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A COMMENT ON THE ORIGIN OF ENDWALL INTERFERENCE
IN WIND-TUNNEL TESTS OF AEROFOILS

by

K. G. Winter
J. H. B. Smith

SUMMARY

Tests have been made recently at ONERA on the interference effects arising

from the presence of the boundary layers on the walls at the ends of an aerofoil

spanning the working section of a wind tunnel. The tests revealed a behaviour

different from that predicted by the theory of Preston. A qualitative assess-

ment of the problem is made and it is suggested that the interference is better

explained in terms of changes in the displacement thickness of

vorticity.

the boundary 4

layers on the tunnel walls than in terms of induced effects from trailing
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1 INTRODUCTION

Recent developments in aerofoil design have led to a renewed interest in
testing aerofoils in wind tunnels, and the need to provide data for assessing
the accuracy of calculation methods has led to the re-examination of the inter-
ference effects due to the tunnel walls. One effect which occurs when an aero-
foil spans a tunnel is caused by the presence of the boundary layers on the walls
in which the ends of the aerofoil are immersed. In many facilities these bound-
ary layers are removed by suction but this procedure is not always possible and
a means of estimating the interference effect is desirable. The problem was
considered by Preston] in 1944 and he produced a solution which gave good agree-
ment (see Fig la) with measurements of the spanwise distribution of lift measured
on an aerofoil spanning the NPL Duplex tunnel. However, the effects measured by
Mendelsohn and Polhamus2 in 1947 were considerably less than those predicted by
Preston's theory (Fig Ib). In his theory Preston assumes that the local 1lift
coefficient is constant through the boundary layer on the tunnel wall and that
trailing vorticity is shed within the boundary layer with a spanwise distribu-
tion derived from the spanwise variation in circulation consequent upon the
assumption of constant 1ift coefficient and varying onset velocity. With this
assumption for a symmetrical aerofoil with a lift-curve slope of 27 an expres-
sion for the induced reduction of angle of incidence of the aerofoil at the

tunnel centre-line is obtained as

A
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where o 1is the angle of incidence, A the aspect ratio of the aerofoil, 2b

its span and &* the boundary-layer displacement thickness.

Recently a careful investigation of the interference effect of the sidewall
boundary layers has been made at 0NERA3, in a wind tunnel in which the boundary-
layer thickness could be varied by the use of suction. Pressures measured round
the centre section of an aerofoil spanning the tunnel were integrated to obtain
the variation with angle of incidence of the normal and axial components of the
pressure force and the pitching moment. The results showed that for both the
variation of axial force and of pitching moment with l1ift all points fell on
common lines independent of the boundary-layer thickness, so that the interfer-
ence effect could be ascribed to changes in the effective angle of incidence.

In subsequent analysis, unpublished, it was shown that the change in normal force

coefficient could be expressed as
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b

over a range of values of &*/b from about 0.0l to 0.05. Tests were made on

an uncambered aerofoil of aspect ratio 2/3 and two cambered aerofoils of aspect
ratio 4/3 and 8/11 . Provided the flow was subcritical k was found to have
a value of about 1.5 for all three aerofoils. Thus the result is in conflict
with Preston's expression in that this predicts that k should vary inversely
as the aspect ratio, and the disagreement led to the suggestion made later for

an alternative model for the flow.
2 FLOW MODELS

Before the introduction of the proposed flow model, a number of other

approaches, including Preston's, are considered and deemed to be unsatisfactory.
PP g

Consider an aerofoil mounted between walls at a very high Reynolds number
so that the flow can be considered to be effectively inviscid. The disturbance
introduced into the flow by the aerofoil can be represented by a distribution of
vortex lines lying along the generators of the aerofoil surface. The sum of the
circulations about the vortex lines on the upper and lower surfaces will be equal

to the circulation about the aerofoil. The vortex lines cannot terminate at the

ends of the aerofoil and so must spread approximately radially on the end walls,
in fact, in such a manner that the two-dimensional flow field about the aerofoil
is obtained over the walls. If now the Reynolds number is reduced so that
boundary layers of finite thickness exist over the aerofoil surfaces and the
walls, it is to be expected that the pattern of vortex lines will remain sub-
stantially the same. In the Preston model it is assumed that the vortex lines,
or at any rate those associated with the circulation around the aerofoil, turn
at the wall and trail in the downstream direction. It seems implausible that
this is what happens in reality, but there is no simple way to determine the

actual behaviour of the vortex lines.

The main feature which is observed when an obstacle such as an aerofoil
protrudes from a wall is the so-called scarf vortex wrapped round the obstacle
and resulting from separation of the wall boundary layer upstream of the leading
edge of the obstacle. This vortex is of relatively small scale and is unlikely

to have any significant effect on the flow external to the boundary layer.

Investigations of endwall boundary-layer effects have been made exten-

sively in relation to the performance of cascades (see Ref 4 for elegant
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examples of flow visualization). Since a single aerofoil between end walls may
be regarded as an element of a cascade with large spacing ratio and small turn-
ing angle, the established effects for cascades give some guidance to the con-
siderations for an aerofoil. The main effect in a cascade is the secondary
motion which results from the turning, as sketched in Fig 2. The pressure
gradient towards the centre of curvature of the streamlines of the primary flow
overcomes the inertia of the slower-moving fluid in the boundary layer, setting
up a secondary flow of fluid moving (in a plane normal to the primary stream-—
lines) towards the centre close to the end walls and returning further away
from them. The motion is thus in the opposite sense to the trailing vorticity
from a lifting wing of finite aspect ratio. In the context of cascades atten-
tion is concentrated on the determination of losses, and the effect of the vor-
ticity is only considered downstream of the blade elements, effectively as a
two-dimensional flow in the cross-flow plane. However, by analogy with the flow
over a finite wing, the trailing vorticity associated with the secondary motion

may be expected to produce an upwash on the centre-line of a blade element.

Consider now a single aerofoil spanning a wind tunnel: the net deflection
of the mainstream flow is zero, so that the simple dependence obtained for a
cascade of the streamwise vorticity on the turning angle cannot be invoked.
Nevertheless some form of secondary motion will occur, and that in the vicinity
of the aerofoil will have a dominating effect, in respect of induced angle of
incidence, compared with the motion a long way upstream or downstream of the
aerofoil. In the immediate vicinity of the aerofoil pressure gradients trans-
verse to the mainstream flow will occur. Above the upper, or suctiom, surface
the pressure will increase with distance away from the aerofoil resulting in a
secondary motion towards the surface of the aerofoil of the slowly-moving fluid
in the boundary layer; below the lower surface the pressure will decrease with
distance away from the aerofoil and hence the secondary motion in the boundary
layer will be directed away from the surface of the aerofoil. Thus, as sketched
in Fig 3, trailing vorticity will be created which is of opposite sign to that
for a lifting wing of finite span 1in free air. This trailing vorticity will
produce an upwash on the centre-line of the aerofoil. However, because the

local turning angle is small the effect may be expected to be small.

From the foregoing it is argued that it is unlikely that the observed
behaviour can be explained in terms of effects induced by vorticity fields at the
ends of the aerofoil. An alternative explanation may be sought in terms of a

simple displacement effect. The simple model proposed is that the velocity




increment over the upper surface will lead to a reduction in boundary-layer
thickness on the sidewalls above the aerofoil and the opposite will occur below
the aerofoil. Thus by continuity of mass flow in the 'channels' above and below
the aerofoil there will be a tendency for the displacement effect to oppose the
velocity perturbations associated with the lift on the aerofoil and so to reduce
this lift. This assumption of one-dimensional flow means, of course, that the
effects are constant across the span in contrast to the variation predicted by
Preston. In the next section an approximate calculation is described for com-

parison with the ONERA measurements.

Since the completion of the work described in this Memorandum the paper by
Barnwe118 has become available which deals with the same problem in a more
general way. He treats the changes in effective width of the tunnel, caused by
the changes in boundary-layer thickness on the sidewalls due to the presence of
an aerofoil, as modifying the continuity equation so that a scaling is intro-
duced on the u-component of velocity. The change in normal force is then
related to this scaling factor in a manner analogous to the use of the Prandtl-
Glauert factor to account for the effects of compressibility. For a Mach number
of 0.3 the predictions are in excellent agreement with the results of the ONERA

tests.

The present work may be regarded as complementary to that of Barnwell in
explaining in rather simpler terms and with different approximations the mech-
anism of the effects of sidewall boundary layers, which it is difficult to

visualize in his mathematical approach.

3 CALCULATION OF BOUNDARY-LAYER DISPLACEMENT EFFECT

3.1 Flow field of aerofoil

A full calculation of the displacement effect would be rather complicated,
taking account of the distribution of displacement thickness over the aerofoil
and over the walls, roof and floor of the tunnel. The approximation adopted is
to treat the flow in each of the two passages formed above and below the aerofoil
as being that in a channel of varying width, with the conditions at some typical
distance from the aerofoil used to define the width of the channel. The flow is
taken to be incompressible and, since the thickness of the aerofoil would produce
symmetrical perturbations above and below the aerofoil and the effects of camber

are expected to be of higher order, the aerofoil is represented simply as an

inclined flat plate.
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The velocity fiel! is obtained by conformal transformation from the flow

about a circular cylinder with circulation. The

for the flow about a circular cylinder of radius

complex velocity potential w

a, in a plane ¢ , with

velocity at infinity U inclined at an angle o to the real axis and with cir-

culation «k is

2

-ia , a° iq ik
+ = e z + o log ¢ .

w = Uqze
The transformation Z = ¢ + aZ/C maps the region outside the circle Icl = a
in the ¢z-plane on to the Z-plane cut along a segment of the real axis of
length 4a. Applying the Kutta condition at the trailing edge of the flat plate
represented by the cut defines the circulation as «k = 4mUa sin o (see for
example Thwaite35 (p 114)). Thus the complex conjugate of the velocity in the

t-plane is given by

and in the Z-plane by

The velocity componments u and v are given in the physical plane, with

g = ret® s by

7 -ia i(a-0
u=“3v _ re + ae ( )
-i6
T + ae
2 -ia 2 io
re + 2ar cos(® - a) + a“e

r2 + 2ar cos 6 + a2

or
2ar sin 6 sin o

r2 + 2ar cos 8 + a2

u
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For small values of a
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where the Cartesian coordinates of a point in the Z-plane are given by
a2 a2
x = (r +-1;)cos 9 and y = (r - 1;) sin 6 (3)

3.2 Specific calculations

The tests in Ref 2 were made in a tunnel of width 80 mm and height 380 mm,

on aerofoils of chord length between 120 mm and 60 mm. The aerofoils were of
section either NACA 0012 or ONERA LC 100D; for the tests on the former spanning
the width of the tunnel the roof and floor of the tunnel were solid and for the
tests on the latter perforated. The representative velocity distribution is
taken to be that at a distance of 120 mm above and below the aerofoil, that is,

respectively one chord and two chords for aerofoils of chord 120 mm and 60 mm.

(This distance perhaps would be more representative if a smaller value were to }

be taken for the smaller aerofoil.)

In the tests the boundary layer thickness on the sidewalls was varied by
applying suction over porous regions upstream of the aerofoil. The regions
terminated at a distance of about 210 mm upstream of the leading edge of the

larger aerofoil.

In the calculations the velocity perturbations were taken to be zero at
the end of the porous region and calculations were made of the boundary layer
growth starting from this point for a range of values of the initial boundary
layer thickness. The calculations were made for two-dimensional flow taking

account only of the velocity perturbations parallel to the chord of the

aerofoil.




™ Ae 1816

The velocity perturbations calculated from equations (I1) and (3) for an
angle of incidence a = 0.1 rad for the two cases are shown in Fig 4, plotted
against x/c where ¢ = 4a. The broken lines show the arbitrary fairing to zero
perturbation at the point at which the boundary-layer calculations were started.
The calculations were made by the method of Ref 6 for velocity distributions
above and below the aerofoil by taking the velocity perturbations as positive
and negative respectively. The Reynolds number taken corresponded to a value
of 3.5 x 106 for an aerofoil of chord 120 mm. A range of initial values of
boundary-layer thickness was taken, the largest corresponding to an estimate of
the value in the experiment for no suction, all with a shape parameter of 1.275.
The calculated values of displacement thickness above and below the aerofoil are
shown in Fig 5a&b for six values of the initial thickness. Also shown in Fig 5a
is the distribution of displacement thickness in the absence of the aerofoil.
The results are respectively for values of aerofoil chord of 120 mm and 60 mm in
Fig Sadb.

With the assumption, noted previously, that the flow is treated as being
that in a channel of varying width the local mean velocities above and below the

aerofoil are respectively

U 7 = u S* S*
D N LS (4)

The derivation of equation (4) neglects the effects of the perturbations in
velocity due directly to the presence of the aerofoil since these will have only
a higher-order contribution. Effectively the difference in velocity given by
equation (4) may be treated as a distribution of vorticity along the aerofoil
chord superposed upon that which would occur in a uniform flow. The total

change in circulation is then

c2
= U ‘s I say.

vy
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The circulation due to angle of incidence is

mUca

~
[}

hence

=
oL

b
o'lo

and this quantity is equal to the fractional change in 1lift coefficient ACL/CL .

The quantity -Ax</r is plotted in Fig 6 against the displacement thick-
ness of the undisturbed boundary layer at the position of the leading edge of
the larger aerofoil, non-dimensionalized by the semi-span. As can be seen
-A</k 1s not proportional to 6*/b , as it was found to be in the experiments.
This result is plausible since the effect of the pressure gradient on the
boundary-layer thickness will depend upon some average of the thickness of the
boundary layer over the field of influence of the pressure gradient. As can be
seen in Fig 5, the average thickness of the boundary layer over the region of
influence is appreciably less than the datum thickness (that at the leading edge
of the larger aerofoil) when this is small; as the thickness increases, the
datum thickness becomes more representative of the average. Hence points in
Fig 6 will be displaced further to the right of a straight line through the
origin as the boundary-layer thickness is reduced, and this is the feature
observed in the results of the calculations. If the predictions for the very
small values of 5*/b are ignored, roughly linear portions of the curves remain.
These have slopes respectively of 1.05 and 0.63 for chords of 120 mm and 60 mm,
compared with an experimental value of roughly 1.5. Thus whilst the calculation
gives results of the same order as the experiment, the effect is not predicted
to be independent of chord length. With the very simple calculations of the
flow undertaken it is easy to suggest an explanation for the discrepancy. It has
been assumed that the passages above and below the aerofoil can be treated as
channels with parallel sidewalls; it is likely that, in fact, the regions closer
to the aerofoil will have a dominant influence. For the smaller chord aerofoil
the pressure gradients at a given distance in terms of aerofoil chord are larger
than those for the longer aerofoil and hence will have a greater effect on the
boundary-layer thickness. Thus a more complete calculation would probably give
a result with less difference in the effect with change in aerofoil chord. In

fact this trend is shown in the present calculations, since the calculated effect

9181 @V WL

is not halved for the smaller chord aerofoil, although the perturbations are

I taken at a distance of two chords away from it, instead of the one chord taken

for the larger chord aerofoil.
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4 CONCLUSIONS

) The effect of the sidewall boundary layers in a two-dimensional aerofoil

test facility has been modelled by considering a displacement correction to the
velocities above and below the aerofeil. The flow has been treated as being
incompressible; for flow at high Mach number a further effect due to the change
in Mach number above and below the aerofoil might need to be taken into account.
For aerofoils of chord length 0.32 and 0.16 times tunnel height the model pre-
dicts a fractional reduction in 1ift over the central span of the aerofoils of
1.05 and 0.63 times the ratio of boundary layer thickness to semi-span
respectively. This compares with a measured value of roughly 1.5 independent of

the aerofoil chord.

(2) This degree of agreement associated with the simplicity of the calculation
procedure suggests that the dominant flow mechanism has been recognised. If

more accurate predictions are required, the classical procedure is recommended;
first calculate the inviscid flow past the aerofoil in the tunnel, then calculate
the boundary layer growth over the aerofoil and tunnel surfaces, finally recalcu-

late the inviscid flow past the displacement surface.

(3) If the aspect ratio of the tunnel cross-section becomes nearer unity
the present simplified treatment would need revising to take account of the
boundary layers on the tunnel floor and roof and, possibly, on the aerofoil.
However for the example calculated by Ashill and Weeks7 for an aerofoil tested

in a square tunnel with height four times the aerofoil chord the effects of the

boundary layers on roof and floor are shown to be negligible.
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LIST OF SYMBOLS

radius of circular cylinder
aspect ratio

semi-span of aerofoil
aerofoil chord (= 4a)
normal-force coefficient
lift coefficient

polar coordinates in ¢-plane
freestream velocity
components of local velocity
complex velocity potential
Cartesian coordinates

=x + iy

angle of incidence
boundary-layer displacement thickness
circulation

complex variable in transformed plane

Subscripts
upper
lower

u
L
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Fig 1 Comparisons of Preston's theory with experiment




Figs 243

Fig 2 Secondary flow in a cascade

Fig 3 Secondary motion due to flow turning for a single aerofoil
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Fig 4a&b
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Fig 4 Perturbation velocity parallel to inclined flat plate
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Fig 5a

Fig 5a Boundary layer displacement thickness y/c =+l , ¢=120 mm
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Fig 5b
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¢ = 60 mm

Fig 5b Boundary layer displacement thickness y/c = +2 ,




Fig 6 ‘
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Fig 6 Change in circulation due to wall boundary layer
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