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Abstract

In the authors' laboratory there is a long-
term program of studying the aerodynamics of air-
foils and wings with separated flow through the use
of potential flow models. In this paper earlier
work is reviewed and new work described. The
earlier work includes analytical aad numerical
thick-airfoil theories for the pressure distribu-
tion on airfoils with normal spoilers, using wake
sources to simulate wake effects, a thin-airfoil
free-streamline theory for the lift and moment on
airfoils with spoilers in steady and unsteady flow,
and 1lifting-line theory, incorporating the thin-
airfoil theory, for wings fitted with part~span
spoilers. In the new work an improved analytical
wake-source model is described in which airfoils
with inclined spoilers or split flaps can be
treated, and an additional boundary condition
reduces the empiricism to the minimum required in
such flow models. Predictions from both the
earlier and the new models are shown to be in good
agreement with wind tunnel data.

I. Introduction

It is still
solutions, for

impossible
Reynolds

to obtain complete
numbers of engineering
interest, to problems of separated flow about
bodies. Nevertheless, aerodynamicists need to
determine the loadings on airfoils and wings exper-
iencing separated flows caused by stall or by the
deployment of control devices such as spoilers or
split flaps. TFor an airfoil in unseparated flow
the problem can be solved by a combination of an
outer potential flow and an inner boundary layer
flow. The potential flow alone gives a fairly good
estimate of the airfoil pressure distribution, and
the combination, by the use of iterative methods,
can lead to an accurate calculation of both pres-—
sure and shear stress distributions. For airfoils
in separated flow, however, the situation is less
satisfactory for two reasons. The first is the
inability to deal with the interior of the broad
wake, wusually turbulent and containing organized
vortex systems. The second is the uncertainty
about wake boundary conditions even if the interior
is ignored.

However, since the wake total head is greatly
reduced, the airfoil surface exposed to the wake
experiences very small shear stresses and a nearly
constant time—averaged pressure distribution. This
suggests that a potential flow model could give a
satisfactory prediction of pressure loading on a
body if the pressure were given correctly at the
separation points. Of course, a successful model
requires a reasonable simulation of the wake bound-
ary conditions but, since these cannot in any case
be precisely defined, 'reasomable' may involve no
more than having the streamline simulating the
separating shear layer start out in the correct
direction with the correct velocity.

In a
Department
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continuing research program in the
of Mechanical Engineering at the

University of British Columbia the application of
such potential flow models to airfoils with
spoilers in steady and wunsteady flow, and the
extension to wings of finite span, have been
explored and developed. Two basic models have been
employed: a thick-airfoil model in which wake
effects are simulated by sources on the airfoil
surface, and a thin-airfoil model in which the wake
is treated as a constant-pressure cavity. In the
following sections these models and the results
obtained from them are reviewed, and recent
improvements and extensions to the wake source
model are described and its predictions are
compared with experimental data.

2. Types of Model

2.1 Wake Source Model

2.1.1 Analytical Model. The wake source
model for symmetrical bluff bodies (Parkinson and
Jandalil) and its extension to lifting airfoils
with normal spoilers (Jandali and Parkinsonz) use a
conformal mapping method leading to simple flow
solutions, since the mapping problem is only for
the wetted surface of the body. 1In this model the
contour to be mapped is the wetted surface plus an
additional contour in the wake providing a slit or
cusp at each flow separation point. The part of
the original contour exposed to the wake is ignored
unless it already conforms to the above require-
ment. Thus, a circular cylinder is treated as a
circular-arc slit, and for the airfoil the spoiler
is already a slit, while the trailing edge, if not
already a cusp, is converted to one. The resulting
contour is then mapped to a circle by a set of
transformations for which the overall derivative of
the mapping function has simple zeros at the flow
separation points. In the transform plane the flow
model consists of uniform flow plus a doublet for
the basic circle, two sources on the wake portion
of the contour and their image sink at the center,
and a vortex at the center for the circulation in
lifting configurations. The source ‘and vortex
strengths and the source angular positions are five
unknowns and four of these are determined by condi-
tions at separation. Two conditions are that the
separation points in the physical plane become flow
stagnation points in the transform plane,  thus
ensuring tangential separation of the physical
streamlines, since angles are doubled there. The
other two conditions are the specification of the
velocity at the separation points, given by the
base pressure on the body, empirically determined
as in all such flow models.

For bluff sections with a continuously curved
contour, so that flow separation is boundary-layer
controlled, the position of the separation points
is also specified empirically in the original
model, while for the lifting airfoils the number of
unknowns to be solved for is kept at four by arbi-
trarily locating one of the two wake sources close
to the transform stagnation point corresponding to
the airfoil trailing edge, investigation having
shown the result to be relatively insensitive to
this source location.
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The basic airfoil model uses a Joukowsky pro-
file of arbitrary thickness and camber, fitted with
a normal spoiler of arbitrary size and location.
The method is easily adapted to an arbitrary air-
foil profile with normal spoiler by inserting a
Theodorsen® transformation into the mapping
sequence, as described by Jandali®. Fig. 1 shows a
typical result, in which the method is used to
calculate the pressure distribution on a 14% Clark
Y airfoil fitted with an 8.4% normal spoiler at 70%

chord. The angle of attack is 10.2° and the
theoretical curve is compared with wind tunnel
data. Excellent agreement 1s seen, except just

upstream of the spoiler, where a constant—-pressure
separation bubble occurs instead of the theoretical
stagnation point region.

Figure 1. Pressure distribution on 14% Clark Y
airfoil with 8.4% normal spoiler at 70%
chord. @ = 10.2°, , theory; o,
experiment.

2.1.2 Numerical Model. The conformal mapping
method of the previous section is applicable only
to single-element airfoils. 1In order te study the
aerodynamics of multi-element airfoils with
spoilers, the numerical surface-singularity method
of Smith and Hess® was adapted to the problem, with
the discrete wake sources of the analytical method
now used as onset flows, and the same boundary
conditions applied. Because of the presence of
these finite singularities on the airfoil upper
surface it was found necessary to reduce the size
of the distributed source elements on the underside
of the airfoil opposite them. For an airfoil with
spoiler and slotted flap 100 elements on the main
foil and 80 on the flap proved satisfactory.
Details are given by Brown®. Fig. 2 shows two
theoretical pressure distributions calculated by
the numerical model for a NACA 23012 airfoil at a =
8° with a 25% chord slotted flap deflected 20°.
The solid curve is for the airfoil without spoiler,
and the dashed curve shows the effect of a 10%
normal spoiler at 60% chord. The large lift reduc-
tion on the main foil caused by the spoiler is
evident, as is the smaller 1lift increase on the
flap. (Such an increase is also obsarved experi-
mentally, although no experiments were carried out
on this profile).

2.2 Linearized Models

2.2.1 Steady Flow Model. The thick-airfoil
theories of Section 2.1 are mainly for predicting
airfoil pressure distributions, but they can of
course also be used to predict 1lift and pitching
moment through numerical integration. However, if
the interest is primarily in the 1lift and moment,
there are advantages in employing a thin-airfoil
theory because of its relative simplicity. Such a
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Theoretical pressure distributions on
NACA 23012 airfeil at a 8° with 257
chord slotted flap deflected 20°. ——-,
basic airfoil; airfoil with 10%
normal spoiler at 607 chord.

Figure 2.

theory was developed by Brown and Parkinson’ for a
thin airfoil of arbitrary camber and thickness
distribution fitted with a spoiler of arbitrary
size, location, and deflection angle. In this
model the wake is represented by a cavity of finite
length with a constant pressure given empirically
by the airfeil base pressure coefficient. The
linearized airfoil plus cavity 1s then a finite
slit along the real axis in the physical plane, and
a sequence of conformal mappings converts the flow
field into the upper half of the plane exterior to
the unit circle.

In the model the complex acceleration poten—
tial is used as the flow variable, and the prcblem
is solved in the transform plane, where the imagin-
ary part of the potential is Specified on the unit
semi-circle, representing the wetted surface of the
airfoil and spoiler, while the real part is speci~
fied on the real axis, representing the cavity
boundary. The principle of superposition in thin-
airfoil theory permits the separate consideration
of different aspects of the airfoil geometry, and
simple closed-form analytic functions were found
for the complex potentials representing effects of
angle of attack, and of spoiler deflection either
on the basic airfoil or in the presence of a
deflected simple flap. On the other hand, series
solutions were required for the effects of airfoil
camber and thickness. The airfoil 1ift and
pitching moment were calculated using the Blasius
integrals. Fig. 3 shows the variation of 1lift
coefficient with angle of attack for a 14% Clark Y
airfoll fitted with a 10% spoiler deflected 60° at
70% chord. The straight-line variation predicted
by the theory is seen to give good agreement with
wind tunnel data.

2.2.2 Unsteady Flow Model. A particular
advantage of the acceleration potential as flow

variable is its adaptability to unsteady flow
problems, and a primary purpose of the work
reported in Ref. 7 was to investigate the aero-
dynamics of transient and oscillatory spoiler
motions. The basic model described in Section

2.2.1 was used, with the addition of the appro-
priate time~dependent velocity and acceleration
boundary conditions on the spoiler, and the simpli-
fying approximation of free-stream cavity pressure.
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Figure 3. Lift coefficient vs angle of attack for
14% Clark Y airfoil with 10% spoiler
deflected 60° at 70% chord.  —————,

theory; o, experiment.

Solutions were obtained for the transient 1ift
decrement following spoiler activation, and the
work was later extended by Bernier and Parkinson®
to the calculation of transient moment decrement
and of spoiler stability derivatives.

In Fig. 4 the transient 1ift decrement
function W is shown as a function of the airfoil
travel in chords s' following spoiler activation at
a constant erection rate. W is the ratio of the
instantaneous 1lift decrement to the final steady-
state decrement, and the theoretical curves are
presented for different values of the erection time
expressed in chords travel. The calculations are

10 /Spoiler erection distance (chords)
w
05
s 1 1 1
0 ° s 10 g’ 15
Figure 4. Transient 1ift decrement function for

constant-rate erection of spoiler at 70%
chord. ,» theory for 107 spoiler;
o, A, experiments for 8.4% spoiler on
147% Clark Y airfoil.

for a 10% spoiler at 70% chord, and for comparison
experimental data are shown for two different
erection times of an 8.4%7 spoiler at 70% chord on
a 147 Clark Y airfoil at 12° angle of attack. The
agreement 1is reasonably good although the experi-
mental rise towards the steady state 1is more
abrupt.

2.3 Lifting-Line Model

Low speed aircraft typically have wings of
high aspect ratio so that, if the wings have
spoilers or split flaps, it is possible to base a
theory for the prediction of the effects of these
control surfaces on Prandtl's lifting-line theoryg.
This has been done for wings with spoilers by Tam
Dool? in a model in which the required airfoil
section inputs to lifting-~line theory of lift curve
slope and =zero-lift angle are supplied by thin-
airfoil theory. For the portions of the wing span
fitted with spoilers the required sectional values
are given by the theory of section 2.2.1. The
theory gives predictions of wing 1lift, induced
drag, rolling moment, yawing moment, and their
spanwise distributions.

Fig. 5 shows the half-wing rolling moment
coefficient as a function of angle of attack for a
rectangular plan form with full-wing aspect ratio
of 7.7. The airfoil section is NACA 0015 and a 10%
spoiler deflected 90° at 48% chord occupies 20% of
the half wing, with the inboard tip at mid span.
The theoretical straight line is compared with data
from wind tunnel tests on a half wing, and good
agreement is seen.

1-02
103
Figure 5. Rolling moment coefficient vs angle of

attack for half rectangular wing of
aspect ratio 7.7 and NACA 0015 airfoil
section fitted with a part-span normal
spoiler. , theory; o, experiment.

3. Improved Wake Source Model

3.1 Conformal Mappings

Two shortcomings of the original wake source
model described in section 2.1.1 were its restric-
tion to airfoils with normal spoilers and its lack
of a fifth boundary condition for the five unknown
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source and vortex parameters, so that the second
source had to be placed arbitrarily close to the
airfoil trailing edge. Recent work on the problem
has led to the elimination of these shortcomings.

In this section a new sequence of conformal
transformations 1is described by which the field
outside an airfoil of Joukowsky profile with an
upper-surface spoiler of arbitrary size, inclina-
tion to the surface, and chordwise location is
mapped into the field outside the unit circle. The
sequence, omitting translations, rotations, and
scalings, is shown in Figure 6. Minor wmodifica-
tions to this sequence are required to accommodate
the counfigurations of Joukowsky airfoils with
lower-surface split flaps. The modification to
accommodate a single-—element airfoil of arbitrary
profile is mentioned later in this section.

The key configuration in the mapping sequence
is shown in one of the intermediate transform
planes, the s—plane of Figure 6, a circle with a
flat fence at angle § to its surface. Proceeding
back in the sequence, a translation and rotation to
a t-plane (not shown) puts the center of the circle
in the second quadrant and the fence in the first
quadrant, while the circle passes through

t = 1. The Joukowsky transformation,
z=t+ (1)

then maps the circle with fence iato a thick,
cambered Joukowsky airfoil profile with upper-
surface spoiler at angle § to the surface. In the
transformation from s to t the tramslation (and the
original choice of the radius R of the circle)
determine the camber and thickness of the airfoil
profile, the rotation determines the chordwise
position of the spoiler, and the length of the
fence determines the spoiler size.

Proceeding forward from the s-plane in the
sequence of transformations, use is made of the
fact that the circle and fence are on coordinate
curves in a bipolar coordinate system. The field
exterior to the circle and fence can therefore be
mapped to the interior of an infinite strip of the
w-plane, with a slit along the imaginary axis, as

shown in Figure 6, by the Karman-Trefftz
transformation
s = iR sin § cot -%— (2)

The segments of the circle above and below the real
axis in the s-plane map into the right and left
boundaries of the infinite strip, and the fence
maps into the slit. The point at infinity in the
s—plane (and in the physical z-plane) becomes the
origin in the w-plane. The infinite strip with
slit can be regarded as the interior of a degener=-
ate polygon, a suitable subject for a Schwarz-
Christoffel transformation to the upper half
A-plane, as shown in Figure 6 for the choice of
boundary points leading to the transformation
equation

w=-—F-(2-1n) +ih - = [nln (=2~ + 1)
+(2 -1 ln (2= - 1) (3)

where n and h are defined in the w-plane. The
point X, now represents the point at infinity in

the z-plane. By a translation and scaling trans-—
formation to the p-plane (not shown), A, is mapped
onto u = i.

Finally, a bilinear transformation and a
rotation,
-ia
r=e ©(H+Eiy (4)

map the upper half u-plane onto the exterior of the
unit circle in the ¢-plane, with the point at
infinity now preserved in the overall transform-
ation from the z-plane to the Z-plane. The purpose
of the rotation is to orient the flow at infinity
in the Z-plane in the direction of the real axis,
as shown in Figure 6. The angle a, in Eq. (4) is
determined by the angle of attack o of the airfoil
in the z-plane, and by geometric parameters of the
intermediate transformations.

Only the Joukowsky airfoil profile is studied
in the remainder of this paper. However, as in the
original model, the theory can be applied to any
single-element airfoil profile by employing the
method of Theodorsen. The transformation sequences
for both the Joukowsky profile and the arbitrary
profile satisfy the fundamental requirement of the
wake source model that the overall derivative dz/dg
has simple zeros at the points corresponding to the
flow separation points, here the spoiler tip and
airfoil trailing edge. In addition, the body pro-
file must have a slit or cusp at the separation
points. For the Joukowsky profile, since the
spoiler is a slit and the airfoil trailing edge is
a cusp, this requirement 1is satisfied automatic-—
ally. However, airfoils of arbitrary profile
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Figure 6. Physical and transform planes for

Joukowsky airfoil with spoiler.
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generally have finite trailing edge angles. In
such cases the upper surface of the airfoil (the
part exposed to the wake and therefore not of
interest in the flow problem) is modified to make
the trailing edge a cusp.

3.2 Flow Model

The flow problem is solved in the Z-plane, and
the equations of this section apply to all airfoil
configurations considered in the paper. By the
transformations of section 3.1 the problem has been
reduced to finding the flow, with uniform velocity
V in the direction of the real axis at infinity,
past a circular cylinder of unit radius centered at
the origin, as shown in Figure 6. There is a cir-
culation about the cylinder and the points corres-
ponding to the two separation peints on the airfoil
are stagnation points of the cylinder flow. These
requirements are satisfied by adding to the
familiar basic flow (uniform flow + doublet at
origin + vortex of strength T at origin) two
sources of strengths 2Q1, 2Q2 on the portion of the
cylinder surface downstream of the specified stag-
nation points. To satisfy the cylinder boundary
condition, that its contour 1s a streamline of the
flow, image sinks of strengths Q1» Qy are then
added at the origin. This leads to a complex
velocity given by

w(g) = —a—dF = V(1 - —1——) + ir +
[4 CZ 27
9 1 . % 1 _(Q + Q)
T (z-el®y T w (- 1% 27z
NS

where F is the complex potential, and angles 51 and
8, are defined in Figure 6. If complex potentials
are equated at corresponding points in the - and
z-planes, then the contour of the airfoil and
spoiler is a streamline of the flow in the z-plane,
and its complex velocity is given by

w(z) = 55E- (6)

As z,0 > =, w(z) * Ue 1a 4nd w(Z) *+V, which can
therefore be determined as a function of U and

geometric parameters of the transformations by
calculating
| 45 |
4 z>o*

3.3 Boundary Conditions

The flow model given by Eqs. (5) and (6) auto-
matically satisfies the boundary conditions on w(z)
of uniform flow at infinity and tangent flow over
the body surface. However, Eq. (5) contains the
five unknown parameters Qp, Q, 8;, &, and T,
requiring five additional boundary conditions. As
mentioned in section 2.1.1, two of these are
supplied by the basic requirement that the flow
separation points in the z-plane must become flow
stagnation points in the Z~plane (points C and E in
both planes in Figure 6).

w(g)|g =we)|g=0 )

Then, since C and E are critical points of the
overall transformation, angles are doubled there in
the z-plane and the separating streamlines leave
the airfoil surface tangentially at the spoiler tip
and airfoil trailing edge. Two more boundary
conditions are supplied though the empirical

assumption of a constant base pressure coefficient
C pover the portion of the airfoil and spoiler
surface exposed to the wake in the real flow. 1In
the flow model this leads to the specification of
the separation velocity at C and E in the z-plane,
through Bernoulli's equation:

I_VLI%?.).1C=|JL(.U.2.)_|E=,/'T—:-E;; (8)

In the mathematical model the flow in the wake
region inside the separating streamlines, which
simulate the shear layers of the real flow, is of
no interest and is ignored, except for its influ-
ence on the outer flow as discussed later. The use
of L'Hopital's rule for indeterminate forms is
needed to evaluate the boundary conditions given by
Eq. (8), since both w(Z) and dz/dz in Eq. (6) are
zero at points C and E.

Thus, four of the wunknown parameters are
determined by Eqs. (7) and (8) and in the original
version of the airfoil model these were chosen to
be Q1, Q3, 61, and I'y, while the fifth unknown 62
was dealt with by empirically placing the source
close to E in the Z-plane, as mentioned in section
1. This gives satisfactory results, since Q, + 0
as the source approaches E, and so the aerodynamic
loading on the airfoil is relatively insensitive to
the exact value of 62. However, the additional
empiricism 1is undesirable, and so for the new
version of the model an effort was made to devise a
fifth boundary condition with a reasonable physical
basis. It should be mentioned that one alternative
suggestion was to regard the vortex as an
unnecessary addition to the flow model and thus
eliminate I, leaving only four unknowns to satisfy
the four boundary conditions, as in the original
wake source model for non-lifting bodies. However,
this failed completely to produce realistic results
for airfoils with spoilers or split flaps.

Therefore, I' is needed to determine the air-
foil circulation, and it is reasonable to assume
that the fifth boundary condition should be related
to the circulation. In the real flow, the wake
region makes no contribution to the time-averaged
airfoil circulation, which is therefore a conse-
quence of the unseparated flow upstream of the
spoiler tip and airfoil trailing edge. If, then,
in the flow model the wake region is also required
to make no contribution to the airfoil circulation,
the upstream flow should be a better simulation of
the real flow. Thus, a suitable fifth boundary
condition is

I, =Re [ w(z)dz = Re [w(Z)dg =0 (9)
w w

where the integral 1is over the portion of the
contour exposed to the wake in the z-plane or, more
usefully, in the {-plane, since the integral is
preserved in the transformation. The combination
of Egqs. (7), (8), and (9) gives five equations for
the five unknown constants, and gives good results
for airfoils with spoilers (these remarks also
apply to split flaps) located relatively near the
airfoil trailing edge and with 8§ < 45°. However,
if the spoiler is too far forward or if § is too
large, the equations cannot be satisfied unless the
empirical value of C p is adjusted. This can still
lead to a satisfacg%ry simulation of the airfoil
pressure distribution except near the separation
points, but it would of course be desirable to use
the true experimental value of cpb’ rather than an
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adjusted value, 1In all cases. The second author
has proposed a procedure which achieves this
objective as follows.

In Ref. 2, in addition to the version of the
flow model described earlier in this section, a
simpler version called the one-source model was
also presented. In it one source is eliminated, so
that Q = 62 = 0 and only the three unknowns Q>

r remain to be determined by the two equations
(}) and one of (8). In this way tangential flow at
separation is achieved, but at the correct velocity
at only one of the separation points, so that there
is in general a pressure discontinuity at the other
one. However, the simulation of the complete air-
foil pressure distribution 1is quite good, and if
the one-source model equations are solved twice for
a given airfoil-spoiler configuration, with Eq. (8)
satisfied first at the spoiler tip and then at the
airfoil trailing edge, the two theoretical curves
of pressure distribution typically bracket the
experimental points closely. In the proposed
procedure the integral I of Eq. (9) is evaluated
with the integral w(Z) supplied by a solution of
the one-source model. Instead of zero, values le
and sz are obtained from the two possible one-
source solutions for a glven airfoil-spoiler
configuration. Then, for the fifth boundary
condition in the original problem of the two-source
model, Eq. (9) is replaced by

I‘wsRefw(z;)d;=T( w1+ Tua) (10)
In Eq. (10), the right side is not necessarily
zero, but in view of the behaviour of the one~
source model solutions it is expected that this
boundary condition will ensure a flow outside the
wake region that closely simulates the real flow.
The procedure is akin to an iterative method. 1In
test applications to airfoil-spoiler and airfoil-
split flap configurations, it has always proved
possible to satisfy the set of five boundary
conditions given by Eqs (7), (8), and (10) with
only the experimental value of C pas an empirical
input, so as a result this procedure has been
adopted as standard. The result of course is not
the solution of a complete boundary value problem
because the conditions along the free streamlines
bounding the wake region are undefined in wake
source models except at separation and at
infinity.

3.4 Method of Solution

The simultaneous solution of the five equa-
tions (7), (8), and either (9) or (10) for the five
unknown parameters T, Q . Q s , and 6 is compli-
cated by the fact that in alf of the equations,
while T, Q;, and Q, enter linearly, angles §, and
8 enter nonlinearly, so that a numerical solution
is required. Of several procedures tried, the
following has been found the most satisfactory.

Since for an acceptable solution the sources
must be located on the part of the contour exposed
to the wake, in Figure 6

8 < &, 8 < 6
16

where [ = e*” on the circle in the Z-plane. There~-
fore, 62 is assigned one of a set of values
(8 = fg)m
=eE+——-ICT¢—Ie-E——, =1,2,...,n (11)

and Eqs (7) and (8) are used to solve for the
remaining umknowns I, Q;, Q, & . This is done by
successively eliminating the linear parameters T,
Q1, Q. and solving the remaining relation numeri-
cally for 61. I'y Q1, and Q, are next obtained by
substitution. These tentative solutions are then
substituted in either Eq. (9) or (10), and will not
in general satisfy the equation, so that a residue
is left. If so, the next value of 621s assigned
from the sequence given by Eq. (11) and the enfire
procedure is repeated until the residue is found to
vanish or change sign, thus assuring a solution.
With the parameters determined, w(Z) is given by
Eq. (5), w(z) by Eq. (6), and the airfoll pressure
distribution by Bernoulli's equation

c, =1 - | ¥ |2 (12)
3.5 Experiments

Experiments were performed for two purposes,
first, to measure the base pressure values that
form the required empirical input to the theory,
second, to make comparisons between the theoretical
and experimental pressure distributions on the
airfoil at different angles of attack and for the
various configurations involved.

Two series of experiments were carried out:
one involving the airfoll and spoilers, and the
other with the airfoil and split flaps. They were
conducted in the laboratory's small low speed aero-
nautical wind tuunnel, in which all of the previous
experimental results of Section 2 had been
obtained. It has a test section of 27 in. height
and 36 1in. width. The tunnel possesses good flow
uniformity and a turbulence level of less than 0.1
percent over its speed range. The Joukowsky air-
foil of 27 in. span, 12.08 in. chord, 11% thick-
ness and 2.4% camber was mounted vertically, with
small clearances at the celling and the floor, on a
six component pyramidal balance situated beneath
the test section of the tunnel.

The airfoll was originally designed for
Jandali's experiments on normal wupper surface
gpoilers, described in Ref. 2, and there is a point
worth mnoting. Since the Joukowsky profile was
structurally weak near the cusped trailing edge,
the upper surface in this portion was thickened to
give an approximately constant thickness of 1/8
inch. This modified portion does not influence the
pressure measurements for the upper surface spoiler
experiments because then it is completely embedded
in the wake and has no effect on the outer flow.
However, it does lead to some error in pressure
measurement near the upper surface trailing edge in
airfoll experiments with lower surface split flaps.
It would have been preferable for the split flap
experiments to have this modified portion located
on the lower surface of the airfoil so that it
would again be exposed to the wake.

In the experiments, end plates on the airfoil
were used to allow the spoller or split flap to be
located at various positions and angles of inclina-
tion. The spollers of height 5% and 107 chord
could be mounted at distances of 50%, 70%, and 90%
chord from the leading edge of the airfoil. The 5%
chord spoiler could only be inclined at 45° whereas
that of 10% chord could be deflected at 30° or 60°
with respect to the local upper surface of the
airfoil. The two split flaps used were of 20% and
30% chord, located at their chord distance from the
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Figure 7.

Pressure distributions
airfoll with 5% spoiler at 70% chord.

on Joukowsky

§ = 45°. , theory; ¢, experiment:
o= 6%, ==w=w_ theory; 4, experiment:
a = 12°.

trailing edge. The angles of inclination were 10°,

30°, 45°, and 60°. The small gap between the
spoiler or flap and the airfoil surface was
sealed.

Owing to the small sizes of spoilers used,
pressure measurements were made only on the wetted
surface of each flap. They were obtained by taping
pressure tubing over the surface so that the tubes
were exposed to the outer flow. The pressures on
the surface of the airfoil, including the portion
within the wake, however, were measured by using
the pressure taps built into the Joukowsky airfoil.
All pressure taps were connected to a 48 port
scanivalve, a manually scanning pressure trans-
ducer. A Setra 237 differential pressure trans—
ducer, a HP 6204B D.C. power supply, a Solartron
JM 1860 time domain analyser and a Fluke 8000A
digital multimeter were used for data recording.

In addition to supporting the airfoil, the
balance was used to measure not only the lift, but
the drag and pitching moment, needed for the wind
tunnel wall corrections, which were made to the
data by standard methods. The test Reynolds number
was 3(10)5.

3.6 Results

3.6.1 Spoiler. Samples of the theoretical
and experimental results obtained for the Joukowsky
airfoil fitted with different upper-surface
spoilers are given in Figures 7-9. Boundary
condition Eq.(10) was used in the theoretical solu-
tions. In Figure 7 pressure distributions are
shown for the airfoil with a 5% spoiler at 45°
located at 70%Z chord. Theoretical curves are
compared with experimental data for two angles of
attack, and good agreement is seen in both cases
except just upstream of the spoiler, where in the
experiments the adverse boundary layer pressure
gradient has produced a constant-pressure separa-—
tion ©bubble instead of the potential-flow
stagnation-point region. As would be expected,
this bubble is larger at a = 12° than at o = 6°.

In Figures 8 and 9 pressure distributions are
shown for the airfoil with a 10%Z spoiler located at
70% chord. Comparisons between theoretical and
experimental results are given for two spoiler
deflections and two angles of attack, and again

good agreement 1is seen except for the presence of
the spoiler separation bubbles. Results similar to
those of Figures 7-9 were obtained for other
spoiler-airfoil configurations tested.

3.6.2 Split Flap. Split flaps, although not
now as widely used on aircraft as spoilers, are
still important. Several current designs employ
them rather than simple flaps or slotted flaps
because of their simplicity and combined high lift
and drag characteristics, effective in the landing
approach. Since, the split flap can be regarded as
a spoiler transferred from the airfoil wupper
surface to the trailing edge portion of the lower
surface, no basic changes are required in the
theory for the sequence of conformal transforma-
tions or for the flow model. There are some minor
changes in the transformation equations arising
from the geometric differences in the two systems.

Figure 10 shows comparisons of theoretical and
experimental pressure distributions for the
Joukowsky airfoil at 4° angle of attack with the
20% chord split flap deflected 10°, 30°, and 60°.
For all three cases there 1is close agreement
between theory and experiment, with the following
exceptions. As in all the experimental data for

Figure 8. Pressure distributions on Joukowsky
airfoil with 10% spoiler at 70% chord.
a= 6. mm——= , theory; A, experiment:
§ = 30°. —————, theory; O, experi=-
ment: & = 60°.

Pressure distributions on Joukowsky
airfoil with 10% spoiler at 70% chord.

Figure 9.

a = 12°. ~—--——, theory; A4, experiment:
§ = 30°., ~— theory; o, experi-
ment: & = 60°.
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the Joukowsky airfoil with split flap, the data

point nearest the trailing edge for the upper
surface should be disregarded, since it reflects
the artificial thickening of that portion. For § =

60°, the theory overestimates the leading-edge
suction peak, presumably because of boundary-layer
effects in reducing the circulation. For § = 10°,
the theoretical pressure distribution on the
upstream surface of the flap is more positive than
the experimental distribution. Results similar to

those of Fig. 10 were obtained for other split-flap
configurations tested.

Figure 10. Pressure distributions on
airfoll with 20% split flap.

, theory; V, experiment: 6§ = 10°.

----- , theory; o, experiment: & = 30°.

~—, theory; A, experiment: & = 60°

Joukowsky
o= 4°,

4. Discussion

The review of previous work in section 2 indi-
cates considerable success in the use of potential
flow models to predict aerodynamic characteristics
of airfolls and wings fitted with spoilers. The
results in Figs. 7-10 show that the improved wake
source model, in addition to having wider applica-
bility with less empiricism, continues to give good
predictions of pressure distribution on an airfoil
with a spoiler or split flap. The model is conven-
ient to use since the flow system given by Eq. (5)
is very simple and the sequence of conformal
mappings, while algebraically more complicated than
in Refs. 1 or 2, is still relatively easy to deal
with in calculations.

The separation bubble in front of the control
surface is not modelled, but its neglect appears to
produce a purely local discrepancy in the pressure
distribution for the airfoil with spoiler, and no
significant effect at all for the airfoil with
split flap.

The model requires one empirical input, the
experimental value of C_,. This is true of all
bluff-body potential flow models, and cannot be
avoided since C_, is determined mainly by the wake
dynamics, which® are not modelled. However, two
facts diminish the importance of this residual
empiricism. TFirst, the experimental variation of
C,p is quite small for both spoilers and split
ffaps, with values generally in the range -0.6 to
-0.4 except at very small values of &§. (Here it
should be pointed out that the model may not be
applicable to some configurations with spoilers at

small deflection angles because of possible flow
reattachment near the airfoil trailing edge).
Second, the theoretical airfoil pressure distribu-
tion is relatively insensitive to the value of C;
used. Therefore, given an arbitrary configuration
of an airfoil with a spoiler or split flap, one
might guess at a C,p of, say, -0.5 and expect the
model to give quite a good prediction of the pres-
sure distribution. This improved wake source mcdel
could be adapted to the numerical surface singular-
ity method of section 2.1.2 so that multi-element
airfoils with spoilers could be treated.

another possible use of the model is
worth mentioning. The sequence of conformal trans-—
formations can be modified to provide for
tangential streamline separation from any point of
the airfoil surface. Using this, perhaps in
iterative combination with boundary layer calcu~
lations, one could create a model of airfoil stall.
Some preliminary work has been done on this
problem.

Finally,
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