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Aerodynamic Force Calculations
of an Elliptical Circulation Control Airfoil

M. Sun,* S. 1. Pai,f and I. Choprai
University of Maryland, College Park, Maryland

A method is developed to predict the aerodynamic forces on a circulation control elliptical airfoil in a two-
dimensional flow environment. By distributing source panels on the airfoil surface in the separation region and
using conformal mapping techniques, a simple solution for the potential flow including effects of separated
wake is obtained. The development of boundary layers and wall-jet is calculated by a finite difference method.
The potential flow with separated wake effect calculations and boundary layer and wall-jet calculations are com-
bined in an iterative process to determine the aerodynamic forces under given jet momentum coefficient and
freestream condition. The effect of separated wake is found significant for a cylinder. The correlation of the
calculation results with the available experimental data appears reasonable.

Nomenclature

a =semimajor axis of an ellipse

b =semiminor axis of an ellipse

c = airfoil chord length

C = source strength

C, =lift coefficient, based on airfoil chord length
=static pressure coefficient

= blowing momentum coefficient, J/V2pU2¢
f =nondimensional stream function

hyh, =matrical coefficients in elliptical coordinate, x,,y,

J =blowing momentum flux per span

N =number of source panels

P = static pressure

P, =total pressure

p =nondimension static pressure, (P—Py)/(oU%)

q; =source panel strength

r,0 =polar coordinates

R =radius

Re =Reynolds number, based on airfoil chord length,
(U,c)/v

SusSy =separation points of upper and lower boundary
layer

U, =freestream speed

uv =x-directional and y-direction mean flow velocity

U’,V’ =x-direction and y-direction fluctuation velocity

U, =flow speed at boundary layer edge

W(z) =complex potential function

XoYe = Cartesian coordinate system

XesYe =elliptical coordinate system

x5 =transformed coordinate system

Veo = coordinate line along elliptical airfoil surface

z =complex variable, x,. + iy,
a =angle of attack

¥ = nondimensional circulation
r = circulation

€ = eddy-viscosity

¢ =complex variable, £ + iy
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A =ratio, b/a
v = kinematic viscosity
£ = Cartesian coordinate system

-

P =mass density
10 =velocity potential function
¥ = stream function

Subscripts

c =circular
C = Cartesian
s =source

e =elliptical

Introduction

N a circulation control airfoil, a thin jet of air is blown

from a spanwise slot along a rounded trailing edge (Fig. 1).
The air jet remains attached over the curved surface because
of the Coanda effect (the balance of centrifugal force and suc-
tion pressure). This results in an increase in the circulation
around the airfoil. The circulation generated can be easily con-
trolled by altering the momentum of the blowing jet. The cir-
culation control airfoil can achieve a high lift coefficient at a
very moderate jet momentum coefficient.! There have been
several small-scale model tests in wind tunnels at David W.
Taylor Naval Ship Research and Development Center to
evaluate the characteristics of circulation control airfoils.?
The application of circulation control aerodynamics to rotor
technology is currently being investigated by NASA and the
Department of Defense (DOD). With a circulation control
rotor, a high thrust is possible at reduced tip speeds and the
hub design can be simplified with the elimination of the cyclic
pitch.®* Another application of circulation control
aerodynamics is on a helicopter tail-boom for producing an-
titorque forces and replacing the conventional tail rotor
altogether (NOTAR).? The application of circulation control
aerodynamics to the fixed-wing STOL aircraft has also been
under consideration.¢ .

The object of this paper is to develop an efficient analytical
approach to predict the aerodynamic forces on a circulation
control elliptical airfoil. In the literature, there have been
several efforts to determine experimentally the characteristics
of the circulation control airfoils in wind tunnels.? But, there
have been only a few limited efforts to predict analytically the
forces on the circulation control airfoils. For example,
Dunham’ studied analytically the problem of a circular
cylinder with a tangential blowing. The wall-jet, as well as the
boundary layer, was calculated by an integral method; the
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pressure distributions needed for boundary layer calculations
were approximated using the experimertal data. Due to the
complex and rapid changes of wall-jet, the approximate
representation of velocity profiles in the integral method
becomes quite inaccurate. Dvorak and Kind® used an integral
method to calculate the boundary layer development and a
finite difference method to calculate the wall-jet interaction on
a circulation controlled airfoil. They also considered the
displacement effects of the boundary layer and the wall-jet on
the potential flow calculations. In their method, however, the
effects of separated wake were neglected. The separated wake
becomes wider with thicker airfoils and, therefore, can play an
important role in the pressure calculations through its interac-
tion with the potential flow. In fact, the effect of separated
wake must be included for thick sections at moderate levels of
blowing. For example, the circulation control tail boom of a
helicopter (NOTAR) is nearly a circular airfoil, and hence its
wake can be quite wide.

In the present work, the effect of separated wake is in-
cluded, and it is simulated by distributing source panels on the
airfoil surface in the separation region. Using conformal map-
ping, a very simple and efficient solution procedure is for-
mulated for the potential flow calculations of an elliptical air-
foil including the separated wake effects. An iterative pro-
cedure is formulated to determine the boundary layer and
potential flow interaction effects. The governing equations of
the boundary layer and wall-jet are derived in an elliptical
coordinate system, so that the effect of surface curvature on
laminar flow is automatically introduced. The effect of cur-
vature on the turbulence structure is a complex problem and is
not addressed here. A finite difference method is used to solve
the governing equations. Combining the potential flow with
separated wake calculations and the boundary layer and wall-
jet calculations, the flow around a circulation control elliptical
airfoil is determined for given blowing jet momentum coeffi-
cients and freestream conditions.

Calculation of Potential Flow
with Separated Wake Effects

A simple approximation of the surface velocity distribution
of an elliptical airfoil is obtained from the potential flow
theory®

U,  (A+Nsin(x, +a)+({T/27U,a) I
U, {(1=M\)[sinh?(p,,) +sin?(x,)]} *

This is perhaps a good approximation for thin elliptical air-
foils. For thick elliptical airfoils, the separated wake will
become wide and the above relation will be a poor approxima-
tion to the surface velocity distribution of the airfoil. Figure 2
shows the comparison of the surface pressure distributions
calculated by Eq. (1) and the experimentally determined
values!® for a circular airfoil (A=1). Except for a small
leading-edge surface, there is a considerable disagreement be-
tween these two sets of results.

One simple approach to account for the effects of separated
wake is discussed in Ref. 11. In this approach, the sources are
distributed on the airfoil surface in the separation region to
simulate the displacement effects of the wake (Fig. 3). The
strengths of the sources are determined in such a way that the
static pressure remains constant on the airfoil surface in the
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Fig. 1 A circulation control airfoil.
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separation region including both the upper and lower separa-
tion points. In the present work, this approach is applied to an
elliptical airfoil. The formulation is made for a circular airfoil
first; then, by the conformal mapping technique, the solution
is obtained for elliptical airfoils.

Flow Around a Circular Airfoil

The complex potential function of a circular airfoil in a
uniform flow with a circulation I' is obtained from the sum of
the complex potentials corresponding to the uniform flow, the
doublet, and the vortex.®

W A(Z)= —(Uy,—iV)Z— (U, +iV,)(R*/Z)

—(I'/27)t(Z/R) 2)
If a source of strength C; is put on the surface and a sink of
strength C,/2 at the center of the circular airfoil (Fig. 4), the

complex potential function for this source and sink combina-
tion is

W (2) = (C,/21)Y(Z—Zy) —(C,/4T) 0 Z 3
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Fig. 2 Pressure distribution on a circular cylinder.
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Fig. 3 A sketch of flows around a thick airfoil.
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and the velocity potential function of this source and sink
combination is

by (Xos¥e) = (Co/ATY [ =X + (Yo=Y ep)’]
— C,/87)mlx2 + y? 1C))

The total complex potential function of a circular airfoil in a
uniform flow with circulation T' and with the inclusion of a
source and sink combination is given as

W(Z)=WA2)+ W (Z) &)

It can be shown that with this total complex potential, the cir-
cle remains a streamline. This is also true when a source panel
is put on the surface and a sink with half the total strength of
the source panel at the center of the circular airfoil. From Eq.
(4), the potential function of the source panel and the sink can
be written as

1
by (Feve) == | ke =)+ 0= la,dS,

1 /1
I ) 2
4r (2 S; qﬂs’)""(" ) ®
Assuming
X, = Rcos(0) y.=Rsin(8)
Xe; = Rcos(f;) = Rsin(6,)
g;=const dS=Rdo;

The tangential and normal velocities on the surface of the
airfoil are obtained from Eq. (6) as

—cos(8—10;)

U, (R,0)= J 7

oy (RO) = l—cos(B 7 M
0 0<6,0>6,,,

U,;(R.0)= (8)
qin  0;<8<0;,,

It is seen that the source panel and sink combination has no
contribution to the normal velocity on the surface other than
the source panel itself.

e e ———

a) STREAMLINES WITH A VORTEX AT THE CENTER

b) STREAMLINES WITH A SOURCE AT THE TRAILING EDGE
AND A SINK OF HALF THE STRENGTH AT THE CENTER

Fig. 4 Streamlines of a circular airfoil in uniform flow.
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Now, in order to represent the separated wake, N source
panels are placed on the circle in the separation region and a
corresponding number of sinks at the center of the circle (Fig.
5). The two separation points S, and S, are assumed known.
The velocity at a point i on the surface of the cylinder consists
of the contribution due to the source panels and sinks, the
freestream, the vortex, and the doublet. Therefore the tangen-
tial and normal velocities at point i are

N
Up(D) = 35 U, (R.6;) + Uy (R.9,) + Uy (R.8;) ©
Jj=t
q:./2 0,<6,<6,,,
U, ()= (10
0 6;>0; or 6,>90,,,

where Up; is due to jth source panel and its corresponding
sink, the Uj, is due to the vortex, and the Uy, is due to the free-
stream and the doublet. The extreme points of 1 and N,

SOURCE PANELS
IN THE SEPARATION
REGION

VORTEX AND POINT SINK

Ay AT THE CENTER

Fig. 5 Complete wake model.
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Fig. 6 Transformation from elliptical to circular airfoil.
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respectively, correspond to the upper and lower separation
points where the normal velocity is zero. Thus,

q,=gn=0 (1

The condition of constant static pressure between points 1 and
N requires that

[Uy (1> + U, (i)]* =const
=[Uy(D)* + [U(D)?
=[Us (N + U (N]? (12)
i=2,3,...(N=1)

Substituting Egs. (9) and (10) into Eq. (12) gives

N-1
[E Uy, (R,6,) + Up, (R6,) + Uoc(R,o,o]2 +U, (D)2 =4
j=2

(13)
i=23,..N—1

N—-1 2
[E Us,, (R.8,)+ Uy, (R.0,)+ Uy, (R,ol)] =A (14
j=2

N—1 2
[E Uasj(R,eN)+U‘,U(R,0N)+UOC(R,9N)] =4 (15
j=2

where A is a constant. The velocity term due to vortex can be
written as

U, (R,9;) = (I'/27R) =v (16)

Substituting Egs. (7), (8), and (16) into Eqs. (13-15) gives

N—1 2
[E a;K;+v+ Ugc(R,B,-)] +(qi)?
j=2
N—1 2
Z[EQJK11+7+U9c(R’91)] l:2,3,N (17)
j=2

where
K;j=1/47 fa[l —cos(8;—0;)/1—cos(0,—6,,)]

The (N - 1) variables, g,,45...,g5_; and v, can be solved from
above system of Eqgs. (17).

The system of Eqs. (17) are nonlinear algebraic equations.
The Newton method is used to solve these equations. Typi-
cally, 10 to 15 source panels (of course, depending on the size
of the separation region) are used in the calculations, and it is
found that more panels will not improve the results
significantly. After q,,g;...gny_, and v are determined, the
velocity distribution on the airfoil can be calculated.

Flow Around an Elliptical Airfoil

The flow around an elliptical airfoil can be transformed to
that around a circle using the following transformation:

Z={+ (0%/0) (18)
where o= Y2[a? — b*]”* (Fig. 6). Writing W(Z) and W ({) as

the complex potential functions in Z-plane and {-plane, we
have

dw(z) _dw() dz
dz =~ dr d¢

(19
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The condition of constant pressure between 4 and B (Fig. 6)
requires that

[U2 + VZ]belween 4 and B =cCONSt

=U%+ V3
=U%+ V3% 0)
From Eq. (19), we have
dWw(z) |2 dw 2V dZ |2
Uy V2= (2) _|4 () az
dz d¢ d¢
dz |2
— U2+ V"2 ____ 21
[w=+v- TS 03))]

Therefore, the requirement of Eq. (20) is transformed to ¢-
plane as

12 12
[U +V ]betweenA’andB'

cwrevia[ L ey
4 4 dg‘ between A’ and B’ d{ A’

=[U'% + V'3 ]ldz i / dz 22)
5 i df’ between 4’ and B’ d? B’

where

dz
ag

Pt ? cos(20)+<1_)\>2
h 1+\ L+A

If we use Eq. (22) in place of Eq. (12) and proceed in the same
way as in the treatment of the circle, the circulation and the
stengths of source panels and sinks can be determined for the
elliptical airfoil.

The input data required here are the positions of the separa-
tion points, freestream velocity, the airfoil geometry, and the
angle of attack.

Calculations of Boundary Layers and Wall-Jet
Governing Equations

The governing equations of the boundary layer and wall-jet
are derived in an elliptical coordinate system (Fig. 7), so that
the effects of the surface curvature can be automatically in-
troduced. The equations are as follows.

Continuity equation:

1 oU 1 oV 1 dh, 1 oh,

—_— ¢ + V=0

hl axe h2 aye hlh2 axe hlhz aye
(23)
Momentum equation x-direction:

U aU vV oU 1 0h 1 P
— +— + Ly L O (—)
hy  ox, hy 9y, hihy 9y, hy ax, \p

1 0 — 1 oh ———
+— uv: +2 uv
hy ay, hih, 9y,

{ 1 d h; oU
e (L
hihy 8y, \hy 9y,

., 1 oh, aV_[< 1 3h1>2
thhz dx, ay, hyh, 3y,

* (hllhz §:2 )2] U} =0 @9
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Momentum equation y-direction:

1 9 [P
- ( ! —‘?h—1> Ur+— <—) =0 (29)
hihy 9y, hy 9y, \p

The boundary conditions at the surface are

U(Xe,Yep) =0 V(X)) =0

and at the edge of the boundary layer

UXeye,) = U, (x,) P(xuy,, ) =P.(x,) (26)

The relationships between elliptical coordinates and Cartesian
coordinates are

x, ={cosh(y,)cos(x,)
Y. =Isinh(y,)sin(x,) 27)

where (= (a? — b?)”. From Eq. (27), it can be shown that
h, =h, = {[sinh? (y,) +sin? (x,)]% =k (28)

The y,-coordinate line that coincides with the elliptical airfoil
surface is determined by

eleo =[(a+b)/(a—b)]" (29)

Reynolds’ Stress Modeling

In order to solve Eqgs. (23-25), it is necessary to relate the
Reynolds’ stress to the mean velocity distribution. The eddy-
viscosity model for the turbulent boundary layer used here is
due to Cebeci and Smith.'? The Reynolds’ stress model for the
wall-jet, superposed by the upstream turbulent boundary
layer, is taken from Dvorak.!?

Solution Procedure

For solving the system of Egs. (23-25), it is convenient to
introduce the new independent variables to stretch the bound-
ary layer thickness. The following coordinate transformation
is introduced

- Uex,) ]/
X = dy= [—— hd
X=X, y oL(x,) . (30)
where

Xe
L= S h{(Xppey)dx,

Xeo

A stream function, ¥(x,,»,.), is introduced to satisfy the
continuity equation and is defined as

h ox,

1
1 31//:V h_;):// =U G1)

and its dimensionless form, f(X,¥), is given by
Y(x,p.) = (UL) “f(X,5) (32)
Rewriting Eqgs. (23-25) we have

. 3 €
C S =Cf" +C3f +[Cyf" — Csf”]a*)7 <—

+CyP
hu) 6

af’ af P
+Cof" 2+ Coff” +C ( v -> S
7S s S 9 | S PY: S PY: +Cy PY: (33)
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ap
a—ﬁzcuf'2 (34)

The boundary conditions are

S(X30)=0 S (%7)=0
m METo) o o Brs o B oo
hmoo _ (X, =1 im P A =P
o h(x,y)f(xy) e P(X,J)=P,(X) (35)
where
a - P-P,
= P=.
O 6)7() NIE
2
C =1+ c, =2
v h dy

1 9%h 1 <6h>2 (e)azh

Cimo— e o) )

h a7 K2 \3y h/ 85?

N 1 [Bh N oh 9y |2
hy3?

ax 0y ox,
Ue>‘/Z oh
= C,=—
s (UL MY
2L U, h\2
C.=h Cy = e(—) =h(Z 7
5 6 U.hy 0% hy (hy =h(X,7,))
L dU, L /1 0dh 1 0oh
ol e (L e L)
hU, 8x  hy \hy, 89X h 9%
1 1 1 9U, L
2 U, hy % hy
Lh? hi oh
Cio= 3 n=—3 3%
h h oy

Keller-Cebeci’s finite difference method' is used to solve
Eqgs. (33-35). The boundary layer calculation starts from the
forward stagnation point. Heimenz’s stagnation flow solu-
tion!’ gives the initial velocity profile. For some cases, the
pressure gradient near the leading edge of the airfoil is suffi-
ciently adverse to cause laminar boundary layer separation. In
general, the flow will become turbulent and reattach as a tur-
bulent boundary layer. An empirical criterion formed in Ref.
16 is used to detect transition condition and also to predict the
reattachment condition of the flow. It is to be noted that the
experiment data used for comparison has specified transition
portions since the wire-tapping near leading edge was
employed. However, for correlation studies, the transition
positions are specified in the experiment (because of wire-
tapping) and these are used for calculations.

0O FIRST GUESS FOR S
& CALCULATED
O S_ FROM LAST ITERATION

—_—

STAGNATION POINT

Fig. 8 A sketch illustrating the calculation process.
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Fig. 9 Pressure distribution on a circular cylinder, Reynolds
number = 1.08 X 105,

Combined Flows

Combining the potential flow with separated wake effect
calculations and boundary layer and wall-jet calculations, the
momentum of the blowing jet required to produce a specified
lift for the prescribed flight condition can be calculated. Since
the potential flow and boundary layer flow interact with each
other, an iterative process is adopted. The calculation process
is as follows:

1) First the separation point of the upper boundary layer Sy,
(Fig. 8) is prescribed.

2) Then guess at a separation point for the lower boundary
layer S;, and, with the Sy and S,, the potential flow with
separated wake effect is calculated.

3) With the results from 2, the development of lower bound-
ary layer is calculated. A new separation point is obtained,
denoted as S L' .

4) If S, is significantly different from S;, S, is replaced by
S; and steps 2-4 are repeated. The above process is continued
until §; is not significantly different from the previous one.

5) We calculate the development of the upper boundary
layer with the blowing jet and then keep adjusting the jet
momentum until the upper boundary layer separates at S;,.

If the wake is neglected in the potential flow calculations,
the iteration process given by Dunham’ is followed.

Results and Discussion

The calculation method has been applied to some selected
circulation control airfoils. First the potential flow results in-
cluding the separated wake effects are presented. The
calculated and measured pressure distributions are shown for
a cylinder as well as an elliptic airfoil with thickness ratio of
0.3 in Figs. 9 and 10, respectively, for no blowing conditions.
For these calculations, the separation points are taken from
the experimental data.!®'® It is seen that a good agreement
between the calculated and the measured pressure distribu-
tions before the separation point is obtained. However, there
are discrepancies between the theory and experiment near and
after the separation point. This discrepancy is perhaps due to
the simplified modeling of the separated wake.

In general, the separation points are not known and these
have to be determined by an iterative procedure combining
viscous and potential flows. Figure 11 shows the comparison
between the measured and the calculated separation points of
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Fig. 10 Pressure distribution on an elliptical cylinder with laminar
separation, b/a=0.3, Reynolds number = 76,500.
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Fig. 11 Pressure distribution on circular cylinder with laminar
separation, Reynolds number = 1.08 x 105.

a laminar boundary layer and the pressure distributions for a
circular airfoil with zero circulation (no blowing). In the
calculations, the pressure distribution from the potential
theory without the wake effect is used to obtain the first
estimate of the separation points. These first calculated
separation points are then used in the potential flow calcula-
tions including the separated wake effects to obtain a new
pressure distribution which in turn is used in the boundary
layer calculations to obtain the improved separation points,
and henceforth. This iteration process is carried on until the
calculated separation point is not significantly different from
the previous one. From Fig. 11, the boundary layer calculation
with pressure distribution from potential theory without wake
effect predicts separation at ¢ = 106 deg; the iteration between
potential flow with separated wake effect calculation and
boundary layer calculation predicts separation at ¢ =76 deg,
which is only 3 deg different from the measured value of
¢ =79 deg.'® This small discrepancy in the prediction of the
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separation point is believed to be caused by the inaccurate
pressure calculation near the separation point (see Fig. 9). The
similar type of calculations were carried out for a circular air-
foil with the turbulent boundary layer separation and the
results are compared with the experimental data!” in Fig. 12.
Again, the predicted separation point is quite close to the
measured one. Figure 13 shows the comparison between the
calculated and the measured pressure distributions and the
separation points for an elliptical airfoil of 30% thickness
ratio for no blowing condition. In this case, the iteration be-
tween the potential flow with separation wake effect calcula-
tion and boundary layer calculation predicts the separation
point at a station which is much earlier than that measured by
the experiment.'® From the results in Figs. 11-13, it can be said
that the combination of the potential flow with separated
wake effect calculations and the boundary layer calculations
can predict the separation point reasonably well for very thick
airfoils, but it predicts separation too early for thinner
airfoils.

O EXP(REF.17)
A SEPARATION
POINT
—— THEORY WITH
WAKE EFFECT

~=-— THEORY WITHOUT
WAKE EFFECT

f
&

1 1
0 40 80 120 160
8 (Deg.)

Fig. 12 Pressure distribution on circular cylinder with turbulent
separation, Reynolds number = 5,01 x 105,
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WAKE EFFECT
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sb EFFECT

-1.0 i 1 I 1 I i 1
30 40 650 60 70

x/b

Fig. 13 Pressure distribution on elliptical cylinder with turbulent
separation, b/a=0.3, Reynolds number = 139,000.
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Further calculations were made for circular and elliptical
airfoils with blowing. Figure 14 shows the calculated lift coef-
ficients for a range of jet momentum coefficient, with and
without the inclusion of wake effects. A very significant effect
of the separated wake on the calculated results is seen. We do
not have experimental data for this case.

Figure 15 shows the calculated lift coefficient with the vary-
ing jet momentum coefficient for an elliptical airfoil of 20%
thickness ratio. The experimental results from Ref. 1 are also
presented. The calculated results with wake effect do not agree
with experimental data; this is because, with thin airfoils, the
iteration between potential flow with separated wake effect
calculation and boundary layer calculation does not predict
separation correctly. Calculations neglecting the wake effect
were made and results are also shown in Fig. 15. The
calculated results neglecting the wake effect agree with the ex-
periment at low- and moderate-momentum coefficients. At
high-momentum coefficients, the lift coefficient is under-
estimated. The discrepancy between calculated and ex-
perimental results increases with jet momentum coefficient.
This discrepancy is not due to the wake effect since the wake
becomes narrower as circulation around the airfoil increases.
One factor contributing to the discrepancy may be the impor-
tance of the entrainment effect of the jet on the potential flow.
This effect increases with the jet momentum. The simple tur-
bulence model for the wall-jet used in the present analysis may
be another factor causing the above discrepancy. Improve-
ment on these aspects is needed in the future work. Additional
calculations neglecting the separated wake for the above ellip-
tical airfoil at different angles of attack are shown in Fig. 16.
The results are similar to that in Fig. 15.

8 Voo
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6l 2
P
c 7~
L ~
4t -
~ <" ——WITH WAKE
g EFFECT ON
oL g POTENTIAL FLOW
- ———~ WITHOUT WAKE
EFFECT ON
) . . POTENTIAL FLOW
0 04 08 12 16 .20
Cu

Fig. 14 Lift coefficient vs momentum coefficient for circular
cylinder, Reynolds number = 1.85 X 105, #;,, = 105 deg.
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C

,Ll.
Fig. 15 Lift coefficient vs momentum coefficient for elliptical air-
foil, b/a=0.23.
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Fig. 16 Lift coefficient vs momentum coefficient for elliptical air-
foil, Reynolds number=7.5x10%, Xje/2a=1.0025; a) angle of at-
tack =2 deg; b) angle of attack = —2 deg.

Conclusions

A simple solution is obtained to the potential flow with
separated wake effect for elliptical airfoils. When combined
with boundary layer theory, it gives good results for pressure
distribution and separation position for thick airfoils, but the
results become less satisfactory as the thickness ratio of the
airfoil decreases. The separated wake has significant effects on
the calculation of aerodynamic forces on a circulation control
airfoil of large thickness ratio. For thin airfoils, the separated
wake can be neglected. Future work should include entrain-
ment effect of the wall-jet on the potential flow.
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