springs, substitution from 

equation (l) gives a dynai'nic restoring force, 

= (/̂̂  +^2)2 - ̂ 2 ̂  sin 27̂ f t (2) 

The equa t ion of motion i s tlX!refore_, 

(M - Z^p-z + (n - Z^^)z -;• (X^ + ^2^^ = '^2 ^ ^^"^ ^^^* . . . . (5) 

For convenience we mtiy i v r i t e , 

0. 

b 

c 

S' 

= 

= 

= 

= 

li • 

^ • 

N 
\ 

- Z. 
w 

- Z 
XT 

, A 
• 2 

Ï 

(4) 

p-= 2%f (5) 

Then our equat ion of motion i s , 

a z + b z + c z = d s i n p t (6) 

A: ree 
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Free or Transient Motion 

The free or t rans ien t motion of the system i s ob-
A 

tained by putt ing d = 0. 

From (6) v/e obtain the auxi l ia ry equation, 

a m + b m + c = 0 (?) 

v/hence, 
j -Zixic - b l v / ^ ' ^ - * 

m 
2 a 

New, provided, 

v/e loave, 

4 a c ,^ b 

m = r + 1 3 (8) 

where r and s are both real, and 

J iijiiw 
'̂  ̂  2(Ë-Z,) 

^ _ _ _ . H (9) 

v;' 

2 l ^ _ I ^ S - f _ |4(B-Z.)(Â ..A,)-(̂ -Ẑ )-̂ [ ^̂^̂  
4 a^ 1 4 (M-Z.)' 

w J 
The free motion of the system is therefore !;;iven by 

z = a e^* sin (st-0) (11) 

where a and 0 arc constant fixed by the initial conditions. 

The natural frequency of the oscillation of the 

system is given by, 

Further, l e t 

2 

»̂ = 2f = #i-r-7;-t^i:r'^ '"' 

4^ = r a t i o of displacement z, a t tijae t = t . ^ 

' / . . . . ( 1 3 ) 
to displacement z, „, a t tii.ie t = t.+T j 

where 
i 

T = periodic tine = -rr-

^N • 

Then, 

e'-''̂ 1 ^ ^-rT 

• • 

^= 7(Vï7 

log A = - rT c 

I . e . -..^ log^ ^ = ^ - ^-- 04) 

2(H-^) f,, 

/ The . . . 
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ïhe quantity log /X is termed the 'logarithinic decrement'. 

Steady State Forced Motion 

Lttor coixiencing to force the aerofoil system with 

a steadjr frequency f the notion will consist of a transient 

part and a steady part. The transient part ha.s been analysed 

above and it is seen that, as its nane implies, it decays v/ith 

time,•eventually becoming negligible. 

The steady state motion of the system is obtained from 

the particular integral of the equation of motion. 

Let, 

z = z. u. 3±n pt + z„ cos pt 

Substituting from (15) into (6) gives, 

A 2 

: i5) 

p (z . s i n p t + z„ cos p t ) + b p (z . cos p t - z„ s i n p t ) 

+ c (z . s i n p t + z„ cos p t ) = d s i n p t (16) 

Equa t ing c o e f f i c i e n t s , 

(,c - a p j z^ - b p Zg 

b p z^ + (,c-ap ) 
(17) 

Hence, 

<* ^A ^ 2N 

u (c-ap .) 
^A ^ 2 N 2 
c - a p ' ) " + (^p)' 

dbp 
2 2 N 2 <• ^ 2 c-ap") + (bp) 

Nov/ l e t us vorite, 

z = z s i n (pt - £ ) 

= z s i n p t cos 6 - 3 s i n ^ cos p t 

(18) 

(19) 

Equat ing the c o e f f i c i e n t s of s i n p t and cos p t i n (15) 

and (19) v\fe liave, 

z. = z cos ^ ƒ 

z s i n '] 
(20) 

Squar ing and adding xfc obto.in 

2 -2 
z^ + Z2 = z 

Hence, substituting for z, and z„ from (I8), 

z = 

'S 

d 

y(c-ap ) + (̂ p) 

(21) 

/Finally ... 
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P i n a l l y , s u b s t i t u t i n g from (4) and (5) i n t o (21) , 

M-Z 

ryx+?v 
Hv 

/ 

:̂ -̂ 1ï 
M-Z. 

11 

(22) 

The amplitude of the steady state oscillation is given by the 

above equation. The frequency of the oscillation is equal to 

the forcing frequency f, 

Resonance 

Prom equa t ion (22) i t Avill be observed t h a t the 

amplitude z of the a e r o f o i l depends on the fo rc ing frequency 

f. The frequency for v/hich z i s a maximum i s termed the 

resonan t frequency. 

Denote the resonan t frequency by fp and the r e s 

onant ampli tude by z^. Then i t can be sho\7n, by d i f f e r e n t i a 

t i n g (22) and equat ing to z e r o , t h a t 

' " '^ (23) ^R ~ 2% 
1 * 2 

H - Z. 

1_ 
2 

V M-Z. 
V v/, 

S u b s t i t u t i n g f„ from (23) fo r f i n (22) v;e obta in , 

'^^l 
M-Z, 

Y\ 
H-Z. 

1 

M-Z. 
XJ 

'^'V 
^ ' H-Z. , w/ 

1 2 

iTi-z. 

rn 
V-z \' 

ii-z. 

= ? 

I.e. 

r 

(^-z^,), 

\ - '^ 

\.h , /u -Z \2} J 

M-Z,̂  ^iH-Z.j ( 

A. 

( j i -a ) 27if. 
w 

.] 
N 

where v/e have used the value of f „ from ( l 2 ) . 

(24) 

E v a l u a t i o n of the non-dimensional d e r i v a t i v e s v. and z, . 

— v/ v;' 

From the above exp re s s ions v/e can o b t a i n formulae fo r 

the e v a l u a t i o n of the d e r i v a t i v e s z and z, which are def-
w v/ 

ined a s , „ w 
Vif 

V̂ 

p V s 

z. 
w 

p S c 
/ D e r i v a t i v e , . . 
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Der iva t ive Coef f i c i en t z . 
' v/ 

Rearranging equation (24) we have, 

v/ — 
^ 27.f j ^ 

I . e . z.. = -'w ~ p V S •^— ) ^ - ^ ( (25) 
f J A. 

[ ^ 27Cf̂  j 

The de te rmina t ion of (i i s described, l a t e r , 

D e r i v a t i v e Coef f i c i en t a. . 
^ ^ •̂ y 

In equation (23) the term is negligible com-
M-Z. 

A+)s '' 
1 2 

pared v/ith the term and hence v/e may w r i t e , 
1Ï-Z. 

v/ 

f ^ i • ^ ' 
^R 2%^ M-Z. 

v/ 

or M-Z. ^^ - ^ - ^ (26) 
''' , 2„2 

4r. f̂^ 

Now i f v/e rep lace the a e r o f o i l by a mass having a n e g l i g i b l e 

d e r i v a t i v e Z. v/e can v / r i t c , 
v/ ' 

H ^ _ L _ ^ (27) 
9 2 

vrhere f' i s the corresponding resonant frequency v/ith the 

v/ing r ep l aced by oji equ iva len t mass. 

Then from (26 and (27) 

X +^ 
1 '~' 

4^ 

or 

w - , 2 / „2 „,2 ) p S c <u« — (28) 
^ f f ' j" 

Rig Damping Coef f i c i en t p.. 

From (11) v/e have- t h a t i f x equa].s time for the 

f r ee o s c i l l a t i o n t o die t o ha l f ampl i tude , 

z. r t 

/Substituting .., 
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S u b s t i t u t i n g fo r r from (9) and p u t t i n g Z = Z. = 0 

2 = e^^ 

i , e , 

•or 

log^ 

li = 

2 

1. 

- 21''I 

l o g e 

386 I~i 

T 

2 

(29) 

5 (4) Appg-ratus 

§ (4,1) Desc r ip t i on of Apparatus 

§ (4 .1 .1 ) The Tunnel 

The tests v/ere done in the College of Aeronautics 

No. 3 Wind Tunnel. This tunnel, v/hich is of German origin, 

is of the Eiffel typo and has a closed working section of 

23 in. X 165- in. The practicable speed range is from about 

50 f.p. s. to 200 f.p.s. 

During 1948 and 1949 considerable modifications 

were made to the tunnel to improve its characteristics. 

Despite the improvements made, the characteristics of the 

tunnel are still poor. The flov/ in the v/orking section is 

very unsteady and, particularly at high operating speeds, there 

is a marked irregular fluctuation of the v/ind speed v/hich can

not be manually controlled satisfactorily. 

§ (4.1,2) The Forcing: Rig 

The aerofoil is carried by a rectangular framework 

comprising tv/o horizontal streamline struts rivettcd at each 

end to vertical tube members (see Fig,1). This rectangular 

framev/ork is supported from a rigid steel fromev/ork surround

ing the tunnel by a set of ro.dius arms. The geometry of the 

rig ensures pure translationnl motion of the aerofoil for 

SLiall displacements from the centra.1 position. To reduce 

friction to a minimum spring hinges are employed. One end 

of the fra;:ic is anchored to 0. rigid support through a coiled 

spring, v/hilst the other end is connected through a coiled 

spring to the slider of a crosshead. This slider is driven 

through a ball and socket joint by an infinitely variable throw 

/eccentric ... 

ét Even for large displacements there is no change of 

incidence. 
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eccentr ic driven by an e l ec t r i c motor. 

The whole of th i s equipment i s mounted on a very r i g i d 

structure of s tee l j o i s t s firmly anchored to the concrete 

f loor. 

Provision is mo.de for attaching a clock gauge to the 

fixed crosshead guide, so enabling the stroke of the cross-

head s l i de r to be meastired, Mca.s\arement of the forcing f r e 

quency i s ra.de by an ordinary Mark IV B Engine R.P.II, Indic

ator geared to thD forcing motor. 

S (4.1.3) The Amplitude Scale 

The amplitude of o sc i l l a t ion of the aerofoi l i s 

m.easured by observing the deflection of a beaiii of l i gh t . 

The beam of l igh t shines on a smcJ.1 mirror attached to one of 

the radius ar-iis carrying the aerofoi l r ig , and the ref lected 

image of the l igh t i s cjri-anged to f a l l on a scale calibi'o.tcd 

to read in I/IOO of an inch displacement. To f a c i l i t a t e 

rapid and eo.sy meas-orej.icnt the scale car r ies two aluminium 

r ide r s v/hich can be set to record the cj.iplitude of osc i l l a t ion 

of the l igh t ij'.iagc. 

§ (4.1,4) Measurement of ïïind Speed 

The v/ind speed i s measured by a Prandtl Manometer 

connected to a sto.tic hole in the roof of the v/orking section. 

§ (4,1,5) The Aerofoil Models 

Details of the aerofoil models are given belov/, 

Aerofoil section NACA 0020. 

Yfing chord 3,75 ins , 

Unsv/ept 'Tings 

Planform Rectangular. 

Aspect Ratios 3j4 and 5* 

Sv/ept ?ings 

Planform Sv/eepback = 45 

Taper Ratio = 1 : 1 , 

Aspect Ratios 3 and 5. 

§ (4. 2) Calibrai;ion of Appar£itus 

§ (4.2.1) Frequency Indicator 

The Engine R,P.I.i. Indicator used for measuring the 

-forcing frequency v/as cal ibra ted over the required frequency 

range by means of a revolution counter and stop v/atch. The 

indicator was found to be accurate to v/ithin about i 1 per cent. 

This v/as about the order of accuracy possible owing to the 

/ d i f f i c u l t y . . . 

http://mo.de
http://ra.de


-14-

d i f f icu l ty of maintaining constant frequency of the forcing 

motor. 

§ (4.2.2) Timnol \Tind Speed 

The Prandtl Manometer used for measuring the v/ind 

speed v/as cal ibra ted against the veloci ty in the centre of 

the v/orking section. For t h i s purpose a p i t o t - s t a t i c tube 

v/as placed in the centre of the v/orking section and connected 

to a Bctz Manometer. 

§ (4,2.3) Spring Stiffnesses 

The stiffnesses of the coiled springs v/cre meo.sured 

by hanging v/eights from the springs and meo,suring the deflec

tions v/ith a pair of Vernier calipers. It v/as established 

that the stiffness of each spring v/as constant over the v/orking 

deflection. 

§ (5) Details of Test 

§ (5.1) Experimental Procedure 

§ (5.1•1) Preliminary Investigations 

It follov/s from dimensional analysis that the deri

vative coefficients of an aerofoil oscillo.ting v/ith simple 

harmonic motion mo.y depend on» -

(a) Reynolds number, R, 

(b) Mach number, M, 

(c) Frequency parameter, w. 

(d) Amplitude parameter, — , 

Because the l imi ta t ions of the tunnel o.re sioch tho.t a Mach 

nir.iber of about 0,2 cannot be exceeded i t v/as foreseen that 

no meo.surable Mach number effects v/ere to be expected. In 

viev/ of th i s i t v/a.s decided thr.t the experli-iento.l work 

sho\iLd be planned to measure the influence of R, to and — 
' c 

on the aerodynamic derivo.tive coefficients. 

It was also anticipated that the influence of the 

amplitude parameter, — , would be small and, in conscq-uence, 

the preliminary tests v/ere designed to check this belief. 

The results of these tests confirmed that the effect of the 
g 

amplitude parameter is negligible, at least up to — equal 

c 
to about 0,15, 

The above r e su l t s enabled a siiiiple t e s t programme 

to be devised to mcasiire the effects of both Reynolde nui:iber 

and frequency parcuriotcr, 

/The , , . 

file:///Tind
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The Reynolds number range was governed by the maximum ô nd 

minimum practicable v/ind speeds, The upper speed limit v/as 

fixed by the m.axii.m.m safe tunnel speed, v/hilst the lov/er speed 

limit was fixed by cons idero.t ions of accuracy of measi:irement of 

the resonant ojraplitude. 

At lov' v/ind speeds the aerodynamic damping, which is 

roughly proportional to the v/ind velocity, becomes relo.tively 

small. The effect of this is to make the amplitude versus 

frequency/ relationship very 'peaky' close to the resonant 

frequency, and, in pro.ctice, it is found impossible to maintain 

the forcing frequency sufficiently near the true resonant fre

quency to obtain an accorate measure of the resonant amplitude 

of oscillation. 

The ro.nge of the frequency parameter is determined, as 

above, by the v/ind speed range ojid also by the pro,cticable 

ronge of spring stiffnesses. The upper spring stiffness, o.nd 

hence the maximimi vo.lue of the frequency parameter, v/as fixed 

by the maximum safe stress that could be taken by the moving 

elements of the rig. The lower spring stiffness, o.nd hence 

the minimum value of the frequency parameter, v/as fixed by 

considero.tions of accuracy of measurement of the resonojit 

amplitude. 

With the lov/er spring stiffness the unsteady flov/ in 

the v/orking section caused severe irregular fluctuations in 

the oscillo.tory motion of the o^erofoil, thus making it diffi

cult to m-oasure accvLrately the resona.nt ojiiplitude of oscillation, 

Vfith the stiffer springs this problem was still encountered, 

but to 0. much less marked extent. In passing it may be noted 

that o.ttempts to meo.sure the lift curve slope for steo.dy flov/ 

proved abortive on account of this self same difficulty. 

S (5.1.2) Final Experimento-l Procedure 

The experience gained in the course of the prelini-

inar;̂ ' investigo.tions, described o.bove, enabled a systematic 

test procedure to be devised. This procedure is briefly out

lined belov/, 

The particulo.r aerofoil under test v/as set o.t zero 

incidence relative to the loco.1 airflov/ bj'' a process of trial 

and error. For each condition of test the forcing amplitude 

was pre-set to give an estimated amplitude of oscillation of 

the aerofoil equal to about 0,8 in. This amplitude was 

chosen as it enabled a fairly high percentage accuracy to be 

achieved in the measurement of the resonant amplitude, v/hilst 

/at the ,.. 
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at the same time avoiding a l l l ikel ihood of pa r t i a l .spring 

closure, 

The tunnel v/as run a t a series of wind speeds, using 

each set of springs in turn, and at each speed the forcing 

amplitude and the resonant amplitude were measured. 

The measurement of the resono.nt amplitude at each 

v/ind speed v/as taicen xrlth great care. One operator controlled 

the wind speed, v/hilst a second operator controlled the foroing 

frequency. I t v/o.s found impossible to mo.intain the forcing 

frequency exactly constant for any period of time, but i t v/as 

observed that there v/as a tendency for the forcing frequency 

to increase slowly v/itb time. This feature v/as put to use 

by i n i t i a l l y se t t ing the forcing frequency s l igh t ly belov/ the 

resono^nt frequency. 'Tith the passage of time the forcing 

frequency gradually increased, eventually passing through the 

resonant frequency. The th i rd operator observed the amplitude 

of oscilln.tion of the aerofoi l o.s indico.ted by the osc i l l a t i ng 

bcojn of l i gh t , o.nd meo.svtred the resonant amplitude by se t t ing 

the o.lumini\xïi markers to record the moj-:imum displacements of 

the beam of l i gh t . 

The success of th i s method depended on the forcing 

frequency increasing suff ic ient ly slov/ly to permit the ojnpli-

tude of osc i l l a t ion of the o.erofoil to reach the resonant 

amplitude corresponding to steo.djr forcing. As the ra te of 

increa.se of the forcing frequency v/o.s not d i rec t ly controllable 

the above procedure was repeated scvero.l times a t each v/ind 

speed so o.s to ensure tiriat the true resonojit frequency was 

obto.ined. In the case of the lov/cst v/ind speed v/here the 

damping was re l a t ive ly snrJl i t v/o.s in fo.ct strongly suspected 

tho.t the true resono.nt fi-equuncj/ v/o.s not o.lv/o.y3 obto.ined. 

S {5''^'3) Measurement of the Rig Damping Coëfficiënt p. 

Theoretico.lly the domping coefficient (i co.n be 

measured e i ther 'by o. free do.mping method or by o. forced 

osc i l l a t ion method. In § (3) i t v/o.s explo.ined that for the 

measurement of the dojaping coefficient z_ the forcing method 

constituted, the be t t e r method, but for the measurement of p. 

the free dojiiping method i s b e t t e r . Pund>aiacnto.lly th i s i s 

because of the much sno.llcr mOognitude of ji as compared 

with z . The effect of th i s i s tv/ofold. F i r s t l y , the v/ ^' 

oxipli tude-frcquency re lo . t ionsh ip i s e:£tremcly 'pealcy' , r / i th 

the l e s u l t t h a t accuro.te mco.suren-jnt of the resonant ai:ipli-

tude i s a practico.l ii'.ipossibility. Secondly, the required 

forcing ai:iplitude v/ould be so small that the percentage 

/accuracy . . . 
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acci:iracy in its measurement would necessarily be low, 

To measure |i the aerofoil was replaced by an 

equivalent mass having negligible aerodynamic damping. This 

was achieved by using a rectangular bar placed with its largest 

dimension parallel to the streamline struts of the aerofoil 

mounting. 

The system was displaced from its equilibriim posi

tion and the time for the ensuing oscillatory motion to die to 

half amplitude was measured. The damping coefficient |i was 

measTjred in this way for each set of springs. 

It was found that the springs gave rise to the major 

portion of this mechanical damping. 

5 (5* 2) Analysis of Measurements 

In § (3) it is shewn that 

^ N 

.̂= - ^ l ^ - b ^ ^ '-' 1+ % ) t^ f^ ( p S c 

1.386 M 
^ = 

i i i8 .6 j i (32) 

T 

29T;f„c 

» = ^ = - ^ (33) 

Using the t e s t procedure described abovc^ a l l the 

quant i t ies on the r ight hand sides of these equations can be 

measured. Theoretically i t i s therefore possible to find 

the values of both the derivative coefficients z and z. 
v/ v/ 

as func t ions of w, Hov/ever the maximim d i f fe rence betv/een 
f_, and f' i s l e ss than 1 per cent. This i s the order of 
R R 

accuracy to which the frequency can be measiared experimentally 

and i t wi l l therefore be apparent from inspection of equation 

(31)that t h i s method of measuring z. i s en t i r e ly impractic

able in the present instance, 

Evaluation of z 
— — v/ 

In Figs, (2) to (6) the observations are plotted 
^ 1 in the form, of curves of -^ against — . Unique curves are 

obtained for each spring, v/hich are independent of the res

onant amplitude of oscillation because, as explained in 

S (5.'l.l), the damping derivative z is found to bo indepen

dent of the aiaplitude parameter, 

/F: rem 
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1 ^ I 
From these curves the qixintity r: r -=• = d̂ «̂— can 

be obtained immediately. Subst i tut ion of t h i s value in 

equation(30) enables z. to be calculated v/hen A , f , p, V, 

S and (J, are knov/n. The r i g damping coefficient ji i s 

obtained from equation (32), 

Evaluation of the frequency parameter oi by equa

t ion (33) enables curves of z to be p lo t ted against o), 
w 

These curves are given in Figs . (7) and (8) v/herc no correction 
has been made to z for the effects of tunnel interference. 

w 

The method of correcting for tunnel interference i s described 

in the next section (§ (6) ) . 

§ (6) Tunnel. Corrections 

A method of correct ing the measured derivative 

coeff icients of an osc i l l a t i ng aerofoil for the effect of 

tunnel interference has been given by ¥ ,P , Jones in R, and M, 

(1) 
1912 ' . The labour involved in nmking even a single cor r 
ect ion i s very large , but fortimatcly invest igat ion of a 
specif ic case slriowcd tha t the interference effects on a l l the 
der ivat ives decreases rapidly as the frequency parameter 
increases from zero, and becomes negligible when the frequency 
parameter i s greater than unity. This invest igat ion v/as done 
by W,P, Jones far a case roughly equivalent to the present 
se r ies of t e s t s , and, in the l ight of h i s conclusions, a 
pa r t i cu l a r ly simple method of correcting for tunnel i n t e r f e r 
ence has been devised, 

The curves of z. against w are extrapolated^~ 

back to CO = 0, Now, for o) = 0 we have that z = - "2 T~" t 
aCL "̂̂  ^°' 

v/hcre -r— i s the l i f t curve slope for steady flov/. Hence 
z for 0) = 0 can be corrected for tunnel interference by 
w '' 

means of the standard methods of correcting for lift curve 

slope in steady flow. Nov/, another result of the theoretical 

work done by 7/.P. Jones is that over the range w = 0 to 

(A) = 0.5 the relationship between ẑ  and co is very nearly 

linear. This,coupled v/ith the fact that the tunnel interfer

ence effect can be considered small for w =0,5, enables us 

to fix the corrected values at co = 0 and at co = 0,5, at 

least approximately. Using then the fo.ct that the relation

ship between z ojid oj is linear, we may construct a c\arve 

v/ ' 
of z against co. 

This procedure has been used to obtain the r e su l t s 

given in F igs . (9) and (IO). 

/§ (7) . . . 



- 1 9 -

§ (7) R e s u l t s 

The obse rva t ions are p l o t t e d i n F i g s . (2) t o (6) i n 
z A 

the form _R vs rr . The f a i r e d ciirves from these f i g u r e s have 

I 
been used to calculate z as a function of the frequency 

w 

parameter u, and these results are plotted in Pigs, (7) and 

(8). It mil be observed that for each aerofoil a distinct 

curve is obtained corresponding to each spring,but that, gen

erally speaking, the sets of curves for each aerofoil approx

imately constitute a unique curve. A mean curve for each 

aerofoil was tolcen o.nd the tunnel corrections v/ere applied as 

described in § (6). The resixlts core plotted in Figs, (9) and 

(10). 
Summary of Main Results 

(1) Comparison of Theory and Experiment 

ifflROFOIL DATA 

PLANFORM - RECTANGULAR 

ASPECT RiiTIO - 4 

SECTION - NACA. 0020 

z^ (exper imental) 

z ( t h e o r e t i c a l ) 

• — ( T . E . Angle = 22°) 

ac 
-— ( T . E . Angle = 0°) 

9 0.90 

= 0.91 

N.B. The theoretical value of z taken from Ref. (2) 
v/ 

^ \ 
T— taken from Ref. ( 3 ) . 

(2) Comparison of Sv/ept and Unsv/ept A e r o f o i l s 

z. (sweepback = 

z (sweepback = 

45°) 

0°) 

AEROFOIL ASPECT RATIO 

3 5 

0.91 0,81 

Cos 45° 

0,707 

/ § (8) , . . 
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S (8) Discussion 

I t has already been explained that the aerodynaiiiic 

derivat ive ccefficient z may depend on Mach nUTiber, Reynolds 

number, frequency paraxneter and amplitude parameter, 

The dependence of z on Mach number i s outside the 

scope of t te present invest igat ion o.nd, as pointed out in 

5 (5), i t was found that z_. i s independent of amplitude para

meter, o.t l e a s t up to z/c = 0,15, 

Referring nov/ to Pigs , (7) and (S) v/e see that curves 

of z on a base of co have been plot ted for each aerofoi l . w 
Also for each aerofoil 0. separate curve has been constructed 

corresponding to each spring. Now, except in one instance, 

the four curves for eo.ch aerofoi l agree v/ith one ojiother to 

v/ithin about 4 per cent. If v/o accept that th i s sca t ter of 

the curves i s due to experimental error v/e may then conclude 

that the effect of Reynolds number on z i s negligible over 

the range 0,10 x lO" to 0.35 x 10°. 

Hov/cver, Figs . (2) to (6) shov/ that very consistent 

experimental observations v/ere obtained. Nov/, in view of th i s 

consistency, i t would seem reasonable to expect an accLu-acĵ  

be t t e r than + 2 per cent v/hen using the fa i red curves of 

Figs . (2) to (6) to obto.in the r e su l t s p lot ted in Figs. (7) and 

(8), The follov/ing reason i s advanced to explain iviiy the 

accixracy of measurement may not have been as good as one might 

be led to believe by th i s apparent consistency, 

I t has o.lready been remarked in describing the t e s t 

procedure tho-t, on account of the unsteady flov/ in the tunnel 

v/orking section, d i f f icul ty v/as encountered in measuring the 

resonant frequency of oscillo.tion of the aerofoi l . The effect 

of the unsteady flov,' v/o.s to co.use 0. f a i r l y mo.rkcd ojid contin

uously varying shift of the centre of oscillo.tion of tlio aero

f o i l , This v/o.s most noticco,ble v/ith the springs of lov/est 

s t i f fness . On o.ccount of th is there might well ho.vc been 0. 

tendency for the rcsono.nt ojnplitude of oscilD^.tion to be con

s i s t e n t l y ovorestimo.ted for the springs of lov/er s t i f fness . 

This would resu l t in 0. low vo,lue of z being obto.ined for 

these springs. Prom Figs . (7) o.nd (8) i t v/ill be seen tho.t 

in general z. incruo.ses v/ith increase of spring s t i f fness 

( i . e . as we go from spring A to B, from B to C and 

from C to E.) 

The above argmient i s held to be suff ic ient ly p laus

ible to explain the slipdit s ca t t e r of the values of z and 
^ w 

/ i n . . . 
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in consequence i t has been assuiiied that z i s ac tual ly inde

pendent of the Reynolds number over the range of invest igat ion. 

This enables a unique mean curve of z_ to be obtained for each 

o.crofoil. These unique curves have been corrected for tunnel 

interference and the fino.l curves are p lo t ted in Pigs. (9) and 

(10). 

In Fig, (9) the experimental r e su l t s for the recto.n-

gular wings of as;;ect ro.tios 3j 4 and 5 are compared v/lth the 

theorctico.l values for s imilar thin o.orofoils of aspect r a t i o s 

4 and 6, o.s co-lculo.tcd by '7,P, Jones, 

Over the ro.nge co = 0 to co = 0,5 the theore t ica l 

re la t ionship betv/een z. o.nd co i s almost l inear . In S (6) 
1/ 

i t has been explained hov/ th i s fact i s u t i l i s e d to obto.in the 

cxperimento.l vo.lues of ẑ  corrected for tunnel interference, 

I t xn.ll be obvious from peruso.l of that section tho.t the 

excellent o.greemcnt betv/een the sho.pcs of the cxperimento.l and 

theore t icol curves i s , to some extent, inherent in the simpli

f ied method o.doptcd for correcting for t\.innel interference, 

Nevertheless, the slopes of the experiiïiental cvccvcs are fixed 

by purely exporimentol rcsLilts and, since these slopes are in 

goodagreement with the theore t ica l r e s u l t s , ./e have consider

able jus t i f ico.tion for the method of tunnel correction employed, 

The actioal mo.'niitude of the derivo.tive z i s 
v/ 

smaller than indico.ted by thcoryj in the case of the wing of 

aspect ro.tio 4 'th.c experir.iental value i s some 10 per cent 

smaller tho.n the theoret ica l vodue as calculated for a. flo.t 

plofte o.erofoil. I t i s in te res t ing to note tho.t t h i s corres

ponds o.lmost exactly v/ith the difference found to exis t 
ac, 

between thC' lift curve slope id 0.3 given by theory for a. 
aa f l a t plo.te o.erofoil, and o.s given by experiment for 0. v/ing 

sec 

edge angle of N.A.C.A. 0020 sect ion) . 

cct ion having 0. t r o l l i n g edge angle of 22 (the t ra i l ing 

The experl iental r e su l t s for the rectangular ojid 
sv/ept aerofoi ls ai-e •conpo.red in Pig. (,10). The derivative 
coefficient ẑ^ i s snr.ller for the sv/ept v/ings than for the 
unsv/ept v/ings as v/ould be c:-qpucted from simple theore t ica l 
considerations. I t v l l l , hov/cver, bo noted that the diff
erence in z for the tv/o v/ings of o.spect r a t i o 3 i s much 

v/ ^ 1- ^ 

smaller than for the tv/o v/ings of aspect r a t i o 5. This i s 

.another rcsvCLt v/hich ni^';ht be expected on simple theore t ica l 

grounds since i t i s o.ppo^rent that the flov/ over the centre 

section of a swept v/ing must approximate closely to the flow 

over an unswept wing. Nevertheless, the difference in 

/ e f f ec t . . . 
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effect of sweepback for the v/ings of aspect ratio 3 and 5 

appears surprisingly large, 

The errors in the final resiilts when corrected for 

tunnel interference D.re believed not to exceed 2 per cent. 

5 (9) Conclusions 

The tests described in this report show that the 

aerodynamic damping derivative z,. is independent of the 
w 

aj:iplitudc parameter z/c over the range 0 to 0,15, and i s 

approximately independent of Reynolds number over the range 

0,10 X 10 to 0.35 X 10 . 

In the l ic j i t of ovir knov/ledge of steady aerofoi l 

theory the o.greemunt between the rcs\alts of experinient and 

theory for the rectangular v/ing of aspect r a t i o 4 is good. 

The experimental r esu l t s for z.̂  show the sojiie dependence on 

frequency parameter as predicted by theory, but are about 

10 per cent smaller numerically. Hov/ever, the t r a i l i n g edge 
abc 
ac. 

angle of the N.A.C.A, section i s about 22 o.nd experinent 

shows tho.t tlie l i f t curve slope -r— for a section with such 
^ aa 

a t r a i l i n g edge angle may be expected to be about 10 per cent 

l e ss than for an aerofoil v/ith very si.io.ll t r a i l i n g edge angle. 

Since z i s approxii".iately equal to - -g- ii when co i s zero 
^'^ da 

the agreement of these two r e su l t s i s to be expected. 

The experimental r e su l t s verify tho.t the theore t ica l 

predict ion of the dependence of ẑ . upon frequency parameter 

CO i s much l e s s for o.erofoils of modero.te or low o-spect ro.tio 

than for tv/o-dii:wnsiono.l ae rofo i l s . An importojit ded.uction 

to be dravrn from th i s i s tho.t in 0. pro.ctical s t a b i l i t y or 

f l u t t e r problem the neglect or o.pproxl:iatc e s t lna t ion of the 

frequency parameter v/ill generally leo.d to much smaller e r rors 

than v/ould be indicated by the tv/o-dimonsiono.l theory. 
The effect of sv/eepback i s to decrease the n-incrical 

values of z . For a sv/eepback of 45 z ounounts to about 
X' ^ . w 

81 per cent of the unsv/ept value for an aspect r a t i o of 5 and 

to about 91 per cent for o.n o.spect r a t io of 3 . 

The overall o-ccuro.cy of the r e s u l t s corrected for 

tunnel interference should be about + 2 per cent. 

/Acknov/ledgement . . , 
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