- —

C.P. No. 347 : C.P. No. 347

(17,708) (17,708}
A.R.C. Technical Report A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

The Determination of
Aerodynamic Coefficients from
Flutter Test Data
By
W. G. Molyneux, B.Sc.

LIBRARY

ROYAL AIRCRAFT ©STABLISHMENY
CRAFT ME
BEDFORD

LONDON: HER MAJESTY'S STATIONERY OFFICE

1957

TWO SHILLINGS NET






"

C.P. No. 347

U.D.C. No., 533.6.013.422

Technical Note No. Structgres 157
April, 1955

ROYAL ATRCRAFT ESTABLISHMENT

The determination of amerodynamic coefficients
‘from flutter test data

by~

W. G, Molyneux, B.So.

SUMMARY

A techmique is described that enables the oscillatory aerodynamic
coefficlents for an aerofoil to be determined from data measured in
flutter tests on the aerofoil. The method is attractive in that it
daispenses with the excitation equipment that is usually required for
oacillatory force measurements.

Preliminary measurements have been made in a low speed tunnel on.
two rigid rectangular wings, and the results show that the technique is
worth developang.
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1 Introduction

Various schemes are in use for the measurement of the aercdynamic
forces on oscillating aerofoils?»2,J but, in the mamin, these schemes require
some mechanism, generally complicated and expensive, for controlled excitation
of the aerofoil., A technique requiring no excitation mechanism is that of
measuring the decay form of the oscillations from a spring mounted model when
1nitially disturbed®, but this technique 1s, in general, only used for
obtaining isolated coefficients and not for obtaining the complete set of
coefficients that are required for flutter work,

Another technique that requires no excitation mechanism is that of
allowing the aerofoil to flutter and mecsuring the flutter characteristics.
From this information, together with the structural data for the aerofoil,
the aerodynamic coefficients for the particular degrees of freedom of the
aerofoil can be cobtained. A basic assumption for the technique is that the
change of the aerodynamic coefficients with frequency parameter 1s negligible
for the limited range of variation associated with the Flutter conditions
investigated. This assumption would appear to be Jjustafied, at least for
rigid, aerofoils of finite aspect ratio in subsonic flow, on the basis of
available datal,2,3,4,5, At transonic speeds and supersonic speeds involving
mixed flow conditions it seems probable that the coefficients are more sensi-
tive to variations of frequency parameter,

To illustrate the technique the required equations are derived for an
aerofoil oscillating with two degrees of freedom. A simple rig has been
constructed to enable measurements to be made on two rigid rectangular wings
oscillating in two modes (pitch about two axes), and values for the oscilla-
tory aerodynamic coefficients have been obtained. A cawparison of these
coefficients with calculated values indicates that the method 1s worth
devel oping,

2 Equations for o system with two degrees of freedom

The flutter equations of motion for a system with two degrees of freedom
may be written®i=

2 . 2 2 .
{~ Aﬁ W +1(D_H +IB11 V) w+C,‘,I v +Eﬁ§ q1+[— A12'm +1 By, Vu +C,, V2} g,

=0

2 . 2 .
fm Ayy wT+1 By, Vw40, V2] q +{- Ay 07 +1(Dy, +By, V) @ 40y, V2+E22} q
=0 (1)

where the A's, D's and Efs are the structural coeffacients of inertia
(ineluding aerodynamic inertia),damping and stiffness, the B's and C's are

the required aerodynamic coeffaicients, V is the flutter speed, w is the flutter
frequency and q, and are the generalised co-ordinates. It is assumed in
equations (1) that thefe are no cross structural dempings or stiffnesses. At

it and %, by Kel(wt ~¥) where K = -—%

2

flutter we may replace d, by e
} = phase angle, qy leading Qpe

On expanding equations (1) and equating real and imaginary parts to zero
we obtain the following four equations.
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Equating real terms to zero

V2 + E1 =0 (2)

2
-(A11+K1A12)w +K2B12Vw+(CH+KG ’

1 O12)
- (4, +X, A, ) o® +K D, 0+K, B, Vo+(C, +K C,) 7V =0 (3)
A21 1 722 K2 22 KQ 22 21 1 722 B
Equating imaginary terms to zero

2
K2A12w + D

2
w+(B11+K1B12)Vw-K20 V< =0 (&)

11 12

k. 4 w2+KD

2 40 1 Dpp @+ (Byy + K Bzz)v“"chzzvz"KzE22=° (5)

1

whereK1 -:.Kcosx}r,Kz:Ksinl[:.

Equations (2) and (4) contain the four aerodynamic coefficients C,,, C,,,
B,,, B,, and equations (3) and (5) contain the four aserodynamic coefficients

11? 742
012, 022, B12, 322. To obtain a complete solution for the aerodynamic coeffica-

ents, in terms of the structural coefficients and measured data from flutter
teats, two sets of such equations are required., These can be obtained from
flutter tests for two different conditrons for the aerofoil, for example for
two values of the stiffness E 11° Different flutter conditions will, in general

lead to flutter at dafferent frequency paremeters, and the assumption must be
made that the aerodynamic coefficients are not appreciably effected by the
change of frequency parameter.

If the aerofoil is flexible and the flutter involves modes of distortion
of the aerofoil then a measurement of the flutter mode is required, in addition
to other flutter test measurements, to enable the equations to be resolved
(the structural end serodynemic coefficients will involve the mode). However,
a satisfactory technique for measurement of the flutter mode has not yet been
developed. If the aerofoil 1s rigid with flexibilities provided at the root
then the modes are known and the equations cen be solved. The technique is,
therefore, primarily applicable to rigid aerofoils with root flexibilities - a
limitation that also applies to forced excitation methods for aerodynamic force
measurements. Measurements that are availeble for rigid aerofoilst,2,3,4 indi-
cate that the rate of variation of aercdynamic coefficients with frequency
parameter 18 generally small, at least for fanite aspect ratio wings. An
allowable variation of about 40% in frequency parameter would seem reasonable
for frequency parameters greater than 0.1.

3 Measurements on two rigid rectangular wings with freedoms in pitch about
the leading edge and sbout an upstresm axis

To cbtaan an indication of the practicability of the technique a simple
rig was constructed to enable measurements to be made on two rigid rectangular
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wings (one of aspect ratio 3,70 and the other of espect ratio 2.47) with
freedoms in piteh about two axes. For these motions the coefficients of
equations (1) to (5) are as defined in the notation list.

s

3.1 Details of the test rig

The rig is shown diagrammatically in Fig.1. It consisted of & light,
stiff frame hinged to a rigid supporting table by cross springs at the
upstream end, and with the wing attachment supported on a ball bearing hinge
at the other end., The wing attachment enabled the wing to be supported with
its leading edge coincident with the ball bearing exis, Stiffness in pitch
about the leading edge was provided by coil springs between the wing attach-
ment and the support frame, and the pitch amplitude was indicated by measuring
the strain (using strain gauges) in two cantilever strips displaced by
motion of the wing about the leading edge. Similar ocoil springs and canti-
lever strips were used between the frame anl the supporting table to provide
stiffness and to indjcate displacement about the upstream axis. The latter
springs could be changed to provide two different flutter test conditions.
The rig should have been rigid for motions other than pitch about the
prescribed axes, but in fact the stiffness against rollang motion of the
wing was not very great.

The supporting table had a flat top through which the wing protruded,
with a sufficient gap around the wang to allow for flutter oscillations.
This gap was covered by an end plate attached to the wing and oscillating with
it. The gap between end plate and table top was about 0.1 inch.

3.2 Method of test

The tests were made in the R.4.E. 5 £t diameter open jet tunnel. The
wing was mounted vertically in the tunnel with the centre line of the table
top some 8 inches from the edge of the jet boundary (Fig.1). The strain
gauges of the cantilever strips were connected to form two bridge circuits,
and the outputs of these circuits were connected to a double beam oscilloscope,
one to each amplifier. The tunnel speed was then increased until flutter
occurred, and when a stable flulter condition was obtained measurements were
made of flutter speed amd flutter frequency and a photographic record was
made of the oscilloscope traces., Measurements were made on each of the two
wings for two different stiffnesses in pitch about the upstream axis.

Following the flutter tests, measurements were made in still air to
obtain the inertia md stiffness coefficients for the wings. In addition
records were made of the oscilloscope trace of the decay of oscillation in
one degree of freedom with the other fixed, to enable logarithmic decrements
for structural damping to be obtained,

3,3 Analysis of results

The photographic records were enlarged to facilitate analysis., In
general the order of accuracy obtained for the various measurements was as
follows:-

Flutter speed measured to within +0,5%

Flutter frequency measured to within -2%

Amplitude ratic measured to within +2%

FPhase angle measured to within 4+1°

Structural inertias measured to within +3%

Structural stiffnesses measured to within +3%%.

i _5_



It should be noted that the flutter speed was the mean tunnel speed with
no acccunt for irregularities in the flow that may have exceeded +0.5% of the
mean speed. Further, the flutter frequency was the mean frequency of oscilla-
tion over an interval of 10 seconds, and amplitude ratio and phase angle were
also average values measured over about seven cycles of the flutter oscillation,
The structural coefficients were those for the rigid structure and took no
account of unwanted flexibilities that were present in the rag.

The structural data for the waings, and the flutter test measurements are
given in Table I. From this data the aerodynamic coefficients for the two
wings have been derived (Table II), The aerodynamic coefficients have also
been expressed as equivalent constant strip derivatives (Table III) that are
chosen to be constant over the span and which when integrated over the span in
the appropriate mode of oscillation give the correct aerodynamic force in that
mode; 1.e,

2 2 2 2
BH = psc {n 8z+hc(6&—m-z)-—c m&} ; G‘H = ps {h 52 +hc(6a -mz) -c ma}
B =p502 (hée = ¢ me) C,,=psc (h & ~cm)

12 o o i M =P o o
2

B,, =-psc (hm, +c m&) 3 0y = - psc (h m +c ma)

3 2
322 = = psc” my H 022 == psc m
in terms of wang leading edge deravatives,
L Comparison of measured sznd caloulated values

The measured values of the equivalent constant strip derivatives are
compared with calculated values in Table IITI, The calculated derivatives are
average values for the same range of frequency parameter as those measured,
obtained from the results of Lawrence snd Gerber? for wings of low aspect ratio.
It can be seen that the agreement between the measured and calculated values
of the derivatives is poor, though, in general, the neasured derivative values
are of the same order as those calculated. It is not possible at present to
determine the extent to which these dafferences are due to insufficient accuracy
in the measuring technaique or limitations in the theory. Certainly the flutter
testing and measuring technique could have been improved - in particular the
lack of rolling stiffness in the rig must have led to inaccuracies - and with
such improvements reliable derivative values should be obtainable. However,
on the basis of the results obtained here it 13 thought that the techmique is
worth developing,

5 Further developments

It seems probable that the technique can be used to obtain control swface
and teb coefficients, in addition to those for the main aerofoil. These
coefficients are diffacult to obtain by other techniques because of the small
forces involved.

4s mentioned in Section 2, the difficulty of mode measurement for flutter
cases involving a combination of flexible wing modes makes this method of
derivative measurement anapplicable, However, the problem is less diffacult
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where the flutter is a cogbination of a single flexible wing mode with a
rigid body mode, since the modes can easily be separated. A rig that permats
wing flutter in modes of wing bending and unaform pitch 1s 1n use at the
R.A.E. at present, for flutter tests at supersonic speeds, and 1t maight

prove possaible to apply this technique here,

6 Concalusions

The technique for obtaining aerodynamic coefficients from measured
flutter test data 1s simple and only comparatively inexpensive equipment is
required. It has been applied to obtain the coefficients for two rectangular
unswept wings using measuring equipnent of no great standard of accuracy,
and promising results have been obtained. With refinements in the methods
of measurement rcliable values of the aerodynamc coefficients required for
flutter work should be cbtainable.
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TABLE I

Structural data and flutter test measurements

Wing 1.

Aspect ratio 3.70

Wing 2.

Aspect ratie 2,47

Wing chord, ¢

Winz length (root
to tip), =

Wing aspect ratio
28
¢

Distance between
pitch axes

Alr density, p

Ay = Ay

A22 )

D11

P

E
22

511

A11

K

€
<

0.00141

0.0005

0,003

1.64

0.5 1t

0,925 ft
3.70

1.196 It

0.,002378 slugs/ft’

0,00618 siugs t2

slugs 3%
1b tt sec

1b ft sec

1b ft/rad

0.5 1t

0.617 1t

2.47

1.196 fv

0.002378 slugs/rt.3

0.00598 slugs 3%

0,00143 slugs £t

0.0005

0,003

1,64

1b I't sec

1b ft sec

b fo/rad

49.5 1b ft/rad

69.8 1b ft/rad

49.5 1b ft/rad

69.8 1b rt/rad

0,0845 slugs ft2
4.2%
89.6 ft/sec
44.8°
37.0 rads/sec

0.21

0,0854 slugs 42
8.76
83.5 ft/sec
55.0°
41.1 rads/sec

0.25

0,0825 slugs ft°
5«97
113,8 ft/sec
43,2°
37.4 rads/scc

.16

0.0836 slugs rba

12.57
105.8 rt/sec

80.2°
41.4 rads/sec

0,20
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TABIE II

Derived Aerodynamic Coefficients

Aspect Ratioc 2.47

Wing 2

Wing 1
Aspect Ratio 3,70

B, 0.0054 1b sec?

B, 0.00059

B,, 0.00054

B, 0.00034

C, 0,0035 1b sec’/ft

G0 0.0022 no

C,, 0.00051 "

Cpp 0.00026 "

0.0040 1b sec?
0.00072 ¥
0.00033 "
0.00021 "
0.0016 1b sec?/ft
0,0012 v
0,00040 "
0.00014% "

TABLE IIT

Measured and calculated values for equavalent strip

derivatives referred to wing leading edge

Wing 1 Wing 2
Aspect Ratio 3,70 Aspect Ratio 2,47
Range of frequency Range of frequency
parameter 0.21 - 0,25 parameter 0.16 - 0,20
Measured Calculated Measured Calculated
&é 2.23 1.67 2.60 1438
&& 0.98 1.36 1.16 1.38
m. -0, 30 -0, -0.28 =0. 31
m. =1.24 ~0.66 =14 -0.65
ez 0.16 ~0, 005 -0.067 -0, Q4
8& Y 1.70 1. 21 1.35
m, -0.19 0,005 ~0,29 0.005
m, ~Q.47 0. 40 -0, 38 =030
-1f -
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FIG.1. DIAGRAMMATIC LAYOUT OF FLUTTER TEST RIG.
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