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This report presents the results of experimental
measurements of the damping derivative coefficient 2, Tow
constant chord rigid wings of various aspect ratios having
sweepback angles of zero and 450.

m

The results for the rectangular wings ¢i.ow substan-
tial agreement with the unsteady aerofoil theory developed

by W.P, Joncs.2) The depcndence of z. upon frequency para-
meter is as given by theory and is much less than for two-
dimensionai flow, but the numcrical rcsulis arc approximately
10 per cent below the theorctical. This is attributed to the
large trniling edge ongle 22° of the N.A.C,A, 0020 section

uscd for the model acrofoils.

The cffect of sweepback is to decrease the numcrical
value of Z.s but this effcet is much less pronounced for low
than for high aspcct ratios. Por ospeet ratios 5 and 3
the numerical value is greater than would be given by a fac-
tor of proportionality cqual to the cosine of the angle of

swecpback.

The measurcments were corrcected for tumncl interfer-

cnee by o method based on the theorectical worlk of T.P.Joncs.(ﬂ)
= =m=000 00~~~

*chort on cxperimental work carricd out in
the scecond year of a two-ycar coursc at the

Collcge of Acronnutics, Cranficld.
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a=8- Zﬁ coefficient of Z in equation of motion
T e e d, coefficient of 2 in equation of motion (6).
Cr, lif't coefficient.
YR viing chord.
??::P} +?b . coefficient of z in equation of motion (6).
EL:PBJE coefficient in equation of motion (6),
T forcing frequency.
fN natu;al frequency of oscillation of aecrofoil
plus rig.
fR resonant frequency of oscillation of acrofoil
plus xig.
i natural frequency of oscillation of equivalent
mass plus rig.
£1 . resonant frequency of oscillation of eguivalent
mass plus rig.
*ﬁ forcing displacement.
E amplitude of forcing displacement,
i Mach numbcr,.
it cquivalent mass of acrofoil plus rig.
m sec auxiliary cquation (7).
b o= 2nf angular frequency of oscillation.
R Reynolds number.
7 sce cquations (8) and (9).
5 Wing arcas
8 sce cquations (8) and (10),
t timc.
wind specd.
W velocity of acrofoil normal to planform.
acrodynomic force normel to planform.
o = %% acrodynemic damping derivative.
Zﬁ = 5% acrodynomic incrtia derivative,
% displaccment of acrofoil norrmsl to planform.
2 | .
h sce cquation  (15),
Z%J
z amplitude of oscillation of aerofoil.
QR amplitude of rcsonant oscillation of aerofoil,
. = Eg% non~dimensional domping derivative.
Ly
Ze, = Eg% non=dimensional inertia derivative,
a wing incidence
a amplitude cocfficicnt in cquation ( 11).
Vi) ' sce cquation (13).
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spring stiflnesses.
. 1

J

mechanical velocity damoing coefficient.

< =

kinematic viscogity of air,

air densiby.

=

=

tame for frec oscillations to decay to half

arplitude,

w

phase difference in equation ( 441).

© = 5 Trequeacy narameter,




8 (2) Introduction

The purpose of this experiment was to measure the
damping derivative z, for rigid wings oscillating with simple
harmonic motion. The wings tested covered a range of aspect

ratios with swecepback angles of zcro and 450.

Work on unsteady acrofoil theory has largely been
confined to investigations of the two~dimensional flat plate
acrofoil, ond the results of thesc theories have shown good

agreement with the limited experimental data available.

Fairly rccently three-dimensional flat plate acrofoil
theorics have been developed. Using one such theory W.P.Jones
ﬁas made a very full thecoretical investigation of rectangular
wings 2)of aspect ratios 4 and 6, The work herein gives the
result of cxperimental mcasurcments on rectangular wings of
aspect ratios 5, 4 and 3 and should therefore form an inter-
csting compariscon with theory. “In addition results are given
for wings of aspecct ratios 5 and 3 having sweepback angles of
450. Although the maximum Reynold's number of test is low
these results should be of considerable practical intercst as
it is believed they arc the first to be obtained for swept

wings.

An intorcsting result of throc-dimensional theory is
that for wings of moderate or low aspect ratio (say below 6)
the acrodynamic damping derivatives are much less strongly
dependent on the valuc of the frequency paramcter than in the
two~-dimensional case. Provided this is established by cxperi-
.mont we nay conclude that in flutfer calculations in which
three-dimensional effects are alleowed for,much less error will
be involved when the initial assumed value of the frequency

parancter differs from the value of the frequency parameter as

found by subscquent solution of the flutter equation.
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8 (3) The lMeasurencnt of Unsteady Acrofoil Derivatives

§ (3.1) lMethods of licasuring zZ.

Two fundamental methods exist for the measurencnt of
the derivative coefficients of an oscillating acrofoil. One
method consists of studying the frec oscillations of a spring
restrained system, whilst the other method consists of studying

the forced oscilletions of such a systen.

In thce present case the latter method was cmployed.
Partly this was because the experimental rig had previously
been designed for this method, but, in addition, this method

presents advanteges not possessed by the free damping method.

In the frec danping method the systen is displaced
from its cquilibrium position and the free oscillations of the
systen arc rccorded. Fron the frequency and rate of decoy of
the oscillations can be deduced the forces ccting on the systen.
The relatively high rate of demping of the oscillation presents
both practical and theoretical difficultics. It prevents a
study of the influcnce of amplitude of oscillation on the acsro-
dynanic forces, but, nore important still, the conditions of
test do not then conform with the conditions assumed in the

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

harnonic with constont smplitude and (b) thot the motion has
persisted for a long periocd of tiie so that all transicnt
¢ffects have docayod. The forcing mcthod, on the other hand,
pernits the amplitude of the oseillation to be varied as
desired and also, within cxperimentel limits, permits pure
simple harmonic oscillations to be maintained indefinitely.

g (3.2) Theory of thc Forced Oscillations of o spring Restrained
System with Velocity Damping.
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Diagrarmntic Sketch of Forcing Systen

(Sce also Fig, 1)
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The acrofoil A is rigidly fixed at right angles to a rigid
rectangular frame,which is supported.by two pairs of equal
swinging links, so thot the plane of the frame is alwoys perpen-
dicular to the axis of the wind tunncl, but the frame is free
to nove laterally. The frame is connccted at onec cnd to a
Spring 81 and at the other cnd to a spring 82. The spring
SJI is in turn attached to a fixed support B, whilst the
gpring 52 is attached to a slider C. This slider, which is
driven by an eccentric D, oscillates with a simple harmonic
notion. The gecometric incidence of the acrofoil is always

EGT0. i)

-f 2 displacenecnt of slider € from central position.
E = onplitude of displocement of slider C.
Z = displaccrent of ccrofoil A from central position.
il = effocctive mass of acrofoil, frame and spring system.
}H & stiffness of spring 81.
ﬁ? = stiffness of spring 82.
i = frequency of oscillation of slider C,
fI\I = notural froquency of oscillation of systbem.
v - wind specd.
L = vigcous mechanical danping of rig minus aerofoil.
“le have,
L= I sin onfy sk m s AR

The static restoring force due to the displocement of the

springs is,
L7 R \ ‘,—
;\’l z )"2(£ z)

and neglecting the incrtia of the springs, substitution froam

cquation (1) gives a dynamic restoring force,

= (A #A)z =, Eosin 2008 eenenrerinnena(2)
The cquation of motion is therefore,
@-2)2+ @-2)2+ O+ Az =N, & sinontt  .0a(3)

For convenicncc we moy write,

£ e [
Qo= [l o= d,
B
b:p.--zw
h_’ )‘ 4 a8 ae = L T A Y L3 .(}.}.)
c %1 # Yy
A =~
d=A, ¢
p'= 2ﬂf p----o.-co-oaoo--ot.o(B)

Then our equation of motion is,

o " ay

AZ+DE+8z = 4 sin pt O

/Frec Vs
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Freec or Transient Liotion

el

The free or transient nmotion of the system is ob-

A
tained by putting 4 = O,

Fron (6) we obtain the auxiliary cquation,

P i
:11_12+ bm + 6 = 0O

whence,

R
)

i
[
O
o'

il = I‘:}-_is oa.o-.o.o..-o.uoco.oo(%)

vhere r and s are both real, and

r:-EE = T e !0.1..10.0.100031.0..(9)

.r“""-n-l"
=~

=t | e 7 2
AL ~- %2 4(M-éﬁ)(ﬁw+?b)u(pﬂaw)

g ({-z,)° “[
\.

The free nmotion of the systen is therefore oiven bs
¥ & ¥

(10)

0
B
£
o
7|
1

Z:&Crt Sj_n. (S‘t"‘g) ln.ato-co----c--.;noo(’11)

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

The natural froquency of the oscillation of the

systen is given by,

5 }_‘ - ~ ~;é—
£ —i 1 i?j.:._g_. - j._ E—__Z.Tif . (—12)
N~ 2r T on B ERAPRS

} i f-z,

Purther, let

A= ratio of displocenment zﬁ1 at time £ = &, )

) y : a¢o|(13)

to displaccricnt Zt1+T &t Giie B = t1+T )

where

I = periodic hime = ;_

N
Then,
)
£\ = e -z O“TT
T (5 +T)

... 7 /l‘.::-- it

10“”0 ", rT
ia8. log {3. = = oy RIRRRNEI - ),
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The quantity 1ogciél is termed the 'logarithmic decrement',

Steady State Forced Motion

Lfter commencing to force The acrofoil system with
o steady frequency T +the nobion will consist of o transient
part and o steady part. The tronsicnt pert has been analysed
above and it is scen that, as its nome impliesg, it decays with

time, cventually becoming negligible.

The steady state motion of the systen is obtained from

the particular intcgral of the cguotion of motion.

Let,

Z =1 Zﬂ Sinpt+22 cos Pt 'ouvvcnaooooaooo(1b)
Substituting from (15) into (6) gives,

- 8 p2 (21 sin pt + 2z, cos pk) # B P (21 cos pt = z, sin pt)

S
+ ¢ (z1 sin pt + 2, cos pt) d sin pt vwma rre e ls

i

2

Bquating cocfficicnts,

(8 -8p%) 5, ~bps, = a
% A"p 'annnooc.‘.‘o(1?)
bp oz, + (c=ap”) Zo, & 0
Heneao, s
A £ Cal
ol (3~ap?)
T TN 2
c-2p“)” + (Bp)
Aﬁ .‘.‘lll‘.l‘.l..'(18)
Pk - dbp
[y s A aprw A 2
(2-28p)° + (bp)

Now let us write,

=

It

sin (pt -€)

sin pt cos€ - z sin€ cos pt

sayee L]

Z
z

Equating the coefficients of sin pt and cos pt in (15)

and (19) we have,

z, = z cost '?
}- .I'lll.QII.-..0--....(20)

pe]
1
I
N1
s
PR
o
™
P

Squaring and adding we cbtain
2 2 )

Z,t'l-'zz.:é

Henee, substituting for 3z, and froa  (18),

1 2
a

J@E29)? + (¢p)°

pal
]

SRR s LB

/Finally ...
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Finally, substituting from (4) and (5) into (21),

i
k=7
o E W
2= £ |rre—x 2 ] ceesunerenhddd
(M 20 2.2 % 2'
(| -] o+t —
[\i-z, : -z, J
w L4 W

The amplitude of the steady state oscillation is given by the
above equation. The frequency of the oscillation is equal %o

the foreing freguency £,
Resonance

Prom equation (22) it will be observed that the
amplitude z of the acrofoil depends on the forcing frequency

Ty The frequency for which 2z 1s a maximun is termed the

resonant frequency.

Denote the resonant frequency by fR and the res-
onant emplitude by ER’ Then it can be showm, by differentia-

ting (22) and equating to zero,that

1
A _p Nl
] [-h‘l i ?
fR = 27|_ i H? -:-_- '.ﬂ'l".'..(23>
; 21'1 - Z, ) \ ,‘l--Z.f ()

—

W W

- ‘E [ IJ'-Z'\"I
& i ks P\ +0, w1 [Ban u-Z H=2

=2, Fi-z! “\ fi-z, fi-z, -z, -7, }°
r ¥r w L L i W,

T e
(“"""w) oREy

where we have used the valuc of fN from (12).

Bvaluation of the non~dimensional derivatives 7 and Ze, v

From the above cxpressions we can obtain formulae for

the evaluation of the derivatives 2 and Ly, which are def-

W

incd as,
5 = zw
w ~ p VS8
2,
o W
W T p8eo

/Derivative ...
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~f%t=

Derivative Coefficient 2 e

Rearranging equation (24) we have,

” {fz"xz
W -
B Wy
; 1 { E’H? -) Fimp
leCe Z‘W‘:-PVS g "'Hg !U.lo-l.tlo\é:})

The determination of p is described later.

Derivative Coefficient =. .

v
B2
In eguation (?5) the term :f-4£ is negligible com-
122,
?_\1_‘-:‘,\0 W
pared with the term —=—"— and hence we may write,
-7,
W
AN
; il
T = ol fag,
W
?%+32
or :L""'Z'o_ el o coor-vouioctu--oaon-.(26)
‘ e
LT fR
Now if we replace the acrofoil by a mass having a negligible i
derivative Zﬁ we can viribe,
?H+}g :
1;:’“""“— e ooooon-cooo-o..aoocac(2?) I
L] il
b L=

vheye ﬁﬁ is the correspeonding resonant frequency with the
wing replaced by an cguivalent mass,

Then from (26 and (27)

b s s

. 3N1+ > j i i__a

w o 2 T e

L7 ifR f{

ar _A "’
Za_}\*l"‘? y S 1 (28)

Rig Damping Coefficicnt u.

Trom (11) we have that if < equals time for the

frec oscillation to dic to half amplitude,

b4 rt
s 20 - c B 5
Be i OI‘( t+T)

/Substituting son

I e it
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Substituting for r from (9) and putting Z, =2y =0
kb
i

D= B
i log 2 = %F T
LaGo o= %ﬁ ]ogG 2
or . = 1'326 ll GivE BT R ey e )

§ (%) Apparatus

8 (4.1) Description of Apparatus

8 (4h.1.1) The Tunncl

The tests were done in the College of Aeronautics
No.3 Wind Tumncl. This tunnel, which is of German origin,
is of the Eiffel type and has a c¢loscd working section of
25 iny  oE 16—:12 i, The practicable speed range is from about
B0 fepese to 200 f.p.s,

During 1948 and 1949 considersble modifications
were made to the tunncl to improve its characteristics.
Dogpite the improvements made, the characteristics of the
tummel dre ghill poor. The flow in the working scction is
very unsteady and, particularly at high opcrating specds, therc
is a marked irrcgular fluctuation of the wind speced vhich can-

not be manually controlled satisfactorily.

& (4.1.2) The Forcing Rig

The acrofoil is carried by a rcctangular fromeviork
comprising two horizontal streamline struts rivetted at coach
cnd to vertical tubc memboers (ggg Fige.1). This rectanguler
fromework is supported from a rigid steel fromework surround-
ing the tumncel by a sct of radius arms. The geomctry of the
rig ensurce pure translationad motion of the acrofoeil for
si1011l displacements froa the central position.qs To reduce
friction to a nininmun spring hinges arce cmployed. On¢ cnd
of the frame ie anchored to o rigid support through a coiled
spring, whilgt the other cnd is connccted through o coiled
spring to the slider of a crosshead, This slider is driven
h a2 ball and socke

B
(]

throu

o+

o
(@
".J‘
o
=+
o

=
0

an infinitely variable throw

£ .
JCOCRTULTIC e

# DBven Tor large displacements there is no chonge of

Incldenoes




eccentric driven by an electric motor. ; i

The whole of this equipment is mounted on a very rigid
structure of steel joists firmly anchored to the concrete
floor.

Provision ig made for attaching a clock gauge to the
fixed crosshead guide, so cnmabling the stroke of the cross-
head glider to be mcaszurcd. leasurcment of the foreing fre-
quency is made by an ordinaxy Inrk IV B Engine R.P.Ii. Indic-

ator goored to the forcing notor.

ULa

(4,1.3} The Applitude Scale

The amplitude of oscillation of the acrcfoil is
neasurced by obscrving the deflection of a beam of light,
The beam of light shincs on o saoll mirror attached to one of
the radius ayms carrying the acrofoil rig, and the reflected
image of the light is crrongod to fall on a scale calibrated
to read in 1/400 of an inch disploccnent. To facilibats
ropid and cosy measuraient the scale carrics two aluninium
riders which can be set to reccord the amplitude of oscillation

of the light innge.

8 (hetok) Beosurcnent of Tind Speed

The wind specd is measurcd by a Prondtl konometor

connecsed to a stotic hole in the roof of the working section.

8 (4.1.5) The Acry

il Iledels

Details of the serofoil models are given below.

Asrofoil section  NACA 0020.

Ting chord 3.7H ins.

T - =t

Unsvent Tinas

Plani'orm Rectangular.
Aspect Ratios 34k and 5.

Plantorm Sweepback = 4 x

Taper Ratio = 15la

Agvect Ratics 5 and 5,
8 (4.2) Calibration of Apparatus

8 (4.2.1) Preguency Indicator

==

Mhe Engine R,P.1i, Indicator used {'or measuring the

]_3

florcing frequcncy was calibrated over the required fregquency
range by means of a revolution counter and stop watch. The
indicator was found to be accurate to within about * 1 per cent.

This was about the order of accuracy possible owing to the

/difficulty

i ————
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difficulty of maintaining constant frequency of the forcing

motor.

8 (4.2.2) Tunncl Wind Speed

The Prandtl lanometer used for measuring the wind
specd was calibrated against the velocity in the centre of
the working scction. For this purposc o pitot-static tube
wes placed in the centre of the working scction and connected

to o Betz lanometer.

8 (4.2.3) Spring Stiffnesscs

The stiffnesscs of the coiled springs srere measured
by hanging weights from the springs and measuring the deflce-
ticns with a pair of Vernicr calipers, It was cstablished
that the stiffrness of cach spring vas constant over the wrorking

deflection.

8 (5) Dotails of Test

8 (5.,1) Experimental Proccdurc

8 (5.1.1) Preliminary Investigations

It follows from dimcnsionsl anealysis that the deri-
vative coefficicnts of an acrofoil oscillating with simple

harmoniec motion may depend ons -
(a) Reyuolds number, R.
(b) Mach number, M.

(¢) Frequency parancter,

(a) Amplitude parameter,

el [STE=

Beeouse the limitations of the tunnel are such that o kach
nuiber of about 0.2 coannot be cxceeded it was forescen thaot
no noeasurable Mach nuiber effocets were to be oxpected. In
vicw of this it s deoided thot the cxporinentsl work

should be planned to measure tne influence of R, w and

0t

on the acrodynamic derivotive cocefficicnts.

It wag also anticipated that the influence of the

amplitude paramcter, » would bec small and, in conscquence,

O =

the preliminary tests were designed to check this belief.

The results of these tests confirmed that the ceffect of the
amplitude. poravichor 18 negligible, ot legst wp to = squnl

Z
c
to about Quth,
The above results enobled a simple test programme

to be devised to meoasurce the cifcects of both Reynolds mumber

and frcquency paracictor,

STHD wus
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The Reynolds number range was governed by the maximum and
nininun practicable wind specds. The upper speed limit was
fixed by the maximum safe tumnel speed, whilst the lower spced
limit was fixed by considerations of accuracy of mcasurement of

the resonant amplitude.

At low wind speeds the acrodynsmic damping, which is
roughly proportional to the wind velocity, becomes relatively
small. The effect of this 1s to make the amplitude versus
frequency relationship very 'peaky' close tc the resonant
frequency, and, in practice, it is found impossible to maintain
the forcing frequency sufficiently ncar the true resonant fre-
quency to obtain an accurate measure of the resonant amplitude

of oscillation.

The range of the frequency parametcr is determincd, as
above, by the wind specd range and also by the practicable
ronge of spring stiffncsses. The upper spring stiffness, and
hence the maximum value of the frequency parameter, was fixed
by the maximum safe stress that couid be toaken by the moving
clements of the rig. The lower spring stiffness, ond hence
the minimum value of the frequency parameter, was fixed by
considerntions of accuracy of measurcnent of the rescnant

amplitude.

With the lower spring stiffness the unsteady flow in
the working section causged scvere irrcguiar fluctuations in
the oscillatory motion of the cerofoil, thuz making it diffi-
cult to measure accurately the rcsonant amplitude of oscillation.
With the stiffer springs this problem was still cncountered,
but to a much less mevked extent. In passing it may be noted
that attempts to measurce the 1ift curve slope for steady flow

proved cbortive on account of this self sons difficulty.

8 (5.1.2) Final Experincntal Procedurc

The expericnce gained in the course of the prelim-
e} 3]
incry investigations, described above, enabled a systematic
test proccdurce to be deviscd. Thiz procedvrce is bricfly out-

1incd below.

The particular acrofoil under test was sct at zero
incidence rclative te the local airflow by a orocess of trial
and error, For ecch condition of test the forcing amplitude
was pre-set to give an cstimated amplitude of oscillation of
the aerofoil equal to about 0.8 in. This amplitude was
chosen as it erabled a fairly hign percentage accuracy to be

achieved in the measurement ol the resonant amplitude, whilst

Jot the ...
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at the same time avoiding all likelihood of partial spring
closure,

The tunnel wos run at a series of wind speeds, using
cach set of springs in turn, and zt cach specd the forecing

amplitude and ‘the resonant amplitude were measured,

The measurencnt of the resonant smplitude at cach
wind specd was token with great care, Onc operator controlled
the wind specd, whilst a sccond opcrator controlled the forcing
froguency. It wos found impossible to maintein the foreing
frequency exactly constant for any period of time, but it was
observed that there was a tendency for the forcing frequency
to increase slowly with time. This feature was put to use
by initially setting the forcing frequency slightly below the
resonant frequency. Vith the passage of time the forcing
Trequency gradually increascd, eventually passing through the
rcsonant frecqguency. The third operator obscrved the amplitude
of oscillation of the acrofoil as indicated by the oscillating 1
beam of light, and mcasurcd the resonant amplitude by setting
the aluminium markers to reccord the mazrimum displacements of
the beam of light.

The success of this mcethod depeonded on the forcing
frequency incrcasing sufficicntly slowly to permit the ampli-
tude of oscillation of tho cerofoil to rcach the resonant
amplitude corrcsponding to steady foreing. As the rate of
increcase of the foreing freoquency wes not directly controllable
the above procedurc vwas ropeated several times at cach wind
spced so as to cnsurc that the true resonant frequency was
obtaincd, In the case of the lowest wind specd wherce the
damping was rclatively small it wos in foact strongly suspected

that the truc resonont froguency wos not alwnys obtalned,

o - 5y 1 T2 = W ) L3
B (5u1.3) Measurcincnt of, the Rig Damping Cocfficicnt o

Ja e

Theoretically the domping coefficicnt W can be
measured cither by a free damping method or by o forccd
oscillation method. In 8 (3) it woas cxplaingd that for the
ncasurcment of the denping cocfficient Z. the foreing iacthod
constituted the better method, but for the measurement of u
the free damping mcthod is better. TFundamentally this is
beecausc of the much smeller magnitude of u  as compared
with Z e The effcet of this is twrofold. Pirgtly, the
coplitude-Lrequency relationship is extremely 'peaky', with
the result that accurnte meosurcicnt of the rcsonant ampli-
tude is o proctical inposgibility. Sceondly, the required

forcing amplitude would be so smell that the percentage

/aceuracy ...




By ™

accuracy in its measurement would necessarily be low,

To measure L 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 equilibrium posi-
tion and the time for the ensuing oscillatory motion to die to
half amplitude was measured. The damping coefficient p was

measured in this way for each set of springs.

It was found that the springs gave rise to the major

portion of this mechanical damping.

S (5.2) Amalysis of lleasurcments

In 8 (3) it is shown that

== Tuea _:-—“- m nll-acslnoaoo-o;a4..(30)
R g 2% Zn fN
A, 1 1
Z\.ﬁf:— 5 '—5""‘ "—E . o.o-con.ococooo..n(}ﬁ)
al}
b w 3 p u{ pSec
!J. = Lm ot--aooo--c.occc-ooo.(32)
T h
e Zﬂch
w = v = 7 |--o-onnl'r-oo-.on..c(}?))

Using the test procedure described above all the
guantities on the right hand sides of these equations can be
measuwred. Theoretically it is therefore possible to find
the values of both the derivative coefficicnts z, and Zp,
as functions of w. However the maximum difference between
#R and fﬁ igs less than 1 per cent. This is the order of
accuracy to which the frecquency can be measured experimentally
and it will thercfore be apparent from inspection of cquation
(31) that this method of neasuring Zg, is entircly impractic-

able in the prescent instance.

Evaluation of z

In Figs. (2) to (6) thc observations are plotted
in the form of curves of %? agoinst % N Unique curves are
obtained for cach spring, which arc independent of the res—
onant amplitude of oscillation because, as explained in
8 (5,1.1), the damping derivative z is found to be indepen=-
dent of the amplitude parameter.
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From these curves the quantity % -
“R

il

be obtained immediately, Substitubtion of this value in
equation(30) enables 2, to be calculated when ?\2, fN’ Ps ¥y
S and 4 are knowm. The rig damping coefficient p dis

obtained from equation (32).

Evaluation of the frequency parameter w by cqua=
tion(33) enables curves of z to be plotted against w.
These curves are given in Figs. (7) and (8) whore no correction
has been made to z, Tor the effects of tunnel interfercence.
The method of corrccting for tunncl interfercnce is described
in the next scetion (B (6) ).

S (6) Tumncl Corrcctions

A method of corrcceting the measured derivative
cocfficients of an oscillating acrofoil for the effect of
tunnel interforence has been given by W.P.Joncs in R, and M.
1912(1). The labour involved in making cven a single corr—
cction is very large, but fortunately investigation of a
specific casc showed that the interfercnce cffcets on all the
derivatives decreases rapidly as the frequency parameter
increcascs from zero, and becomes negligible when the frequency
poaramcter is grenter than unity. This investigation was done
by W.P. Jones for a casc roughly cquivalent to the present
scrics of tests, and, in the light of his conclusions, a
particularly simple mcthod of correccting for tumnel interfer-
ence has been deviscd.

The curves of Z against w arc cxtrapolatc&ac
back to_w = 0. Now, for w =0 we have that g, = = ) E:& s
where EEE is the 1ift curvc slope for steady flow, Henee
Z. for w = 0 can be corrected for tunncl interfercnce by
means of the standard methods of correceting for 1ift curve
slope in steady flow. Now, another result of the theorctical
work donc by W.P. Joncs is that'ovor the range o =0 +to
w = 0.5 the rclationship between Z. and ® dis very ncarly
lincar. This,coupled with the fact that the tunncl interfer-
cnce cffect can be considercd small for o = 0.5’ cnablcs us
to fix the corrccted valucs at w = 0 and at © = 0.5, at
lecast approximatcly. Using then the fact that the relation-
ship between z.. and ® is lincar, we may- construct a curve
of z,, against w,

This procedurc has been used to obtain the rcsults

given in Figs. (9) and (10).

/B 7).
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g (7) Results

The observations are plotted in Figs. (2) to (6) in
Z
the form _R vs

7

been used to calculate z, 8sa function of the frequency

% . The faired curves from these figurcs have

pérameter ®, and these results are plotted in Figs. (7) and
(8). It will be observed that for cach acrofoil a distinct
curve 1ls obtained corresponding to cach spring,but that, gen-
crally speaking, the scts of cwrves for eacix acrofoil arprox-
imately constitute a unigue curve. A mean curve for cach
acrofoll was taken and the tunncl corrections were applied as
described in 8 (6)s  The results arc plotted in Figs. (9) and
(10).

Summary of Iiain Recsults

(1) Comparison of Theory and Expcriment

ABROFOIL DATA z_ (experimental)
: _ . 2 : = 0,90
PLANFORM - RECTANGULAR By Mo tical)
aGL | o]
ASPECT RATIO - 4 gah'(T.E.Anglo = 227)
3C = Lot
SECTION - NAGA, 0020 559 (T.E.Angle = 0°)
N.B. The thoorctical value of =z token from Ref. (2)
oC
== taken from Ref. (3).
(2) Comparison of Swept and Unswept Acrofoils
ATRROMOTIL, ASPECT RATTIO
& E Cos a-rSO
z, (sweepback = 450)
. 0.%1 0. 861 0,707
B (sweepback = 0)




S (8) Discussion

It has already been explained thatl the aerodynamic
derivative ccefficient z, may depend on Mach nuwber, Reynolds

mumber, frequency parameter and amplitude pavamcter.

The dependence of z on Iiach number is outside the
scope of the present investigation and, as pointed out in
§ (5), it was found that 2. is independcent of amplitude pora-

meter, at lcast up to z/c = 0.15.

Roferring now to Figs. (7) ond (8) we scc that curves
of 1z  ona basc of ® have been plotted for cach acrofoil.
Also for cach acrofoil o scparatc curve has been constructed
corrcsponding to cach spring. Hlow, cxecpt in onc instance,
the four curves for cach acrofoil agree with one another to
within about 4 per cent. If we accept that this scatter of
the curves is duc to experimental crror we mey then conclude
that the offect of Roynolds numbocr on z_ is negligible over

W o
the range 0.10 x 106 to 0:35 & 106.

Howcver, Figs. (2) to (6) show that very consistent
experimental observations were cbtained. Now, in view of this
consistency, it would seem reasonable to expect an accuracy
better than + 2 per cent when using the faired curves of
Figs. (2) to (6) to obtain the results plotted in Figs. (7) and
(8). The following reason is advanced to cxplain why the
accurascy of measurcment may not have been as good as one might

be led to belicve by this apparcnt consistency.

It has already becn romorked in describing the test
proccdurc that, on account of the unsteady flow in the tunnel
working sccetion, difficulty was cncountercd in measuring the
resonant froeguency of osecillotion of the acrofoil. The wifleet
of the unstecady flowr wos to couse o fTadrly merked sand contin-
wously varying shif't of the centre of osecillation of the ascro-
foil, This was most noticeoble with the springs of lowest

stiffacas, On account of this therc might well hove becn o

iz

tendency for the resonont amplitude of osecillation to be con-
sistently overcetimeted for the springs of lower stiffness,
This would result in a low wvaluc of Z being obtained for
these springs. From Figs, (7) and (8) it will be scen that
in general z increeses with increasc of spring stiffness
(i.e. as we go from epring & to B, from B to C and

from C to E.)

The shove argument ig held to be sufficiently plaus-

ible to explain the glight scatter of the values of % and
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in consequence it has been assumed that Z. is actually inde-
pendent of the Reynolds number over the range of investigation.
This enables a unique mean curve of z, to be obtained Tor cach
acrofoils These unique curves have been corrected for tumnel
interference and the final curves are plotted in Figs. (9) and

(10).

In Mig. (9) the cxperimental rcsults for the rcectan-
gulayr wings of asrcet ratios 3, 4 and 5 arc comparcd with the
theorcticel valucs for similar thin acrofoils of aspcet ratios

L and 6, as coloulated by W,P. Joncs.

Over tho range @ =0 to @® = 0.5 the theoretieal
rclationship between B and @ is almost linear. In 8 (6)
it hes boen cxplaincd how this fact is uwbiliscd to obtain the
exporimentel volucs of % corrected for tunmmel interference.
It will be obvious From porusal of that section that the
execcllent agrocment boetweoon the shopes of the experimentol and
theoretical cuwrves is, to some oxtent, inherent in the simpli-
ficd method adopted for corrccting for funnel intcrforence.
Wevertheless, the slopes of the cxperimental curves arc fixed

e
L

s Sincc thes

®]

by purcly cxporimentel reosults an slopes arc in
goaolagrecment with the theoretical results, e have consider-

P

able justificotion for the mothod of tumel correcection cmploycd.

The actual magnitude of the derivetive =z is
smaller than indicated by thecorys in the casc of the wing of
aspect ratio 4 the cxperimental valus is sone 10 per cont

smallor than the thecorctical volue as caleculoted for o fiant

plate asorofoil, It is intercsting to note that this corrcs-
ponds almost oxactly writh the diffcrence found to cxist

between the 1ift curve slope == as given by theory for o
o

flat platc acrofoil, and as given by cxperiment for o wing
: : i -0 G
gcetion having & trriling cdge angle of 22 (the trailing

cdge angle of MN,A.C.,A. 0020 scction).

The cxperinental results Tfor the rectangular and
swept acrofoils are coppoarcd in Fig, {(10). The derivative
coefficicnt sz is smnller for the swept wings than for the
unswept wings as would be cxpected fron simple theorctical
considerations. It vill, however, be noted that the diff-

ercnce in  g_

W

for the two wings of aspect ratio 3 is much
smaller than for the two wings of cspect ratio 5. Thig is
another rosult which might be cxpected on simple theorctical
grounds since it is opparent that the flow over the centre
scetion of o swept wing imst approximate closcly to the {low

over an unswept wing. Neverthelogs, the differcnce in

foffoct .:a




cffect of sweepback Tor the wings of aspect ratio 3 and 5

appears surprisingly large.

The errors in the final results when corrected for

tunnel interference arc belicwved neot to exesod 2 por cant.

8 (9) Cconclusions

The tests described in thiz report show that the
acrodynaniic damping derivative z = is independent of the
amplitude paramcter z/c over the range O to 0,15, and is
approxinately independent of Reynolds number over the range
070 =x 106 to 0.35 = 106.

In the light of owr knowledge of steady acrofoil
theory the agreem.nt between the results of cxperiment and
theory for the rectongular wing of aspeet ratio 4 is good,
The ecxperimental results for z.. show the same dependence on
froquency paramctcr as predicted by theory, but are aboutb
10 per cent smaller nunerically. However, the trailing edge

angle of the N.A.C.A. sccticn is about 22° and experiment

i acC
shows that the 1ift curve slope v for a scction with such
a trailing cdge angle nay be cxpected to be about 10 per coent
less than for an acrofoil with very suell trailing edge angle.
Since z_ is approximately oqual to - % EEQ when w is zero
the agreciient of these two results is to be cxpected.

The cxperimental results verify thet the theorctical
prediction of the dependence of z_ upen frequency poramcter
@ 1is much leoss for corofoils of moderate or low aspect roatic
than for two-dincnsionsl acrofoils. An important deduction
to be dravm from this is thoet in o practical stability or
flutter problen the neglect or approxinate cstinmation of the
frequency paramcter will gencrally lead to ruch smaller cerrors

than wrould be indicated by the two-dimcnsionnl theory.

x

The effect of swecpback is to decrcase the numerical

-0
values of Z_e For o sweepback of 45~ z_  amounts to about

v

81 per cent of the unswept valus for an aspect ratio of 5 and

The overall accuracy of the results corrected for

tunncl interference should be about + 2 per cent.
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