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SUMMARTY

W e M . w e

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 anéles of zero and 450.

The results for the rectangular wings show substan-
tial agreement with the unsteady aerofoil theory developed by
Wi, P, Jonesfz) The dependence of z, upon frequency parameter
is as given by theory and is much less than for two-dimension-
al flow, but the numerical results are approximately 10 per
cent below the theoretical. This is attributed to the large
trailing edge angle 22° of the N.A.C,A. 0020 section used for

the model aerofoils.

The effect of sweepback is to decrease the numerical
value of Z, s but this effect is much less pronounced for low
than for high aspect ratios. TFor aspect ratios 5 and 3
the numerical value is greater than would be given by a factor
of proportionality equal to the cosine of the angle of asweep-
bhack,

The measurements were corrected for tunnel interfer-

()

ence by a mcthod based on the theoretical work of V.P.dJones.
e = = 0000000 w= -

ﬁReport on experimental work carried out in
the second year of a two-year course at the
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NOTATION

(X

coefficient of in equation of motion (6).
coefficient of £ in equation of motion (6).
1ift coefficient.

wing chord.

coefficient of z in equation of motion (6).

coefficient in equation of motion (6),
forcing frequency.

natural frequency of oscillation of acrofoal
plus rig.

resonant frequency of oscillation of aerofoirl
plus rig.

natural freguency of oscillation of equivalent
mass plus rig,.

resonant frequency of oscillation of cquivalunt
mass plus rig,.

farcing displacement.

anmplitude of forcing displacement,
Mach numbexr.,

cquivalont mass of acrofoil plus rig.
sec auxiliary cquation (7).

angmudar frequency of osoillation,
Reynelds number.

sec cquations (8) and (9).

wing ared.

sce oquations  (8) and (10).

time.

wind speed.

velocity of acrofoil normal to planform,
acrodynamic force normel to planform.

acrodynomic damping derivative,

aerodynamic ircrtic derivative,

displacement of acrofoil normal to planform.
sce cquation (15),

amplitude of oscillation of aerofoil.
amplitude of recsonant oscillation of aerofoil.

non-dimensional damping derivative.

non~dincnsionnl inertia derivative.

wing incidence
smplitude cocfficicnt in equation ( 11).

sce cquation (13),



spring stiffnesses.

mechanical velocity demping coeflicient.

kinematic viscosity of air.

air density.

time for free oscillations to decay to half
arplitude,

phase difference in equation { 11).

frequency parameter.



8 (2) Introduction

The purpose of this cxperiment was to measure the
damping derivotive Z for rigid wings oscillating with simple
harmonic motion. The wings tested covered a range of aspect

ratios with sweepback angles of zero and 450.

York on unsteady asrofoxl theory has largely been
confancd to investigations of the two-dimensional flat plate
acrofeil, ond the results of these theorics have shown goed

agrecment with the limited cxperimental data available.

Fairly rccently three-dimensional flat plate acrofoeil
theories have been developeds  Using one such theory W.P.Jones
has made a very full theorctical investigation of rectangular

(2)

result of experimental measurcmentg on rectangular wingo of

wings of aspcet ratios 4 and 6. The work herein gives the
aspect ratios 5, 4 and 3 and should therefore form an inter-
csting comparison with theory. In addition yesulis are given
for wings of aspect ratios 5 and 3 having sweepback angles of
45°  Although the moximum Reynold's mumber of tost is Low
thesc results should be of consideroble practical interest as
it is believed they are the first to be obtained for swept

wings.

An intercsting result of three-dimensional theory is
that for wings of moderntc or low aspect ratio (say below 6)
the acrodynamic damping derivatives are much lese stronily
dependent on the value of the frequency parameter than in the
two—dimensional case. Provided this is established by cxperi-
ment we may conclude thot in flutter csleulations in whach
three-dinensional eficets are allowed for,nuch less error will
be involved when ihe initial assured value of the Froquency
parancter differs from the value of the frequency paramcicer as

found by subscquent solution of the flutter cquation,
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8 (3) The Measurement of Unsteady Aerofoil Derivatives

S (3.1) Methods of Measwring z_

Two fundamental methods exist for the measurement of
the derivative coefficients of an osecillating aerofoil. One
method consists of studying the free oscillations of a spring
restroined systen, whilst the other method consists of studying

the forced oscillations of such a systen.

In the present case the lotter method was cenployed.
Partly this was because the experimental rig had previously
been designed for this method, but, in eddition, this mothod
presents advantages not possessed by the free dampiag method.

In the free damping rethod the system is displaced
fron its equilibrium posation and the frec oscillations of the
systen are recorded. Froa the frequency and rate of decay of
the oscillations can be deduccd the forces acting on the system.
The relatively high rate of domping of the oscillation presents
both practical and thecoretical difficulties. It prevents a
study of the influcncc of amplitude of oscillation on the aero-
dynamic forces, but, rnore important still, the conditions of
test do not then conforn with the conditions assumed in the
theory. These conditions arc (a) that the motion is simple
harronic with constant amplitude ond {b) that the motion has
persisted for a long period of time so that all transient
effects have decayed. The forcing nmethod, on tho other hand,
perraits the amplitude of the oscillation to be varied as
desired and also, within cxperimental limits, permits pure
simplc harmonic oscillations fo be maintained indefinitely.

§ (3.2) Theory of the Forced Oscillations of o spring Restrained
Systern with Velocity Dormping,

ANA NS ANNNN W
-
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Dingrarmatic Sketch of Forcing System

(See also Pig, 1)
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The aerofoil A is rigidly fixed at right angles to a rigid
rectangular frame,which is supported by two pairs of equal
swinging links,so that the planc of the frame is alwvays perpen-
dicular to the axis of the wind tumecl, but the frame is free
to nove laterally. The frame 1s connccted at onc end to a
Spring S,1 and at the other end to a spring 82. The sprang
81 iz in fturn attachced to a fixcd support B, whilst the
spring 82 18 attached to a slider C. This slider, whiach is
draiven by an eccentric D, oscallates vath a simplc harmonic
motaon., The geometric incidence of the acrofoil is alvays

ZOTO0,. Let

displacemcnt of slider € from central position.

Hi

armplitude of displacement of slider C.

displacement of acrofoil A from central positron.

it

effcetive mass of acrof'oil, frane and spring cysteom.

= stifTnegs of spring S1.

7_?"%:««:1&
i

= stiffness of spring S?.

2
T = frequency of oscillation of slader C.
fN = natural freguency of oscallation of system.
v = wind speed.
n = viscous mechanical damping of rig minus acrofoil.
YIle have,

£= J sin 2xft R ¢ D)

The static rcstoring force due to the displacement of the

springs is,

) N (

g 2=y E-2)

and neglecting the inertin of the springs, substitution from
cquation (1) gives o dynaric restoring Torce,

=(hi+ﬂyz-hzzsn1%ﬁ: R ¢
The equation of notion is therefore,
(it - z_:v)z + (p. - Zw)z + (P\,! + 7\2):: :7\2 ¥ sin 2nlt ....(3)

For conveniencc we may writc,

A =M - zﬁ'-

D = b= Zw

6.—.?\1 +;\2 creeseenerrssvessnsreld)
d= A, 2 _

p = 2nf R )

Then our equation of motion is,

LA

{l.Z.'l'%.Z'l"aZ = a\sinpt ..o-aoo-oo-c-l(s)

/Free ...,
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Free or Transient Motion

The free or transient notion of the system 1s ob-

' A
tained by putting d = O.

Fron (6) we cbtain the auxiliary equation,

g.'.‘lz']' %m + ’5 = 0 oo--o-uoooo.v-nocooo.(?)

whence,
~
b /D288
n = "
2o
Neow, provided,
LA
we have,
m = riis 0-.-...0---0-....0--.(8)

where r» and s arc both real, and

T .

- -

r==-
28 a(ftz,)

AN L4y T"" ) ;\ - "Z 2
. / 2 _2b2 _ 5 (J1-z, ) (A4 2)2@ ) ‘I (10)
i E b (ﬁ-—Z\.T) J

The freec motion of the systen is thereforc given by
rt

a..g..-oao-n--lalo--o(9)

nj

sin (st-g) N C 5 B

vhere a and @ oare constant fixed by the imitial conditions.

2 =2 ¢

The natural frequency of the oscillation of ihe

systenm is given by, 1

‘.-“

>

4
>

=

1

[\

™
i

= __-‘E oo--ouo-(12)

N = ox % 2% Iﬁ"z" L g,

Further, 1ot

A= ratio of displecerient z, abttwec t =1t

1
1
. ] 'tlt(13)
to displacenent Zt1+T at tine + = t1+T
where
T = periodic time = 1
f.
N
Then,
A - et _ T
- cr(t1+T5 =
[ .n loge a, = - T
ioe. loge A = ____'-_i__—_z_‘_':___ .lc-looo-¢¢(11+)

2(12-2‘,7) £
/ The ...
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The quantity log 4\ is termed the 'logarithmic deccrement'.
c

Steady State Forced Meotion

Lfter camencing to force the aerofoll system with
a steady frequency f +the rnotlon will consist of a transient
part and a steady parts, The transient part has been analysed
above and 1t is scen that, as its name implies, 1t decoys wath

time, eventually becoming negligible.

The steady state motion of the system is obtained from
the particular integral of the equotion of notion.

Let,

& = Z;‘ Sinp't+22 cos Pt o-ou'csnsoolaonl(15)

Substituting from {15) dinto (6) gives,

- A p2 (z,1 sin pt + z, cos pt) + D op (z1 cos pt ~ z, sin Pt
Y
+ 3(31 sin pt + z, cos pt) = d sin pt croesreses{16)
Equating coefficients,
La)
(Enﬁpz) 2 —%pzz = d
-u-a-oo'oco.--(17)
~ A A D
]opz,l-i-(c—a.p)z2 = 0
Hence, —
A
. = d (8-—3;)2)
17 A
(3-8p%)% + @p)°
aﬂ 0--....----0--4.(18)
- = dbp
2, =

¢-8p%)% + (bp)°

Now let us write,

sin (pt =€)

sin pt cos€ - z sin€ cos pt

M

2= cenea (19)

mt

Equating the coefficients of sin pt and cos pt in (15)
and  {(19) we have, ‘

Zy = z cosé
5 . sinéd} P ¢¢)|

2

i

Sguaring and adding we obtain

- '
Zf + Zg = 22

Hence, substituting far =z, and 2z, from (18),

1
”n
d

JE22 4 (852

E llll.‘ll."(21)

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

1
e
- - M-Zw
Z='€ —'h1+i2 ,—\22 22 u_zwzjz- I.'l'l.ll.(zz)
——= - ynfe] o+ 4 (—-——
-2 2y, J

The amplitude of the steady state oscillati;n ig given by the
above equation, The frequency of the oscillation is equal to

the forecing frequency 1.
Resonance

From equation (22) it will be cobserved that the
amplitude z of the aerofoil depends on the forcing frequency
f, The frequency for which 2z is a maximum is termed the
resonant frequency.

Denote the resonant frequency by f‘R and the res-

onant smplitude by Zp. Then it cen be showm, by differentia-
ting (22) and equating to zero,that

21
A - Z
BRI
fR :2')‘ " "'"2" ————— l.l.lil.l..(25)
M "Zo E‘I—Z
W W

Substituting fp fram (23) for £ in (22) we obtain,

*
M—Z.
- 7
3 ‘E A N 7 2 NN 7 -7
+ 12 1Py I - a3 B e
- - 2l = of = )
#-z, (-2, M2, ﬂ-z‘.v f-2,, 1&'1--2,:7 1‘
.7 Y _
(p-Z ) h1+h2 _ l [J.-'Z‘I 2 7
w ITI"'Z_'-_ L’- —I"'Zn
3 i
i.c
. A
- 2
th= ? »-.......-..-.(2&.)
(p-ZW) 2Ly

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

Evaluation of the non-dimensional derivatives = - and, Zy

., From the above expressions we can obtain formulae for

the evaluation of the derivatives z,, and Za, whach are def-

incd as
w ~ pVS
2 3
* T pSec

/Derivative o..
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Derivative Coefficient  z .
Rearranging equation (24) we have,
£,
zp 2Ry
1 £ A?

lees Z_ = - - K .---.-..uoo(25)
pVS 2y 27fy

The determination of u 1is described later.

Deravative Coefficient Zy. o

~Z
In equation (23) the term ——== is negligible com-
11-2,
?\1 +>\2 W
pared with the term ————— and hence we may write,
e
. 1+ 2
o= _f =
R 2ry H-Z,
W
7\1 +}\?
or ﬁ_z'ifﬁ = "ll..l!.'ol'!l.!.lu.(26)
L,.'rczfz
R

Now if we replace the acrofoil by a mass having a negligible

derivative Z‘.v we can writc,

™, +N
flooe A2

2

P ¢~y 3

L,.'itzf.é

where fﬁ 18 the corresponding resonant frequency with the
wing replaccd by an cquivalent mass.
Then Trom (26 and (27)

5. o - ?.11.’2?;_2._ S
it 11-752 ffz{ f'2
or )
_‘.lv - 2 2 ’2 p S c asrat s
Ly fR fR

Rig Damping Cecefficicnt p.

Fron (11) we have that if T equals time for the
frec oscillation to die to half amplitude,

/Substituting ...
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Substituting for r fram (9) and putting Z,=Zy =0
=
2 = 8

. - B
. s loge 2 = o 7T
lece U= %E 1oge 2

1.386 i

or M= _LE_' ....u-o-.a-.-'-.-..c(29)

S (’-l-) Apparatus

8 (4.1) Description of Apparatus

8 (4.1.1) The Tunncl

The tests were done in the College of Aeronautics
No. 3 Wind Tunncl, This twmel, which is of German origin,
is of the Eiffcl itype and has a closed working scction 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
vere made to the tunnel to improve its characteristics.
Despite the improvements made, the characteristics of the
tunnel are still poor. The flow in the working section is
very unsteady and, paritlcularly at high operating speeds, there
is a marked irregular fluctuation of the wind speed which can-
not be manually controlled satisfactorily.

E (4.1.2) The Forcing Rig

The acrofoil is carried by a2 rcctangular framewvork
comprising two horizontal streamline struts rivetted at each
cnd to verticel tube mombers (see Pig.1)., This rectangular
fremework is supported from a rigid steel fromework swround-
ing the tunncl by a sct of radius arms. The geometry of the
rig ensurcs pure translational motion of the acrofoil for
arnll displacenents fram the central pos:'l.’c:i,on.“l To reduce
friction to a minimum spring hinges arc employed. One end
of the froame is anchored to a rigid support through a coiled
gpring, whilst the other end is commected through a coiled
spring to the slider of a crossheads This slider is driven
through a ball and socket joint by an infinitely variable throw

f .
sececentric ...

« Even for large displacements there is no change of

incidence,
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eccentric driven by an electric motoxr,

The whole of this equipment is mounted on a very rigid
structure of stecel Joists firmly anchored to the concrete
floor,

Provision is made for attaching a clock geauge to the
fixed crosshead guide, so enobling the stroke of the cross-
head slider to be measured, Mcasurcment of the forcing fre-
quency is made by an ordinary Mark IV B Engine R,P.M, Indie-
ator geared to the Torcing notor.

8 (4.1.3) The Amplitude Scale

The amplitude of oscillation of the aerofoil is
measured by cbserving the deflection of a beam of light.
The beam of light shines on o saall mirror attached to one of
the radius arms carrying the acrofoil rig, and the reflected
image of the light is arvanged to fall on a scale calibrated
to read in 1/100 of an inch displacement. To facilitate
ropid and casy measurcuent the scale carries two aluminium
riders which can be set to rccord the amplitude of oscillation
of the light imoge.

§ (4.1.4) Measurcment of Wind Specd

The wind speed is measured by o Prandtl Mancmeter

connected to a static hole in the roof of the working section.

8 (4.1.5) The Aerofoil Modcls

Details of the acrofoil models are given below.
Aerofoil section  NACA 0020,

Wing chord 375 inse

Unswept Wings

Planform Rectangular.

Aspect Ratios 344 and 5.

Swept Wings

FPlanf orm Sweepback = 450
Taper Ratio = 131,

Aspect Ratios 3 and 5.

8 (4.2) Calibration of Apparaius

g {(4.2.1) Preguency Indrcator

The Engine R.P,M. Indaicator uszsed for measuring the
forcing frequency was calibrated over the regquired frequency
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 shout the order of accuracy possaible owing to the

Jaifficulty ...
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diffrculty of maintaining constant frequency of the forcing
motor,

8 (4,2.2) Tunnel Yand Specd

The Prandtl Manometer used for measuring the wind
speed was celibrated ageinst the velocity in the centre of
the working sccetion. PFor this purpose o pitot-gtotic tube
was placed in the centrc of the working section and connected
to a Betz Manometer.

B (4.2.3) Spring Stiffnesscs

The stiffnesscs of the coilcd springs were measured
by hanging weights from thce springs and measuring the deflee-
tions with o pair of Vernicr calipers, It was established
that the stiffness of cach spring vas constant over the working
deflection.

§ (5) Details of Test

8 (5.1) Experimental Proccdurc

8 (5.1.1) Preliminary Investigations

It follows fron dimensioral analysis that the deri-
vative coefficients of an acrofoil oscillating waith simple

harmonic motion may depend oni-

(2) Reynolds number, R.

(b) Mach nurber, M.

(¢} Frequency parancter, .
(@) Amplitude paramcter, f .

Because the limitations of the tunnel are such that a Mach
muber of about 0.2 cannot be exceeded it was foreseen that
no ncasurable Mnch nwhber cffects wiere to be cxpected, In
view of this it was decided that the exporincntal work

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

o ol

on the acrodynanic derivative coefficicnts.

It was also anticipated thot the influence of the
anplitude paraneter, % s wvould be small and, in consequence,
the preliminary tests werc desaigned to check this belief,
The results of thesc tests confirmed that the effect of the
arplitude paramcter is ncgligible, at least up to % egual
to about 0,15,

The above results cnabled o simple test programme
to be devised to ncasure the coffects of both Reynolds number
and frequency parancicer.

/The o.e
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The Reynolds nurber range wos governed by the maximum and
mininum practicable wind speedss The upper speed limit was
fixed by the maximum safe tunnel specd, whilst the lower spced
1limit was fixed by considerations of accuracy of measurement of

the resonant amplitude.

At low wind spceds the acrodynamic damping, which is
roughly proportional to the wind vclocity, becones relatively
small, The effect of this is to make the amplitude versus'
frequency relationship very 'peaky' close to ihe resonant
frequency, and, in practice, it is found impossible to maintain
the forcing frequency sufficiently near the true resonant fre-
quency to obtain an accurate measure of the resonant amplitude

of oscillotion.

The ronge of the frequency payameter is determined, as
above, by the wind speed ronge ond also by the practicable
ronge of spring stiffnesses. The upper spring stiffncss, and
hence the maximum volue of the frequency paramcter, was fixed
by the maximum safe stress that could be taken by the moving
¢lements of the rigs, The lower spring stiffness, and hence
the minimum value of the frequency parameter, was fixcd by
congiderations of accuracy of measurcnient of the rcaonant

amplitude.

With the lowoer spring stiffncss the unsteady Tlow in
the warking scction caused severe irregular fluctuations in
the oscillatory motion of the aerofoil, thus making it diffi-
cult to measure accurately the resonant amplitude of oscillation.
With the stiffer springs this problem was still encountered,
but to a much less marked extent. In passing it may be noted
that attempts to rmeasure the 1lift curve slope for stecady flow
rroved abortive on account of this sclf samo difficuliy.

8 (5.1.2) Final Exporinental Procedure

The experience goined in the course of the prelim-
inory investigations, descrabed cbove, emabled a systematic
test procedure to be deviscd. This procedure is briefly out-

lincd below.

The particular aerofeil under test was set ot zero
incidence relative to the locel airflow by a process of trial
and errors. For each condition of test the forcing amplitude
was pre=sc¢t to give an estimated amplitude of oscillation of
the asrofoil equal to about C.8 in, This amplitude was
chosen as it enabled a fairly high percentage accuracy to be

achieved in the measurement of the resonant amplitude, whilst

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

The tunnel was run at 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 measurcment of the rcesonant amplitude at ecach
wind specd was taken with great cores  One operator controlled
the wind speed, whilst a sccond operator controlled the forcing
frequency., It was found impossible to maintain the farcing
frequency exactly constant for any period of time, but it was
chserved that there was a teﬁdency for the forcing frequency
to increase slowly with time, This feature was put to use
by initially setting the forcing frequency slightly below the
resonont {requency. With the passage of time the forcing
frequency gradually increased, eventunlly passing through the
resonant frequency. The third operntor observed the amplitude
of oscillation of the acrofoil as indicated by the oscillating
beam of 1light, and measurcd the resonant amplitudce by setting
the aluminium morkers ‘to record the maximum displacements of
the beam of light.

The success of this mcthod deponded on the forcing
frequency increcasing sufficicntly slowly to permit the oampli-
tude of osecillation of the acrofoil to rcach the resonant
amplitude corrcsponding to stecady forcing, As the rate of
incrcesc of the forcing frequency was not directly controllable
the above proccdure was repeated several times at cach wind
speced so as to ensurc that the truc resonant froquency weos
obtaincd. In the case of the lowest wind specd wherc the
dampaing was rclatively small it was in fact strongly suspectcd

that the truc resonant frequency was not always obtained,

8 (5.1.3) Measurcmoent of the Rig Damping Cocfficient

Theorctically the damping cocfficicnt p  can be
measurcd cither by o froe damping method or by a forced
oscillation methods In B (3) it was cxplained that for the
measurcment of the damping cocfficient z, the forcing mcthod
constituted the better method, but for the measurement of p
the free damping method is better, Pundamentally thig is
beecause of the much smaller magnitude of u  as compared
with Z o The cffect of this is twofolds  Firstly, the
amplitude~frequency relationship 1s extremely 'peaky’, with
the result that accurcte measurcment of the resonant ampli-
tude is a practical inpossibility. Secondly, the required

foreing amplitude would be so small that the percentage

' /acouracy ...
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accuracy in its measurement would necessarily be low.

To measure ) the aerofoil was replaced by an
cquivalent mass having negligible aerodynamic damping. This
was achieved by using a rectangular bar placed with ats largest
dimension parallel to the streamline struts of the aerofoil

mounting.

The system was displaced from 1ts equilibrium posi-
tion and the time for the ensuing oscillatory motion to die to
half amplitude wags measured, The damping coefficient u 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.

§ (5.2) Anslyanis of Measurements

In B (3) it 1s shown that

1 2

A Ny - W noo-oolnlacoooocu-(jo)
w - pVS -
on Ze fN

Ry 1 1 1
Zg = = ) "'-2""' ‘_E._ — !-c.-.llll..’..'..(31)
w L ox L £! S ¢

R
p = 1—.'2@'6'—M‘ ocooa..-oooooa-.aoooo(.32)
T

e 2‘7\2ch

[44] = v = V looon...ocnooon-couaa(33)

Using the test procedure described above all the
quantities on the right hand sides of these equations can be
measurcd. Theoretically it is therefore possible to find
the values of both the deravative cocfficients Z, and Zy,
as Tunctions of w. However the maximum differcnce betwecen
fR and fI,{ is less than 1 per cents This is the order of
accuracy to which the frequency can be measurcd cxperimentally
and it will therefore be apparent from inspection of cquation
(31) that this method of measuring B, is entirely impractic-

able in thce preosent instance.

Evaluation of z

In Figs. (2) to (6) the observations are plotted
in the form of cwrves of < against % + Unique curves are
obtained for cach spring, which arc indepcndent of the res-
onant amplitude of oscillation bocause, as explained in
§ (5.1.1), thc damping derivative Z, is found to be indepen=-

dent of the aaplitude parameter.

/From ...
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From these curves the quantity % -E--%— = ng% can
be obtained immediately., Substitution of this value in
equation(jO) enables B, to be calculated when 7\2, fN’ p, V,
S and p are known. The rig damping coefficient u is
obtained from cquation(32).

Evaluation of the frequency parameter w by cqua~
ticn (33) cnebles curves of z. to be plotied against w.
These curves are given in Figs. (7) and (8) where no corrcction
has been made to zZ. Tor the cffects of tunnel interfercncc.
The method of corrccting for tunnel interfercnce i1s described
in the next scction (B (6) ).

S (6) Tummel. Gorrcctions

A method of corrccting the measured derivative
coefficients of an oscillating acrofoil for the effect of
tunncl interference has been given by WePJJones in R. and M.
1912 ! . The labowr involved in making even a single corr-
cction is very large, but fortunately investigation of a
specific casc showed that the interference effects on all the
derivatives decreases rapidly as the frcocquency parameter
incrcascs from zero, and becomes negligible when the frequency
parameter is greater than unity. This investigation was done
by W.P. Jones for a case roughly equivalent to the present
seracs of tests, and, in the light of his conclusions, &
particularly simple method of correcting for tumnel interfer-

ence has been devised,

The curves of Z, against « are extra.pola‘tedac
back 'boac;’) =0, Nowfor w =0 we have that z = - ¥ o ?
where Y is the 1ift curve slopc for steady flow. Hence
Z,, for ® = 0 can be corrected for tunnel interference by
means of the standard methods of correcting for lift curve
slope in steady flow. Now, another result of the theorctical
work done by W.P. Jonca 1s that over the range w =0 +to
w = 0.5 the relaetionship between Z, and w 1s very ncarly
lincar, This,coupled with the fact that the tunnel interfor-
cnece offect can be considercd small for » = 0,5, cnables us
to fix the corrccted valucs at w = 0 and at w = 0.5, ot
least approximatelye. Using then the fact that the relation-
ship between z and ® 1s linecar,we may construct a curve

of Z, against w,

This procedure has been used to obtain the results

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

' /B (1) ...



8 (7) Results

The observations are plotted in Figs. (2) to (6) in

Z
the form _R vs %- + The faired curves from these figuwrcs have

L

heen used to calculate z, asa function of the frequency
paramcter ®, and these results are plotted in Figs, (7) and
(8), It will be observed that for cach aercfoil a distinct
curve is obtained corresponding to esch spring,but that, gen~
crally speaking, the scts of cwrves for cach acrofoil arprox-
wmately constitute a unique curve. A mean curve for cach
acrofoil was taken and the tummel corrections were applicd as
doscrived in 8 (6).  Tho rosults are plotted in Fags, (3) =nd
(10).

Summary of Main Results

(1) Comparison of Theory ard Expcriment

AFROFOIL DATA z, {cxperimental)
v > 0 = O. 90
FLANFORM -~ RECTANGULAR 2, \theorotical)
8C, -
ASPECT RATIO = & 3 (T.E.Angle = 22°)
ac = 0,51
L 0
SECTION - NACA. 0020 P (T.E.Angle = 0°)
NeBs, The theorctical valuc of . taken from Ref. (2)
3
32~ taken from Ref. (3).
(07
(2) Comparison of Swepnt and Unswept Acroforls
ABROFOIL ASPECT RATIO
3 5 Cos Itio
. (swecp'b?.clc = 15.50) :
~ 0.91 0.81 0.707
Z, (awcopback = 0°)

/B (8 ...
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§ (8) Discussion

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

number, frequency parameter and amplitudc paramcter.

The dependence of z, on Mach number is outside the
scope of the prescnt investigation and, as pointed out in
8 (5), it was found that z, is independent of amplitude para-
metor, at loast up to zfe = 0.15.

Referring nov to Figs. (7) and (8) we sce that curves
of z, ona basc of w have been plotted far cach aerofoil,
Also for cach acrofoil a scparate curve has been construched
corrceponding to cach spring. IMow, cxcept in onc instance,
the four curves for each acrofoil agree with onc another to
within about 4 per cent. If we accopt that this scatter of
the curves is duc to experimental error we may then conclude
that the effect of ngnolds number 02 z, is negligible over
the range 0,10 x 107 to 0.35 x 107,

Howewver, Figs. (2) %o (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 + < per cent when using the faired curves of
Pigs, (2) to (6) to cbtain the results plotted in Figs. (7) and
(8). The following reason is advanced to explain why the
accuracy of mcasurcment may not have been as good as one might

be led to believe by this apparent consistency.

It has alrcady becen remarked in describing the test
proccdure that, on accouat of the unsteady flov in the tunnel
working scetion, difficulty was cncountercd in measuring the
rcsonant frequency of oscillation of the acrofoil. The cffcet
of the unstcady flow was to couse a fairly morked and contin-
uously varying shift of the centre of oscillation of the roro-
foil. This was most noticcoble with the springs of lowest
stiffncsse  On account of this therc might well have been a
tendency for the resonant amplitude of oscillation to be con-
sistently overcestimeted for the springs of lower stiffness,
This would result in a low value of z being obtained for
thesc springs. From Figs. (7) and (8) it will bc scen that
in gencral z, dncrcascs with inercase of spring stiffness
(i.e. as we go from spring A to B, from B to C and
from C to E.)

The above argument is held to be sufficiently plaus-

ible to explain the slight scatter of the values of z, and

/in o
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in consequence it has been assumed that Zg is actually inde~
pendent of the Reynolds number over the range of investigation.
This enables a unigue mcan curve of 2 to be obtained for each
acrofo1l. These unique curves have becn corrected for tunncl

interference and the final curves are plotted in Figs. (9) and

(10).

In Fig. (9) the cxperaimental results for the rcctan-
gular wings of aspeet ratios 3, 4 and 5 arc comparcd wath the
theorctical valuss for similar thin acrofoils of aspect ratios
4 ond 6, as caleculated by W.P. Joncs.

Over the range w =0 to w = 0,5 the theeretical
relationship between z, and @ is almost linear, In 8 (6)
it has been cxplaincd how this fact 1s utilised to obtain the
experimental volues of Z corrceted for tunnel interference.
It w1ll be obvious from peruscl of that section that the
cxccllent agrecement between the shapes of the experimental and
theoretical curves is, to some extent, inherent in the simpli-
fied method adopted for corrceting for tunmel interference,
Nevertheless, the slopes of the experimental curves are fixed
by purcly experimental results and, since these slopes arc in
gocdagrecment with the theorctical results, "2 have consider-

able justification for the method of twnel corrcection employed.

The actual magnitude of the derivative z, is
smaller thon indicated by theoryy an the casc of the wing of
aspect ratio 4 the oxperimental value is some 10 per cent
smaller than the theoretzeal value as calculated for a flat
plate acrofoil, It 15 intcresting to note that this corrcs-
ponds almcst cxoctly with the g%fforonce found to ecxist
between the 1ift curve slope EEE as given by theory for a

flat platc acrofoil, and as given by cxperiment for a wing
scotion having a treiling odge angle of 22° (the traxling
cdge angle of N.A.C.A. 0020 secction).

The experincental results for the rectangulor ond
swept acrofoils are comparcd in Fig, (10),  The deravative
coefficicnt z is smllecr for the swept wings than for the
unswept wings as would be cxpected from simple theooreticnl
considerations, It w11, however, be noted that tho diff-
ercnce in z., for the two wings of aspect ratio 3 is much
srmaller than for the two wings of aspect ratio 5. This is
another result which might be cxpeeted on simple theoretical
grounds since 1t is apparcnt that the flow over the centre
scction of a swopt wing must approximate closcly to the flow

over an unswept wing.  Nevertheless, the differonce in
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effect of sweepback for the wings of aspect ratio 3 and 5
appecars surprisingly lerge.

The errors in the final results when corrccted for

tunnel interference arc helicved not to excecd 2 per cent.

§ (9) Conclusions

The tests described in this report show that the
acrodynanic domping derivative . is independent of the
amplitude parsmeter z/c over the range O to 0,15, and is
approxinately independent of Reynolds number over the ronge
0.10 % 106 to 0.35 x 106.

In tac 1lisht of owr knowledge of stecady acrofoil
theory the agrecoment between the results of experiment and
theory for the reetongular wang of aspect ratio 4 is good,
The cxperimental results for z, show the somc dependernce on
frequency parameter as predicted by theory, but are obout
10 per cent smaller mmorically. However, the trailing cdge

angle of thc N.A.,C.A. scction is about 22° and experinent
aC
shows that the 1ift curve slope o for a scection with such

e trailing cdge anglc may be cxpected to be about 10 per cent
less than for an acrofoil with very small trailing edge anglce.
Since z, 8 approxiuately cqual to - % —L whoen ® is zero

a
the agrecenent of these two results is to be cxpected.

The experimental results verify thof the thecretical
prediction of the dependence of z, upon frequency parauacter
® 1is much less for acrofoils of modcrate or low aspect ratio
than for two-dirionsionnl acrofoils.  An importont deduction
to be drawn from this is thot in o practical stability or
flutter problen the neglcct or approxinate cstimation of the
frequency parancter will generally leeod to much smaller errors
than would be andicated by the two-dimensional theory.

The effcet of sweepback 1s to decrease the nuncrical
values of Z ¢ For o sweepback of 450 z, arounts to about
81 per cont of the unswept value for an aspect ratio of 5 and

to about 91 per cent for an aspect ratio of 3.

The overall accuracy of the results corrected for

tunncl interference should be about + 2 per cent.
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