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Summary. Pitching-moment derivatives have been measured by a free oscillation technique on two-
dimensional aerofoils of double wedge section with thickness/chord ratios of 0-08, 0-12 and 0-16; and on
an aerofoil of single wedge section of thickness/chord ratio 0-16. The Mach number ranged between 1-37
and 2-43 and the axis position was varied over a wide range. The Reynolds numbers and the frequency
parameters of the tests were less than 10 and 003 respectively, A few tests were made at incidence.

For some axis positions and low values of Mach number, negative values of the aerodynamic damping
were found considerably in excess of those predicted by theory. Theories which take into account thickness
effects correctly predicted the trends of the derivatives with changes in axis position and in Mach number,
and also the axis position at which the damping changes from positive to negative. However, substantial
differences in the numerical values were often found, particularly at the low Mach numbers and these are
attributed in part to the detached bow-wave on the thicker wings at low Mach numbers and in part to the
effects of the boundary layer and of flow separations.

1. Introduction. The experiments to be described form part of an investigation to provide
information of the aerodynamic loads acting on aerofoils and wings oscillating in supersonic flow.
Measurements on finite wings will be described in subsequent reports; the present report is
concerned only with measurements on aerofoils in two-dimensional flow. Previous experiments?
made by Bratt and Chinneck using a 7} per cent thick bi-convex aerofoil oscillating about the
half-chord axis did not yield values in agreement with the Temple-Jahn theory? for thin aerofoils,
and failed to substantiate the region of negative values of the pitching-moment damping predicted
~ by this theory. The trends obtained were in somewhat better agreement with Collar’s simple
extension of Ackeret’s theory® for thin aerofoils from steady to unsteady motion and with the
theories developed by W. P. Jones*® for oscillating aerofoils of finite thickness. Further theories
in which thickness effects have been introduced and which are simpler to apply than those of
Jones, are by Van Dyke® and by Lighthill®, and these have been critically reviewed by Acum’.

¥ Previously issued as A.R.C. 20,650. Published with the permission of the Director, National Physical
Laboratory.



In the tests described in the present report, pitching-moment derivatives were measured by the
free oscillation method. The influence of sectional thickness was determined by measurements on
double wedge aerofoils of thickness/chord ratios 0-08, 0-12, and 0-16. Tests were also carried out
with a single wedge aerofoil of 0-16 thickness/chord ratio. It was not considered to be practical to
test thinner sections because the greater flexibility in bending might then permit undesirable
effects due to coupling of the pitching with bending motions of the aerofoil. The influence of axis
position for the range — 0-25 < & < 1-25 was investigated for all these aerofoils and a few experi-
ments on the effect of incidence were also made. The tests were carried out in the N.P.L. 11 in.
Supersonic Wind Tunnel which provides continuous flow in a working section 11 in. wide and
either 12 in. high for the range 1-4 < M < 1-7, or 14 in. high for the range 1-7 < M < 2-5.
The range of Reynolds number corresponding to this range of Mach number for the aerofoils of
2-5 in. chord was from 0-96 x 106 to 0-62 x 10%. The frequency parameter was of the order of
002 for all the tests.

2. Basic Formulae and Method of Test. The aerodynamic moment acting on the aerofoil is

expressed by .
M = My + M. (1)

For simple harmonic motion of frequency w/2m, . is expressed in terms of its non-dimensional
in-phase and out-of-phase components as
M = pV33s(my+ivimg)0 (2)
where
v = wclV

my = My/pV33%

®3) -

my = Mé/pVC3S .

For the free oscillation technique used, the aerofoil was mounted on bearings which permitted
only pitching motion against a spring constraint. Records were obtained of the decaying oscillations
of the system after it had been displaced from the equilibrium position and suddenly released.
The equation of motion is then

I0 + (K= M) + (o — M6 = 0 (4) .

- for which a solution is
0 = Gyt sin wi

where .
K — M,

o B NG

o
and :

5= — ulf. 9
Hence

K — My = 2If8

o — My = I{(w?+u?)
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and denoting values of quantities iz vacuo (where M, = M; = 0) by suffix 0,
— My = 2I(f5—f,8,) ' (8)
= My = I{(w®+p%) — (0> + )} - ©)

In préctice it is found that p? — pe? € w? — wy? ky? < wy2, and may be neglected, so that
g
- M, = o (f=S) [+ 1) - (10)
Jo

3. Description of Apparatus. The Wind Tunnel. The tests were carried out in the N.P.L.
Continuous Flow Supersonic Wind Tunnel which had a 12 in. x 11 in. working section for the
range 1:4 < M < 1-7 and a 14in. x 11 in. section for the range 1-7 < M < 2-5. The tunnel
stagnation pressure could be reduced from one to about one-quarter of an atmosphere. A dry air
supply was available for controlling the humidity, and dry air was introduced into the tunnel both
before and during the run, the stagnation pressure being maintained at the required value by means
of extractor pumps. For the low values of the Mach number humidity effects became evident
when the frost point was higher than — 9 deg F. Accordingly, experiments were only conducted
when the frost point was — 15 deg F or less.

The Models and their Mountings. The models were machined from solid ‘Leadloy’ steel plate;
both ends of the plate remained rectangular in section to provide flanges for bolting the aerofoil
on to the oscillatory mountings. The aerofoils completely spanned the 11 in. tunnel and had a chord
length of 2-5 in.

Diagrammatic sketches of the arrangement of the aerofoil and its mountings in the wind tunnel
are shown in Figs. 1 and 2 and a photograph of one of the mountings is reproduced in Fig. 3.
Each mounting consisted of a stiff webbed bracket I fixed to the tunnel wall and which carried the
oscillating mechanism. A cylinder C was suspended on two sets of cross-spring bearings A and A’
which held the cylinder rigidly against all movements except rotation about its longitudinal axis.
The rotation of the cylinder was constrained by the torque bar T. This arrangement ensured that
the mechanical damping of the oscillating system was very low. The inner end of the cylinder
terminated in a circular plate E to which another circular plate F was fitted concentrically. The
aerofoil flange B could be bolted on to a flange on the latter plate in several fore and aft positions
to give pitching axes of from — 0-254 to 1-25% in intervals of 0+ 1254. The angle of incidence of the
aerofoil could be set at intervals of one degree by rotating the inner circular plate F, With the model
at incidence there was an aerodynamic moment which tended to change the mean incidence.
Such changes were undesirable and were corrected by the incidence compensating spring arrange-
ment shown in Fig. 2. For this purpose the rotation of the cylinder C was constrained by two
tensioned horizontal helical springs and incidence correction was achieved by rotating the knurled
head K operating a screw which increased the tension in one spring while decreasing it in the other.
The helical springs were contained within airtight brass sleeves P and Perspex sides were fitted to
the metal framework of the mounting to form an airtight box to prevent air leakage into the tunnel
which could otherwise take place through the gap between the tunnel walls and the disks D.
To allow for the required variation in the pitching axis it was necessary to make the disks of 6 in.
diameter. The gap between disk and tunnel wall was made very small and, with air leakage into
the tunnel prevented by the airtight boxes, it was considered that these gaps caused negligible
interference to the flow inside the tunnel.
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The cylinder also carried fittings for limiting and for recording its motion. Mechanical stops
to the motion were provided by the adjustable clamp Q (Fig. 2) while eddy current damping,
supplied by a copper vane V and electromagnet H, was automatically switched on when the amplitude
of oscillation reached a pre-set value. The condenser gauge G was used to record the motion-
The spring-loaded plunger P operated against an arm fixed to the rotating cylinder, and was used
to set the system in oscillation. ‘

The mountings on each side of the tunnel were similar and they were designed to be mounted
on the tunnel walls independently of each other. However, it was found that the inward flexing
of the tunnel walls caused by the reduced internal pressure during the run sufficiently disturbed
the alignment of the system to produce spurious apparatus damping. To reduce this effect to an
acceptable amount the mountings were interconnected by a massive girder.

The Measuring and Recording Equipment. 'The electronic apparatus for recording the oscillations,
from which the logarithmic decrement of the amplitude and the frequency could be found by analysis,
is shown schematically in Fig. 4.

The condenser gauge formed by vanes attached to the cylinder of one oscillating unit moved
between fixed vanes and the variation of capacity so produced modulated the frequency of a 1 Mc/s
carrier signal. This signal was fed into a Southern Instruments F.M. amplifier and discriminator
which converted the frequency deviation into a voltage amplitude. This signal was then displayed
on one beam of a double-beam oscilloscope. Pulses spaced at intervals of 0-01 second were recorded
by the other beam to form a time base. These timing pulses were derived from the N.P.L. standard
frequency signal of 1,000 c.p.s. which was fed into a dekatron frequency divider. A continuously
moving film camera was used to photograph the screen of the oscilloscope and to provide a record
of the decaying oscillations,

After each experiment, calibration traces were also obtained on the film by displacing the cylinder
carrying the gauge through various known angles and recording the resulting steady displacements
of the oscilloscope beam.

4. Method of Test. Records of the decaying or growing oscillations of the aerofoil were obtained
in wind using the equipment described in previous paragraph, and these were analysed in the usual
way to obtain the values of the logarithmic decrement and the frequency. The electric stiffness was
obtained by a static experiment and the values of the apparatus damping and the in vacuo moment
of inertia of the system were obtained from free oscillation tests carried out with the tunnel evacuated
to nearly 1/4 atmospheric pressure. This was the minimum pressure attainable but tests at other
higher pressures indicated that the apparatus damping was not very sensitive to tunnel pressure.

5. Results. TFor most test conditions it was found that the value of the damping derivative — m;
was dependent on amplitude 6 and that, within the experimental accuracy available and the
amplitude range of the test, the rate of variation — dim;/df was constant. The rate itself varied widely
with the test condition and both positive and negative values were obtained. Little variation of the
stiffness coefficient — m, with & was found. For convenience the experimental values quoted in

the tables of results (Tables 1 to 8) refer to a standard amplitude of & = 0-0175 radian and the value
of — dmydf is given in the adjacent column. In the discussion of results which follows, and in the
plots of the results given in Figs. 5 to 36, the values of the derivatives quoted refer to this standard
amplitude. Unless specified otherwise the theoretical values have been computed by Van Dyke’s
theory®. Figs. 5 to 19 inclusive give plots of the derivative values against % for the double wedge
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aerofoils. For z = 0-25, 0-50 and 0-75, these results are also given in Figs. 20 to 25 as plots of
the derivatives against M. Further cross-plots of the results are given in Figs. 26 to 28 to show the
influence of thickness/chord ratio and the results of the measurements at incidence are plotted in
Figs. 29 to 31. Results for the single wedge aerofoil of 16 per cent thickness/chord ratio are plotted
in Figs. 32 to 36.

6. Discussion of the Results. (a) Variation of — mg, — mg with h (see Figs. 5 to 19 and 32 10 36).
For both the single and the double wedge aerofoils the experimentally determined values of — m,
and — m; show the same trends as those calculated from Van Dyke’s theory®, but for the double
wedge aerofoil the values of the derivatives found by theory and experiment often differ considerably.
These differences become very marked at low values of M and for thick aerofoils. Except for the
lowest Mach numbers the numerical agreement obtained between theory and experiment for the
16 per cent thick single wedge aerofoil is very good.

As is predicted by the theory, negative values of the aerodynamic damping were found for
certain ranges of % at low values of M. The critical value of 4 bounding the region for instability
appears to be predicted with fair accuracy by the theory. However, especially for the lowest value of
Mach number, M = 1-37, and the thicker aerofoils, the amount of negative damping (and of
positive damping for the values of % for which — m; was positive) was very much greater than
calculated and, indeed, resulted in some very violent and rapidly growing oscillations of the
aerofoil which the eddy-current damping built into the system as a safety device was unable to
control, and resort had to be made to mechanical stops.

The theory® used to calculate the derivatives is only valid when the bow wave is attached to the
leading edge of the aerofoil, and bow wave detachment provides one possible reason for the large
discrepancies found between experiment and theory at the low Mach numbers. For M = 1-37,
the maximum angle through which the stream can be turned at the leading edge without the bow
wave becoming detached is 86 degrees, whereas the half-wedge angles for the 8, 12 and 16 per cent
double wedge aerofoils used in the tests were 4-6, 6-8 and 9-1 degrees respectively. When the
amplitude of oscillation is taken into account (a maximum of about 2 degrees) it appears that bow-
wave detachment may have occurred, for all or part of the cycle of oscillation, with the 12 and .
16 per cent thick aerofoils, but not at all with the 8 per cent thick aerofoil. Bow wave detachment
does not, therefore, adequately explain the large discrepancies found at M = 1-37 with the latter
aerofoil, nor does it do so for the similar discrepancies observed with the 16 per cent aerofoil at
M = 1-59. The theory is based on potential flow considerations, and hence further reasons for the
discrepancies may be sought in the effects of viscosity in promoting boundary layers and flow
separations. The boundary layer permits pressure fluctuations from behind the trailing-edge shocks
to travel upstream and thus to modify the pressure distribution over the aerofoil. This upstream
influence would be expected to be less for the single than for the double wedge section so that, as
was found in the experiments, the results would correspond more closely to those derived from a
potential flow theory. The dependence of the derivative values on amplitude must also be attributed
to viscous effects. The suggestion was made that, in the presence of separated flow, the trailing edge
of the aerofoil becomes inoperative, and hence that closer agreement might be obtained by
comparisons of the measured values of the derivatives with values calculated for the double wedge
section with the trailing-edge portion absent (see also Ref. 8). Mr. W. E. A. Acum carried out these
calculations for various amounts of cut-off. In the present report the values thus calculated are
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plotted only in Fig. 5 for a 40 per cent chord ‘cut-off’ from the trailing edge with M = 1-37 and
+ = 0-08. This result shows the general trends found for all values of M and 7. For my, the cut-off
produced a change of slope and aerodynamic centre which worsened the agreement with experiment
for low. values of Mach number. For M = 2-43, however, the calculated and the experimental
curve coincided if ‘cut-offs’ of 15, 30 and 40 per cent were assumed for + = 0-08, 0-12 and 0-16
respectively. The effect on the damping, — m;, was generally small for any reasonable amount of
‘cut-off’ and tended to increase the discrepancies between calculation and experiment.

(b) Variation of — my and — m; with M (Figs. 21 to 25). The plots of the derivatives against M
are given in Figs. 21 to 25 for & = 0-25, 0-50 and 0:75, and theoretical curves obtained by the
theories of Collar?, and Temple and Jahn?, are included with those obtained by Van Dyke’s theory®.
These results show that Van Dyke’s theory predicts the general trends of the variation with M but,
as noted in the previous paragraph, numerical agreement with experimental values is not good,
the latter values being arithmetically greafer than those of fheory. For z = 0-50 the experimental
results of the present report agree fairly well with those obtained experimentally by Bratt and
Chinneck® for a 7-5 per cent thick bi-convex aerofoil. For this axis position the values of the
damping derivatives calculated by Collar’s theory were in somewhat better agreement with
experiment than the other theories, but this was not so for the other axis positions.

(¢} Influence of Aerofoil Thickness (Figs. 26 to 28). 'The plots given in Figs. 26 to 28 have been
chosen to illustrate the influence of aerofoil thickness. For the lowest value of Mach number,
the numerical values of the damping derivative showed a much more rapid increase with thickness
than is predicted by theory. This effect was less marked for M = 1-59 and became progressively
less with increase of Mach number until at M = 2-43 only the slight increases with thickness
predicted by theory were found. 4

(d) Effect of Incidence (Figs. 29 to 31). Tests at mean incidences other than zero were made only
for M = 1-37 and 2-43. For the lower Mach number mean incidence had considerable effect on
the damping, increasing the positive damping found with 2 = 0-5 to a maximum at « = 3 degrees,
and similarly increasing the negative damping found at z = 0-25 to a maximum at « = 2-7 degrees.
. For the latter axis position the damping became positive at about « = 5 degrees. These changes are
attributed to the bow-wave detachment and flow separation effects mentioned previously. They
disappeared at high Mach numbers, as was shown by the results for M = 2-43 given in Fig. 31.

7. Values of the Derivatives obtained by Lighthill's Piston Theory. Values of the derivatives have
been calculated using piston theory® for the double wedge aerofoils at 4 = 2-43 and for the single
wedge aerofoils at M = 179, 2-15 and 2-43, and the results are plotted in Figs. 17 to 19 and in
Figs. 34 to 36 respectively. It will be seen that reasonable agreement with the calculated values By
the method of Ref. 5 was obtained at M = 2-43, and for a Mach number as low as 1-79 reasonably
good agreement was found for the half-chord axis position.

8. Conclusions. (i) As suggested by theory the aerodynamic damping of the pitching oscillations
of an aerofoil became negative for low Mach numbers and certain ranges of axis position.

(i1) The variation of the derivatives with axis position or with Mach number followed the same
trend as those predicted by the Van Dyke theory® but the numerical values often differed considerably
from those predicted by this theory. The differences were most marked for the thicker wings and
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at the lower Mach numbers. The axis position at which the aerodynamic damping changed from
positive to negative was predicted with fair accuracy by the theory. The numerical agreement with
the theory increases with decrease of section thickness.

(iii) The detachment of the bow wave with the thicker wings at low Mach numbers produced
large changes in the derivatives; (negative damping became more negative and positive damping
more positive) and was partly the cause of some of the discrepancies found between theory and
experiment. Other causes are attributed to the effects of the boundary layer and of flow separation.

(iv) Values of the derivatives for M = 2-43 calculated by piston theory showed reasonably good
agreement with those obtained by Van Dyke’s theory.
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NOTATION
Mach number
Wind speed
Air density
Aerofoil chord
Aerofoil span
Thickness-to-chord ratio
Moment of inertia of oscillating system  vacuo
Elastic stiffness coefficient
Apparatus damping coefficient

Aerodynamic stiffness derivativé

. . - M,
Non-dimensional form of — M,, (— my = _szc%)
Aerodynamic damping derivative
Non-dimensional form of — M; my = — M,

° ’ ( o ch3s)

Frequency of oscillation
Angular frequency of oscillation (w = 2nf)

Logarithmic decrement of oscillation defined as the natural logarithm of the
ratio of the amplitudes of successive cycles of oscillation

Angular displacement in pitching motion (radians)
Mean incidence of the aerofoil

Distance between axis of rotation and leading edge of aerofoil measured in
chord lengths downstream from the leading edge.

Suffix ¢ applied to the quantities f, w and & denotes the values assumed by these quantities iz vacuo.
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Measured and Theoretical Values of the Derivatives, — my, — my for Symmetrical Double Wedge

TABLE 1

Aerofoils at Zero Incidence

M =1-37
Experimental Theory
T h p

—my —mp* ( ;Hm") —my —myg
0-08 —0-25 1-28 —0-89 ~21-0 1-47 +0-03
0 0-79 —0:79 ~19:3 0-94 —0-23
+0-25 0-29 —0-43 — 96 0-41 ~0-22
0-5 -0-22 +0-26 - 33 —0-13 +0-05
0-75 —-0-79 1-08 0 —0-66 0-59
1-00 —1-31 2-07 0 —1-20 1-40
1-25 -1-75 3-40 0 —1.73 2-47
0-12 —0-25 1-63 —4-15 —-73-0 1-41 —0-08
0 0-93 —2:45 ~22:6 0-88 —0-29
+0-25 0-24 —0-90 0 0-34 —0-24
0-5 —0-44 +1-16 +21-0 —-0-19 +0-09
0-75 —1-15 3-79 68-3 —0-73 0-68
1-00 -1-71 6-02 847 —1-26 1-54

1-25 —_ — — — —_
0-16 —0-25 2-48 —31-56 ~34-0 1-34 —0-20
0 —15-80 —40-0 0-81 —0-36

+0-25 0-33 — 465 + 59-0 0-28 —0-25

0-5 —0-56 + 6-42 241-0 —0-26 +0-13
0-75 —1-40 12-64 400-0 —0-79 0-77
1-00 -2:11 20-00 550-0 —1-33 1-68
1-25 — — — —1-86 2-86

* Value for 8 = (-0175.
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TABLE 2

Measured and Theoretical Values of the Derivatives, — my, — my; for Symmetrical Double Wedge

Aerafoils at Zero Incidence
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# Value for & = 0-0175.
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TABLE 3
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TABLE 4

Measured and Theoretical Values of the Derivatives, — my, — my; for Symmetrical Double Wedge

Aerofoils at Zero Incidence
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TABLE 5
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TABLE 6

- Measured Values of the Derivatives — mg, — my for a 12 per cent
Symmetrical Double Wedge Aerofoil at Various Angles of Incidence

M=1-37
h « (deg) — 1, —mg* d( ;é”")
0-25 0 0-25 —0-84 — 03
1 0-24 —0-80 + 1340

2 0-18 ~1-93 ~107-1

2:5 0-35 —4-86 +159-1

3 0-28 —4:26 114-3

35 0-26 —2-28 — 563
4 0-25 —0-74 ~ 23.7
5 0-24 +0-32 + 43
05 0 ~0-37 065 66
1 —0-42 1-29 22:0
2 ~0-51 263 4-0
3 —0-45 5-32 — 49.7

4 —0:35 4-53 + 37-1
5 ~0-27 268 394

TABLE 7
M = 2-43

| .
h o (deg) —my —mg* i d(;"o)

0 0 0-24 0-16 0
2 0-35 0-14 + 11-7

4 0-38 0-14 0

6 0-36 — —

8 0-39 0-13 0
- 10 0-40 0-13 ~ 19-0

#* Value for 8 = 0-0175.
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F1a. 3.

Photograph of one model mounting with cladding removed.
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————
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F16. 4. Schematic diagram of recording apparatus.
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camera

Pulses at 1, 01, 0-01 sec. intervals
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