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Abstract

Computation of flows around multi-element
airfoils under landing and take-off conditions
has great application. The problem is compli-
cated by the presence of confluent boundary layers
and large separated regions alongside 1ifting sur-
faces. Recent experimental data show that the
reversed flow velocities in such separated regions
are generally one-fourth to one-third that of the
free stream. Thus, the mass and momentum in these
wakes are too great to ignore.

The separated bubbles are treated separately
with the velocity profiles predicted from jet
mixing theory and semi-empirical shapes. The
separation bubbles are termed "the inside flow";
this is matched iteratively with "the outside
flow" at the bubble boundaries. The outside prob-
lem is treated by a potential flow method and a
boundary layer computation, which gives the separ-
ation points. A new potential flow program was
developed which can treat multiple elements of the
airfoil and is of a combined direct-and-inverse
type. This gives separated wake shapes for a
specified pressure field. The "inside" solution
provides pressure values in the iteration. There
is a shortage of experimental data which is de-
tailed enough to evaluate the computer program.
However, flow field data (velocity and pressure)
as well as surface pressures were avajlable for a
flapped GA{W)-1 airfoil, and this was used for
computation test cases. The results correlated
very well for either attached flow on the airfoil
and well-separated flap, or vice versa. Surface
pressures, force and moment coefficients and wake
geometries were all used in comparisons.

The computation method is unique in its
inclusion of the separation wake flows and pres-
sures and its lack of pre-specification of the
separation and recombination locations or pres-
sures.

1. Introduction

Flaps are widely used on aircraft as high
1ift or drag devices. While in use, either the
flap or the main wing is 1ikely to have a large
region of separated flow on its upper surface.
There is need for a fast but accurate computa-
tional method for the flap with a gap (Fig. 1),

*
This paper is based on the Ph.D. dissertation of
the second author at Wichita State University.
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since optimizing of the flap hinge point is a
trial and error process. This search for the
best hinge location at each flap deflection is
generally done in a series of wind tunnel runs,
with sizeable wind tunnel wall corrections needed
due to the high 1ift coefficients. Further cor-
rectjons are commonly required for scale-effects.
If a computational method is economical and accu-
rate, it may be preferred over experimental
methods for design work.
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Figure 1. Airfoil with a Finite-Gap Flap.

The analytical method builds on three works
done at Wichita State University in recent years.

Naik and Zumwalt(l) used an inside-outside match-
ing method for the separation wake bubble on a
simple airfoil (Fig. 2). The outer flow portion
considered the flow around an effective body
formed by adding the closed wake to the airfoil
geometry augmented by the boundary layer thickness.
Flow around this effective body was solved by a
potential flow program of the mixed-boundary con-
dition type; either surface geometry or pressure
could be specified. The inner flow problem des-
cribed the flow within the closed wake. Mixing
velocity profiles were developed and mass balances

Wake Pressure

- Reglons
Press.
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Constant
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Figure 2. The Zumwalt-Naik Model.



made resulting in an improved value of the pres-
sure at the end of the wake (the “recompression
region”). Separation location was allowed to
change and iterations were made until convergence
was reached. Experimental verification was good.

Figure 3.

The Spoiler Wake Model.

An airfoil with a spoiler was treated by
Pfeiffer and Zumwa1t,(2) in an improved version
of the inside-outside matching approach. Excel-
Tent agreement with experimental results was
achieved for four different airfoils. Zumwalt

and Carlson(3) adapted the method to airfoils

with aileron-type airfoil control surfaces (Fig.4).
Both of these considered corner flow separation
ahead of the control surface as well as the wake
bubble behind it.
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Figure 4. The Aileron Wake Model.

In a1l of these, the modeling philosophy was
to include the principal physical features, namely,
the back flow in the wake and the free stagnation
point at the rear of the short, closed wake. Sep-
aration pressure and location were free to vary
during the iterations and were determined in the
computations. This project extended that philo-
sophy to a multi-element airfoil while refining
several of the elements of the previous works.

In particular, a completely near potential program
similar to the single element program of Maskew
was developed with multi-element and mixed-
boundary-condition capability and more efficient
computational elements. Incompressible, steady
flow was assumed. Details and computer program
Tistings are given in References 5 or 6.

II1. Flow Description

It was considered axiomatic that analytical
modeling should be preceded by careful observation
of the physics of the flow field. 1In a parallel

-
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experimental study under Prof. W.H. Wentz at
Wichita State University, detailed flow field,
surface pressures, force and moment measurements
were made for the GA(W)-1 airfoil with an opti-
mized 30% flap. Figures 5 and 6 are typical flow

fie]ds.(7) In Figure 6, the flow is seen to be
separated for over half of the flap upper surface.
Figure 5 shows the short length of the reversed
flow wake. Pressure field surveys have estab-
1ished that pressure in the wake is essentially
constant from separation to the trailing edge,
then rises gradually to the recompression region
at the end of the near wake.
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Figure 5. Experimental Velocity Profiles.

a=7.7°, 6f= 40°, Optimum Gap.
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Figure 6. Hot Film Survey.

a=2.7°, 6f= 40°, Optimum Gap.

Flow visualization using oil drops on a
longitudinal splitter plate was used by Naik
and Pfeiffer (see Ref. 2), revealing the presence
of two standing vortices inside the wake, the
upper one rotating clockwise for left-to-right
flow and the Tower one counter-clockwise. The
streamline between these two vortices extends from
the downstream free stagnation point which defines
the end of the wake. The velocity on this stream-
line has been measured, for various geometries,
as 0.2 to 0.35 of the local velocity at the edge
of the wake. Inclusion of such sizeable mass and
momentum in the analysis seems prudent.

At small angle of attack, o, and large flap
angle, df, flow is usually attached on the airfoil

and separated on the flap. For large o and small
Gf, the reverse occurs. The presence of a gapped



flap tends to delay stalling of the main airfoil,
increasing both maximum 1ift coefficient and the
angle of attack for which it occurs.

I1II. Potential Flow

For two-dimensional, steady, inviscid, irro-
tational and incompressible fluid flow in a domain
D, the governing equation for the velocity poten-
tial ¢ 1s the Laplace's equation,

Oy T 0,, =0 B e D. (1)
w=222

IX
w =2

¥4

The boundary B of the fluid domain D contains the
surface of the configuration being analyzed.

The airfoil surface is divided into N seg-
ments and the (N+ 1) corner points of these seg-
ments are connected by straight 1ines to form N
panels. By introducing the local coordinates
for each of the panels, and assuming piecewise
linear vorticity distribution and piecewise con-
stant source distribution, the velocity components
(ui,wj) at a control point i (mid-point of panel i)
in the global coordinate system are obtained.
Vortex and source strengths are y and o. Local
coordinates £ and n are tangent and normal to the
panel, with £ rotated from x by the angle 8.
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The velocity components at a control point i,
tangential and normal to the ith panel (uit,ui”),

are obtained from the velocity components at the
control point i in the global coordinate system

(u'i’wi):
ut cosB sins s (3a)
i i i i
= ,i=1,2,..N
n ,
uy sxnei cosBi Wy (3b)

Attached Flow

Consider the equation (3b). On the airfoil
the normal velocity is equal to zero. Hence the
attached flow buundary condition is given by,

B.C.: (4)



with the boundary condition (4), equatjon (3b)
represents a system of N equations in 2N+1 unknowns
(N+1 unknown y's and N unknown o's). Two unknowns
are eliminated by introducing Kutta condition in
the following form:

Kutta condition: Yge1 = Y7 = O (5)

Case 1: Uniformly constant source on the
body (@) as shown in Figure 7a.

o = 05 j=1,2,...,N (6)

With (4), (5), and (6), equation (3b) represents
a system of N equations in N unknowns and the
unknowns can be uniquely determined.

a. UNIFORMLY CONSTANT SOURCE

b. PIECEWISE CONSTANT SOURCE

Figure 7. Notation for Panel Modeling
for Attached Flow.
Case 2: Piecewise constant sources on the

body; Figure 7b.

For this method(s)’(g)’(lo) the airfoil sur-
face is divided into an even number of panels,
such that the upper and lower surfaces of the air-
foil have equal numbers of panels. The chordwise
Tength of a given lower surface panel is equal to
the chordwise length of the corresponding upper
surface panel above it as shown in Figure 7b. 1In
this case the piecewise linear vorticity distribu-
tion, defined at the panel edges,is retained as in
Case 1. But the source distribution is taken to
be piecewise constant, defined at the panel mid-
points. To reduce the number of unknowns to be
the same as that of the equations, the source and
vortex density on opposite panels on the upper and
Tower surfaces are prescribed to be equal. The
equal upper and Tower formulation for the two-
dimensional flows tend to minimize the source gra-
dients and consequently reduce the leakage errors
of the constant source panels. This leads to the
utilization of fewer number of panels with reason-
able accuracy and hence reasonable computing cost.
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With (4), (5), and (7), equation (3b) again repre-
sents a system of N equations in N unknowns and
the unknowns can be uniquely determined.

Separated Flow

In the separated flow model, vortex distri-
bution alone is prescribed. For the fixed surface
panels (1<j<N), the distribution of vortex strength
is assumed to be linear. For the wake free sur-
face panels (N<jsN2), the vortex distribution is
assumed to be piecewise constant, defined at the
panel mid-points as shown in Figure 8. Kutta
condition for the separated flow model is intro-
duced in the following form:

Kutta Condition: Yy =0 (8)

MRS

In the equations for the tangential and normal
velocity components (3a and 3b), the source term
is dropped and the Kutta condition (8) is intro-
duced. These equations must satisfy the following
boundary conditions in the appropriate region.

Mixed Boundary Condition

(i) For a control point i on the fixed surface
the normal velocity

uin
TT“ = 0, 1gigN+1

o0

{11) For a control point i on the free surface
between N+1 and NF, the surface velocity at
the control point is equal to the vortex
strength at N+1. Assuming zero internal flow,

t
u,
i . ) . _
o = Yys N+1<i¢NF (since Yne1 = Yl)

o0

{iii) Now consider the free surface between NF and
N1. The surface velocity at NF is given by
t
NE o
S

The surface velocity at N1 is given by

t
N1 _
U, N1’
where VNl is calculated from the recombina-

tion pressure at N1, i.e.,

Va1 T J1- Cp recomb
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Figure 8. Notation for Panel Modeling

for Separated Flow.

The recombination pressure in turn is given
by the wake inner flow solution. It is
assumed that the velocity from the trailing
edge plane to the recombination point de-
creases by the second power of the ratio of
the distance from the trailing edge to the
downstream control point under consideration
to the distance from the trailing edge to the
recombination point, i.e., by the ratio

R(i} = (xi/SW)Z (see Figure 8).

ut

1 ‘ . .
T -v;[1-R(1)] + VR(1), NF<icNl

(iv) Similarly, for the free surface between N1
and NT, the surface velocity is given by
t
Ui

= Yl[l-R(l)] - Vg R(1), N1gigNT

The normal velocity components at the control
points on the fixed surface must satisfy the
boundary condition (i). The tangential velocity
components at the wake free surface must satisfy
the boundary conditions (i), (iii), and (iv) in
the appropriate region shown in Figure 8. With
the mixed boundary conditions, equations (3a) and

(3b) consist of N2 equations in N2 unknown y's and
can be uniquely determined.

For both attached flow and separated flow the
velocity components in the global coordinate sys-
tem are calculated from equations (2a) and (2b).
The pressure coefficient at the control points
are calculated by means of the formula,

2
Cp, = 1 = ._J.‘_
P; Uwz
where,
2 _ 2 2
/Ui = ui + wi
IV. Flow Model

The flow model is solved by matching solu-
tions for outer and inner regions. The outer solu-
tion describes the flow past two closed bodies
formed by adding to the airfoil and flap:

{a) the boundary layer displacement thickness and
(b) the closed wake behind the airfoil or flap
(Fig. 9). The inner solution computes the flow
for the interior of the wake. These are solved
iteratively until they are compatible at their
intersecting surface in shape and pressure.
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Augmented Airfoil Shape
(Outer Flow Model).

Figure 9.

Quter Solution

The outer solution uses the potential flow
routine described above. Boundary layer displace-
ment thickness is computed and added to the ori-
ginal body with a weighting factor to improve
convergence. The augmented airfoil and flap are
used in the potential solution to produce new
surface pressure and velocity. The boundary layer
and potential solutions are iterated until the
pressure variation at all points is within speci-
fied tolerance.

The boundary layer thickness calculation pro-
ceeds from the stagnation point for both the upper
and Tower surfaces of the airfoil and flap. From
the stagnation point to the lower and upper trans-
ition points, Thwaites' laminar boundary layer

method(11 is used. From transition points to the
Tower and upper trailing edges, the turbulent
boundary layer thickness is calculated by Head's

entrainment method.(lz) The transition point is
located during each iteration, but, until the
pressure distribution has converged, separation is
prevented by constraining the shape factor. After
the pressure values have settled, another turbu-
Tent boundary layer calculation is made on the
upper surface from transition to trai1in?1edge,

using Head's improved entrainment method ) to
locate the separation point.

After the separation point has been found on
the upper surface of the augmented airfoil or
flap, a wake shape is generated by the potential
program and this is iterated until a steady bound-
ary layer solution is obtained which is compatible
with the potential flow around a body of a shape
similar to that shown in Figure 9.

Inner Solution

The inner solution models and computes the
flow inside the closed wake bubble in order to
provide a revised value of the pressure at the
wake recombination point. This value will then be
used in the outer flow calculations in the next
iteration. ,

The flow within the wake is described by
defining a few streamlines and by obtaining the



velocity profile at the trailing edge plane. These
are shown in Figure 10. Streamlines S and S"
define the outer edges of the wake flow. Stream-
lines S and S' are streamlines issuing from the
separation points of the upper and Tower surfaces;
S" has a velocity equal to that of S and is used
as the Tower boundary of the wake for the momentum
conservation control volume. R and R' are the
recombining streamlines which stagnate at a common
point near the rear of the wake bubble. The RR'
streamline originates at the rear stagnation point
and extends both upstream and downstream. Stream-
lTine m is the "middle" velocity line, having a
velocity which is the average of the local free
stream velocity, Ug, and the maximum back flow
velocity, Ug. Two trapped, standing vortices are
thus identified, the upper bounded by the R and

RR' streamlines and the lower by the S' streamline.

e
Tecomb.

STREAML TRE LABELS
ARE SHONR EN CIRCLES

Figure 10. Inner Flow Model.

At the trailing edge plane, the velocities at
the upper and Tower edges of the viscous wake are
equal, since pressure is constant from the separa-
tion point to the trailing edge plane.

The upper flow is treated as constant pres-
sure, turbulent, plane jet mixing. Korst's error

function velocity profi]e(14) applies here, except
that the sum of velocities Ug and Ug must be used

as the driving velocity rather than Ug alone. The

origin of the free jet mixing is the point of sep-
aration of the boundary layer. The jet profile
quickly approaches the fully developed error func-
tion profile just as though it had originated at

a point further upstream with no boundary Tlayer.
This fictitious point, called the virtual origin
of mixing, would produce the same mass and momen -
tum deficit as the actual boundary layer. Hi11?15)
developed equations for this and they have been
adapted for two-stream, reversed flow mixing.

For a single stream mixing with a quiescent
fiuid, Korst gives

U

Ue

Nf

Y
[l<+erf(c§)] ,
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where y is the perpendicular distance from stream-
Tine m, x is the distance along m from the origin
of the mixing, and o is the jet mixing parameter
whose value js well established experimentally to
be 12 for incompressible flows.

- For two-stream mixing of two semi-infinite
parallel and opposite flows (Ue forward and Up

reverse), the above terms must be changed to
become

-

Ue

- U
12 [——————B]
Ue + Up
However, in the wake, Uy is not the velocity of a

uniform semi-infinite flow, but is the maximum
velocity between two non-potential vortices. Thus,
the above equations are accepted for the upper half
of the mixing region but the Tower portion (inside
m)} is better modeled by a portion of an ellipse
which matches the velocity at streamline m, is
zero at the trailing edge, and has Ug as its maxi-

mum upstream velocity. Below the airfoil, the
flow velocity is described by the turbulent bound-
ary profile produced by the outer flow solution.

U

1+ 62) erf (0%’_(-)] and

e
U, o

At the trailing edge, mass conservation equa-
tions are written:

(1) Mass flows between S and an arbitrary
edge streamline e are equal at separation
and at the trailing edge plane.

(2) Net mass flow between S and the airfoil
surface is zero.

(3) Mass flows are equal between S and R
and between S' and R'.

A control volume formed by the trailing edge
plane, streamlines S and S", and the small outflow
area shown in Figure 8 is used for momentum conser-
vation in the chordwise direction. For this,
pressures on the S and $" streamlines supplied by
the outer solution are summed. The empirical

function of Nash(ls) relates to the total pres-
sure of streamlines R and R' to the obtainable
recompression pressure. The three mass and one
momentum equations are solved simultaneously for
streamlines m, S and R and the back flow velocity
Ug. The empirical Nash factor provides a revised

value of pressure at the recombination point at
the end of the wake.

Final Convergence

The new recombination pressure is taken back
to the potential solution. Iteration between
outer and inner solutions continue until the pres-
sure values converge. In practice, the inner
solution is never called more than three times
before convergence is achieved. A final potential
flow computation is made to smooth the wake, then
forces and moments are calculated by integrating
the pressures on the body surface. A schematic
flow chart is shown in Figure 11.



INITIAL DATA:
Geometry, o,§
Free Stream Condigions
Transition Point {optional)
Separation Point (optional)

POTENTIAL FLOW
Birichlet Boundary Conditn.

;!
{LAMINAR BOUNDARY LAYER

LLOCATE
TRANSITION
QINT
Head's Method
(Separation Prevented)
|ADD DISPLACEMENT THICKNESY
POTENTIAL FLOW
Dirichlet Boundary Conditn]
s
PRESSURE
DISTRIBUTION
CONVERGED,
?
TURBULENT

BOUNDARY LAYER
(Head & Patel Method

YES

POTENTIAL FLOW
Mixed Boundary
Condition

INNER FLOW

S
recomb\_ No ‘gEVISED
recomb

ONVERGE
?

YES

CALCULATE
€ Cpsly

(stop )

Figure 11. Computational Flow Model.

In addition to the input data listed in the
top "box" of Figure 11, the following quantities
are generated internally by the program as ini-
tial, trial values: pressure at the recombination
point, trial wake shape, and back flow velocity.

V. Computed Results

Computations were first made to test the accu-
racy of the potential program alone. Attached
flow around a two-element airfoil was calculated
and found to agree almost exactly with the exact
conformal transformation solution.

Single Element Airfoil

Next, computations of attached and separated
flow on a single-element GA(W)-2 airfoil were made

and compared with experimental data.(]7)(18) Com-
puter runs were for angles of attack of 0, 8, 10,
14, 16, and 18 degrees. Predicted separation
points agreed well with experimental ones until

o = 18°, where the separation occurred at 25°
chord. When the experimental separation location
was specified, the pressure distribution matched
the data well, as was true for the Tower angles of
attack. Lift and pitch moment results are shown
in Figure 12. It can be seen that maximum 1ift
coefficient was predicted accurately.

] T ! T
1.64 9 |
1.2} ‘%,_
GA{W)-2
* NO FLAP.
0.8 @ COMPUTED
) -O- EXPERIMENT
(Flagged Symbols Indicate
Separation Point Was
0.4~ Specified) _

0 | | | |

0 4 8 12 16 20
a, Angle of Attack
0 4 8 12 16 20
OL T T T I
'OS . ' !

Figure 12. Comparison of Lift and Pitch Moments

for a Single-Element Airfoil.

The integral method of boundary layer calcu-
lation appears to be inadequate for accurately
predicting separation on the front half of the
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airfoil where pressure gradients are quite large.
Other boundary layer methods will be tried to
improve the calculations in the post-stall
regime.

Airfoil with Flap

Separated flow on a GA(W)-1 airfoil with a
30% flap was then computed and compared with data
from Refs. 19 and 20. Computer runs were made
generally to match the experimental angles of
attack: 0.2, 2.7, 5.2, 7.7, 10.3, and 12.8 degrees
with 40° flap deflection; 0.1, 5.2, 10.3, 12.8,
and 15.5 degrees with 30° flap deflection. Typical
pressure distribution results are shown in Figures
13 and 14. The experimental Cp values have not

been corrected for wind tunnel wall effects.

7

GA(W) -1
30% FOWLER FLAP

0.2°

8¢ = 40°
@~ CALCULATED
© EXPERIMENT

-4

a

D00

Figure 13. Comparison of Pressure Distributions

for an Airfoil-with-Flap.

In the pre-stall region (0<10°), experiment
and calculation both show attached flow on the
ajrfoil and separated flow on the flap. In the
post-stall region (a>12°), both predicted separa-
tion on the airfoil and attached flow on the flap
(although prediction of the separation location
was not accurately obtained). The efchange of
separatipn occurrence from flap to airfoil appears
to take place just after maximum 1ift angle and
may be considered to be the stall criteria for
this airfoil. It would be instructive to see
whether this is true for flapped airfoils in gen-
eral. For this airfoil, no combination of angle
of attack and flap angle was found either by com-
putation or experiment where both elements had
large separated flow regions. For highly separ-
ated flap, airfoil separated at about 90% in both
computer and wind tunnel.

Further evidence that the separation switches
elements at stall is given by the one computation
that did not predict the correct element to be
separated. At o = 10.3° and 8¢ = 40° the computer

program predicted separation on the flap while
experiment showed that it had shifted to the
airfoil.

Comparisons of computed results with experi-
ment are shown in Figure 15 for 1ift, Figures 16
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Comparison of Pressure Distributions
for an Airfoil-with-Flap.

Figure 14.

GA(W)-1
30% FOWLER FLAP

403 COMPUTED
40% EXPERIMENT

30?J COMPUTED
30° EXPERIMENT

uou
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!

i i

12°

8° 16°

Comparison of Lift for an
Ajrfoil-with-Flap.

Figure 15.

and 17 for pitch moment, and Figures 18 and 19

for drag. The experimental data have been cor-
rected for wind tunnel boundary effects. For the
computed drag values, no skin friction corrections
have been added; attempts to make simpie Squire-
Young skin friction estimates were found to be
inaccurate. )
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Figure 16. Comparison of Pitching Moment for
an Airfoil-with-Flap.
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Figure 17. Comparison of Pitching Moment for
an Airfoil-with-Flap.
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Figure 18. Comparison of Drag for an

Airfoil-with-Flap.
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Figure 19. Comparison of Drag for an
Airfoil-with-Flap.
Limitations

The current computer code is limited to
incompressible flow, a restriction which can be
removed with a reasonable effort. It does not
permit laminar separation, either of the short
or long bubble types. Only two elements have been
computed, but the potential program has been writ-
ten in general form so that more elements can be
treated. Multiple flaps could create difficulties
in wake modeling, but none are foreseen.

Computing Time

A1l computations were performed on an IBM 370
Computer, Model 3031. CPU time (interactive mode)
was 2 to 2.5 minutes per run with a cost of about
$15.

VI. Conclusions

A flow model and computer program have been
developed for an airfoil with a gapped-flap which
(a) includes the physically significant separated-
flow features, (b) requires no a priori knowledge
of separation location or pressure or wake shape,
(c) requires a very modest amount of computation
time, and (d) has produced accurate results for
the airfoils computed.
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