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SUMMARY

The distributions of pressure over wings of aspect ratio

1.5 and 0.5 have been measured for a range of incidence up to and
including the stall at various angles of yaw. This report

presents a detailed analysis of the results at two incidences

corresponding to 1/4 and 3/k of the stalling incidences approxi-

mately.

Direct measurements of 1ift and pitching moment have

also been made, and the results compared with the results of

theory and previous experiments.

1.

The analysis shows that.-

Regions of high suctions near the tips assume greater

importance as the aspect ratio is reduced. This tip suction

rapidly increases in intensity with increase in incidence.

2,

Apart from regions near the tips the spanwise distribution

of load becomes more nearly elliptical with decrease in aspect

ratio.

3.

The effect of a positive sideslip is to skew the span-

wise load grading curve and to produce a negative rolling moment.

This effect is more pronounced at small aspect ratios.

———

+ Much of the experimental work, upon which this note 1s based,

was performed by lessrs. E.G. Havard, E.F. Lawlor, A.Lightbody,
and A,0, Ormerod in 1948,
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L. Comparison between the 1lift coefficients obtained by
direct measurcment and from the pressure distributions shows
reasonable agreement and the variations of 1lift curve slope with
change :-'.1(1 aS]j::ect ratio are in agreement with the results of ?‘gl)'ler
1,7

workers, Further, a theoretical curve due to Wieghardt

shows close agreement with the present experimental vdlues.

5 The method developed by Flax and Lawrence 2 based on

2

a modified slender body theory, for estimating the position of the
aerodynamic centre is found to be in reasonable agreement with
the experimental results.
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1.0 Introduction !

Recent developments have stimulated interest in the
characteristics of wings of small aspect ratio. The tests
described here were concerned with the pressure distributions,
normal force coefficients and the effects of yaw on wings of
aspect ratio 0.5 and 1.5. The wings in this instance were
rectangular with constant symmetrical sections 12 per cent thick.
From the pressure distributions the spanwise loading and the
positions of the local centres of pressure have been determined
as well as the derivatives of the normal force, pitching and

rolling moments with rate of yaw.

The pressure distribution measurements were made in the
No., 2 Wind Tunnel at the College of Aeronautics during June and
July of 1948, and later a few balance measurements of 1ift and
pitching moments were made in the No. 1A Wind Tunnel.

During the preparation of this report, the results of
some Swedish experiments ! came to hand. The work described in
this reference covers much. the same ground as the present experi-
ments, and, where possible, comparison between the two sets of

results is made.

2.0 Details of Tests

The models were made of laminated mahogany having the
symmetrical section shown in Fig. 1. (The ordinates are given in
Table I). The wing tips were half bodies of revolution. The
chord of both wings was 15 in. and the spans were 22kin and ?%in.,
exclusive of wing tip fairings. The values of aspecf ratio
quoted apply strictly to the wings without tip fairings, the
effective additional area and span due to the tip fairings having
been neglected, The models were mounted from an overhead turn-
table by a combination of struts and wires, the arrangement of

which can be seen in Figs. 2a and 2b,

Small bore tubes of a pliable plastic material were
inlaid into chordwise slots cut in the top and bottom surfaces of
the wing from the leading edge of the wing back to 85 per cent of
the chord, The tubes were faired over with beeswax, and the
model french polished. The upper surface tubes extended around
the nose of the aerofoil and back along the lower surface to
about 20 per cent of the chord. Lengths of rubber tubing trans-

mitted the pressures to a vertical multitube mancmeter,

Soh8 L.,
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The pressure orifices were formed by drilling holes in
the tubes at a single chordwise position, and when the pressures
at this position had been recorded these holes were sealed with

, plasticene and a fresh set of holes drilled at a different chord-

wise station.

The chordwise positions of the orifices were as follows.-

———

Upper Surface

x/c

Qy =@y W03, 08, 07, A0, 18, 25, 38, b5,
'55, '65, -?5’ 185.

Lower Surface

x/c

+02, 056, 40, 15, .25, .35, 45, «55, .65,
.75, .85, '

The tunnel speed for all tests was 120 ft./sec.,
corresponding to a Reynolds number of 0.95 x 106, and readings of

pressure were taken at the following incidences (uncorrected).

Aspect Ratio 1.5 15 20° 22° (stalled)

Aspect Ratio 0.5 18°  25°  28°(stalled)

The angles of sideslip, denoted by U, were 0°, 10°
and 20° to starboard for both wings.

For the second series of tests each wing was suspended
from the three component balance of the No. 1A tunnel and measure-
ments of 1ift and pitching moment were taken over a range of
nominal ineidence from -4° to 10°,

3.0, Results

The pressure coefficients were plotted against chord-
wise positions for each of the wing attitudes tested, and smooth
curves were drawn through the experimental points. A selection

of the resulting isobars is given in figs. 3 - 14,

The area enclosed by the curves giving the upper and
lower surface pressure distributions along the chord for any
given spanwise position represents the normal force per unit span

acting on the aerofoil at that spanwise position. That is, the

local normal force coefficient, S is given by
x/c = 1.0
=| ( =0 ) d(-’-‘-).
wF Pupper Py ower »
x/c = 0

/where ...
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where x 1s the distance aft of the leading edge measured

along the chord line.

On the wing of larger aspect ratio the lower surface
pressures aft of the quarter chord point could not be measured
at two of the spanwise positions, because the pressure holes
would have been in the wake of the supporting struts. As there
are no steep pressure gradients in this region, it was thought
that little accuracy would be lost if the pressures there were
obtained by interpolation from the pressures measured at the

adjacent stations.

In the analysis it was necessary to draw complete span-
wise load grading curves to obtain the total normal force
coefficient acting on the wing, This involved a certain amount
of extrapolation across the wing tip fairings. Since the normal
force per unit span may be expected to be continuous and to
reduce to zero at the tips this was the quantity extrapolated,
Normal force per unit span can be represented by the non-dimensional

coetliicient o This coefficient has been plotted as the

W ¥ op -
ordinate of the spanwise load grading curves in figs. 16 and 17.
Over the parallel portion of the wing ¢ = ct-, so that an ordinate
in this portion‘ﬁs simply the local normal force coefficient. In
figs., 16 and 1fﬂthe curves are shovm slotted where the extrapolation
is doubtful.

The local centre of pressure was found as the point on the
chord line through which, for the section considered, the resultant
normal force acts. The position of this point was found graphically
from the chordwise pressure distribution. The variations of the

local centre of pressure are shown plotted in figs. 18 and 19.

By integrating the spanwise load grading curves the
variation of normal force with angle of sideslip was cbtained;
and the variations of pitching and rolling moments with yaw were
obtained by integration of curves giving the moments of the normal
forces about the leading edge and the centre line respectively.

The results are shown in figs. 20a,b and c.

The main correction due to tunnel constraint is a change
in the measured angle of incidence at a constant wing 1ift
coefficient. This correction has been applied to the readings
although some doubts exist as to its validity on account of the
large ratio of wing chord to tunnel diameter encountered in these
tests., It is for this reason that, where possible, the overall

normal forece coefficient has been used as a parameter in the

/bresentation UTHD
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presentation of the results in preference to the angle of inci-

dence.

L.0 Discussion

L.1. The Distribution of Pressure

The distributions of pressure over the wings are shown
*by lines of constant pressure coefficient (Cp) for the upper and
lower surfaces in figs. 3 - 14. A striking feature shown by
these isobars for the larger incidences is the high suctions
occurring at the tips, near the trailing edge on the upper surface
and, to a lesser extent, at about the mid-chord position on the
lower surface. This phenomenon has been noted by other workers
and has been attributed to a spiral motion of the air froam bottom
to top surface around the tip fairings related to the component of

flow normal to the plane of the wing.(z) This spiral motion is

(1,2)

said to result in a trailing vortex springing from the wing sur-
face which is separate in character, but which may become
indistingnishable from the normal trailing vortices of lifting line
theory. Certainly, tuft observations reveal marked cross flows

of the type described, but the 1ift distribution and the associated
vortex flow are related effects resulting from some more fundamental
cause, which must be sought by further and more detailed investiga-
tions of the character of +the boundary layer flow in the region of

a wing tip.

Yawing the wing intensifies or diminishes these regions
of suction according to whether the spanwise component of the flow
due to yaw reinforces or opposes the inflow or outflow, This
effect is clearly shown for % = 20° (figs. 8 and 14), where the
region of higher suction is confined to the leading tip on the
upper swrface and to the trailing tip on the lower surface.

In the case of both aspect ratios tested the regions
of higher suction occurring on the top surfaces extend inboard
of the tips for a distance approximately 15 per cent of the chord
and it can be inferred that they are roughly of the same arder of
intensity at the same overall nomal force coefficient. This is
consistent with the hypothesis that the tip effect is not a
characteristic solely of small aspect ratio wings and indeed
something similar has been found(3)t0 occur on a wing of aspect
ratio 6. On this hypothesis, the intensity and extent, expressed
as a fraction of the wing chord, of the higher suction at the tips
are approximately independent of aspect ratio but, as the aspect
ratio decreases, these tip effects become relatively more important,

/since ...
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since they extend over a larger fraction of the wing surface.

As already noted the wings tested were rounded at the
tips by a surface obtained by revolving the aerofoil profile
about a streamwise axis through the tip. This method of rounding
produced a wing span which increased with distance from the
leading edge up to the location of maximum thickness of the section
(in this case at 0,3 of the chord) and then decreased to the
leading edge span at the trailing edge. According to Jones}k) '
for thin wings of very low aspect ratio, the 1ift is zero over
the entire portion of the wing over which the span is decreasing
if the trailing edge is sharp there and the Kutta-Joukowski con-
dition applies. With the tips rounded as in these experiments
the Kutta-Joukowski condition is not applicable there, but then
the simple slender body theory, on which Jones' theory is based,
predicts negative contributions to the 1ift where the span is
decreasing. This is in agreement with more exact theoriesfS)
which predict small or negative 1lifts in that region. Inspection
of the isobars given in figs. 4 and 10 and the spanwise pressure
distributions of fig. 15 shows that the present experimental
results support this prediction; it will be seen that the suction
at the tips is more or less cancelled out by the region of pressure

over the central part of the span towards the trailing edge.

L,2. Spanwise Load Grading (figs. 16 and 17)

Apart from the tip effects the loading distributions
show an increasing tendency towards the elliptical distribution
with reduction of aspect ratio, in agreement with theory.(h) As
remarked above, however, the tip effects become more dominant
with decrease of aspect ratio. The curves for both 'y» & 407
and 20° show that yaw tends to skew the load grading so that

the 1ift is increased at the leading tip.

L.,3, Tip Effects

At zero yaw and particularly at the large incidence
the high suction region on the upper surface near the tips
results in a local maximum or peak in the load grading curve.
Holme(1)also noted this effect., With the wing yawed this
peaking is more pronounced at the leading tip, whilst at the
trailing tip it tends to disappear. These changes in loading
at the tips are far more marked at high than at low incidences.

Dl s
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Lok, Spanwise Variation in Position of Local Centre of Pressure
(Figs. 18 and 19)

The method of estimating centres of pressure is less
accurate than that of estimating the normal force coefficient,

CNF , because, -

a) frictional drag effects were neglected

and  b) pressures near the trailing edge were obtained by
extrapolation, the rearmost reading of pressure
having been made at 0,85 of the chord. These
pressures have no little bearing on the centre of

pressure position.

Nevertheless, the overall trends revealed by the data

are of interest.

It appears that at zero yaw and small angles of ineci-
dence the centre of pressure tends to move forward as the tip is
approached, With increase in incidence, however, the suction
at the tips near the trailing edge results in a rapid rearward
movement of the local centre of pressure there. It will be
noticed that the curve for aspect ratio 0.5, CNF =201, B = 0°
lacks symmetry, this lack of symmetry is a measure of the relia-
bility of the deduced positions of the local centres of pressure
in an extreme case where the accuracy can be expected to be

least.

With increase in the angle of yaw, the centre of
pressure on the leading tip moves back, and moves forward on the
trailing tip. In general, it can be seen that the centre of

préssure moves rearward with increase in incidence.

b.5. Aerodynamic Derivatives (Fig. 20)

4e5.1. Normal Force with Respect to Sideslip (zv) (Fig.20A)

For both aspect ratios the normel force coefficient
CNF remains constant with change of yaw at the smaller incidence.

At the larger incidence there is a slight increase in C with

NF

yvaw.

4.5.2. Pitching MNoment due to Sideslip Gnv) (Fig. 20B)

The method for estimating m_ from the pressure
distributions is less accurate than that for f; and z_, since,

in this case, an accurate determination depends on an intimate

/knowledge e
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knowledge of the spanwise pressure distribution near the tips.

The results indicate that the pitching moment coeffic-
ient Cm becomes less negative for the smaller velues of yaw and
increases again with further increase in the angle of yaw. This
may be attributed to the fact that for small angles of yaw the
rate of build up of suction at the leading tip is less than the
corresponding rate of decrease at the trailing tip. At the

larger angles of yaw, however, this effect is reversed.

4.5.3. Rolling lMoment due to Sideslip (Ev) (Fig.20C)

The skewing of the spanwise load grading curves produced
by the sideslip causes a considerable rolling moment. The rolling
moment derivatives obtained in the present experiment are compared
in the following table with a semi-empirical law quoted by Levac£g2
based, however, on data relating tp wings of larger aspect ratio
than those considered here.

L]

Nominal Aspect Ratio 1.5 Q.5b

High Incidence - QV/GNF 0.25 | 0.40

Low Incidence - JL/bNF 0.10 | 0.46

Levacic (ref. 6) G2 10T

Some measure of agreement is obtained with Levacic's
formula for the wings of higher aspect ratio, but for the smaller

aspect ratio his formula considerably over-estimates fxr'

4.6, Direct Measurement of Lift and Pitching Moment

L.6,1. The Lift Curves

Fig. 21 shows the 1ift coefficient cbtained by balance
measurement plotted against incidence corrected for the effect
of tumnel constraint. Also shown in fig. 2 are the results
obtained from the pressure distributions. The agreement is
thought to be satisfactory, bearing in mind that some extra-

polation was necessary in determining the normal force coefficients,

The variation in 1ift curve slope at zero incidence

with change in aspect ratio is shown in fig., 22. The results of

/this ...
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this experiment show fair agreement with those of other Workersﬂ1’7)
Calculations(z’a’g)of this variation with aspect ratio based on
different theories are also shown in fig. 22, and it is seen that
the three curves are almost identical. If choice must be made,

the curve due to Wieghardt (ref. 8), which assumes an elliptical
load distribution, would seem to offer the best agreement with the

present experimental values.

k.6.2. Pitching Moment Results

These results are presented in fig. 23 in the form of
Cm - CL curves. For the balance measurements pitching moments
were measured about an axis through the quarter chord point. The
position of the aerodynamic centre has been determined by measure-
ment of the slope of the curves at CL = 0,

Fig. 24 shows a curve derived by the method of Flax and
Lawrence (ref. 2) based on a slender body theory, where, however,
the tips are considered separately from the rectangular portions
of the wings, and the resulting loadings are added. The agree-

ment between this curve and the measured results is satisfactory.

5. Conclusions

The main conclusions can be summerised as follows. -

a) Tip effects in the form of regions of high suctions on
the upper surface near the trailing edge and on the lower surface
near the mid chord position become relatively more important as
the aspect ratio is reduced. The upper surface suction region

rapidly increases in intensity as the incidence is increased.

b) Apart from regions near the tips, the spanwise distribu-
tion of load becomes more nearly elliptical as the aspect ratio
is decreased.

c) The effect of sideslip is to skew the spanwise load
grading curve so that a positive sideslip produces a negative
rolling moment, The region of high suction on the upper surface
at the tip becomes intensified by yaw, whilst that at the trailing
tip becomes reduced. The effects are more pronouned with

reduction in aspect ratio.
a) Comparison between the 1ift coefficients obtained by

/direct ...
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direct measurement and from the pressure distributions shows

reasonable agreement, and the variations of 1ift curve slope with

change in aspect ratio are in agreement with the results of other

workers.

k1,7
(8)

Further, a theoretical curve for this variation

due to Wieghardt shows close agreement with the present experi-

mental values.

e)

The method

(2)

developed by Flax and Lawrence, based on

a modified slender body theory, for estimating the position of

the aerodynamic centre is found to be in reasonable agreement

with the experimental results,

No.
¥,
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TABIE T

Ordinates of the

Aerofoil Profile

x/c + y/c
0 0
013 .018
.025 024
.050 .033
.075 .040
. 100 .0L5
150 .051
. 200 .057
. 250 .059
- 300 .060
- 350 .059
- 400 .058

x/c + y/c
450 .055
. 500 .051
.550 047
. 600 042
. 650 .038
.700 .032
.750 .027
. 800 .022
.850 .016
.900 011
.950 .006
1,000 .002
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