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A SIMPLE theoretical model has been used with an “on-
line” graphics program to study the basic effects of lead-
ing edge slat position and lift coefficient on the main air-
foil pressure distribution and lift coefficient. The method,
while providing an effective and efficient means for un-
derstanding the fundamental performance of a leading
edge slat, has shown good agreement with an exact repre-
sentation of the slat-airfoil combination.

The flow model used is that of a two-dimensional airfoil
with a slat represented by a point vortex. Analytical solu-
tions are obtained using conformal mapping of the flow
about a circular cylinder and a point vortex, as shown in
Fig. 1. The cylinder has circulation I'c and the point-vor-
tex has strength T',. An image vortex of strength —T; is
required to maintain the cylinder a streamline and an ad-
justing circulation I's is needed to fix the rear stagnation
point in order to satisfy the Kutta condition. A similar
model was used by Neumark! to study rotating flaps,
however, the present analysis accounts for the airfoil
thickness and the interference effect between the slat (or
flap) and the airfoil.

Analytical solutions of the airfoil alone have been long
known and in the present study the unified approach of
James? is used. The airfoil shape is generated by means of
interior singularities or “poles,” and the class of airfoils
thus generated are designated ““pole airfoils.”

A particular airfoil is defined by selecting pole loca-
tions, orders, and strengths within the unit circle, e.g., the
Joukowski airfoil is defined by a first-order pole plus a
second-order pole located coincidently inside the circle.

Fig.1 Flow about a circular cylinder in the presence of an
external point vortex. The rear stagnation point is fixed.

Presented as Paper 72-221 at the AIAA 10th Aerospace Sciences
Meeting, San Diego, Calif., January 17-19, 1972; submitted Feb-
ruary 3, 1972; revision received January 15, 1973. This work was
performed under Contract F44620-70-C-0108 for the Air Force Of-
fice of Scientific Research, Washington, D.C. It is reported in
more detail in Refs. 5 and 6.

Index categories: Airplane and Component Aerodynamics; Sub-
sonic and Transonic Flow.

*Senior Engineer/Scientist, Aerodynamics Research Group.
Member ATAA.

Altering their location and strength changes the camber
and thickness of the resulting airfoil. A rigorous derivation
and analysis of the pole airfoil theory together with the
addition of the external point vortex is given in Ref. 2 and
therefore only the application of this theory will be dis-
cussed here.

Since the entire flowfield about a pole airfoil plus point
vortex can be described in closed analytic form, the study
of this model lends itself particularly well to computer
graphics. In this light, a computer program using the IBM
System 360 computer together with the IBM 2250 display
unit was written which provides “on-line”” solutions. Op-
eration of the program is basically as follows:

1) The strengths and locations of the poles which are to
define the airfoil are specified in the circle plane as shown
in Fig. 2. (The choice of the particular values used to ob-
tain a desired shape is described in Ref. 2.) Figure 2 is a
replica of the actual display which appears on the IBM
2250 screen. The pole specification values and the initial
vortex location and strength are typed in on a keyboard.

2) Next, a transfer is made to the airfoil plane shown in
Fig. 3 (which is also a picture of the actual IBM 2250 dis-
play). The top figure shows the airfoil geometry and loca-
tion of the point vortex. The lower figures gives the airfoil
surface velocity distribution as a function of s, the arc
length along the airfoil surface beginning at the lower sur-
face trailing edge. Three velocity distributions are shown:
that for the airfoil alone, that imposed on the airfoil by
the point vortex, and the combined result which repre-
sents the flow about the airfoil in the presence of the vor-
tex. All of these solutions are exact.

3) The airfoil angle of attack and the vortex strength
and location can be changed by merely keying in different
values as desired. The results are immediately displayed
on the IBM 2250 screen in the form of Fig. 3. At any time
the display may be printed for later reference which is the
source of Figs. 2 and 3.

4) The aerodynamic coefficients and parameters listed
in Fig. 3 are defined and related as follows: a) ALPHA
(a): Airfoil angle of attack as measured from the chord
line. b) CL (C;): Lift coefficient of the airfoil alone at
that angle of attack. ¢) CL TOTL (Cj,): Lift coefficient
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Fig.2 Circle plane used for defining pole airfoil and initial
point vortex location and strength.
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Fig.3 Pole airfoil geometry and velocity distributions on
airfoil alone and airfoil with vortex present. S is the arc
length around the airfoil surface beginning at the lower

surface trailing edge. The total airfoil perimeter equals one.

of the total system (airfoil plus vortex). d) CL AIRF
(C,): Lift coefficient of the airfoil in the presence of the
vortex. DEL CL (ACy): Specified increment of lift for the
total system (airfoil plus vortex) over the lift of the airfoil
alone, i.e., '

C, =C+ 486 (1)
T

e) CD AIRF (Cp,): Drag coefficient of the airfoil in the
presence of the vortex. (Drag on the vortex is equal and
opposite to that of the airfoil.) f) RADIUS, THETAV (ry,
0,): Location of the vortex in the circle plane. An effec-
tive ““slat” lift coefficient is defined by

C, =C ~C (2)
s T A

All of the aerodynamic coefficients are based on the air-
foil chord and the freestream velocity, V.. This is more
or less standard in multielement airfoil work, and allows
convenient relations such as those given by Egs. (1) and
(2).

The various lifts coefficients are related by Egs. (1) and
(2), and typical operation of the program is as follows.
Setting the airfoil angle-of-attack sets Cj;, and setting
AC; specifies Cr. from Eq. (1) or vice versa—independent
of the position of the vortex so long as it lies outside of the
airfoil. Moving the vortex will change C,, and C., but
they will always satisfy Eq. (2). The actual relation of
these lift coefficients is derived from an application of
Blasius’ theorem to the two-body problem, and this is
thoroughly described in Ref. 2.

It should also be noted that there is no net drag force on
the airfoil plus vortex system as far as potential flow is
concerned, and Cp, represents a mutual repelling force
between the vortex and the airfoil. It is this force which
typically causes leading edge slats to extend automatically
when released from their retracted position.

Figure 4 shows the result of an arbitrary specification of
the vortex location and strength. It can be seen that this
results in a severe and unwanted velocity spike near the
leading edge. Leaving AC, fixed and adjusting the vortex
position yields a smooth modulated velocity similar to
that shown in Fig. 3. It was found that it was quite easy
to select the proper vortex location and strength in order
to obtain a smooth velocity modulation. This represents
one of the major features and justifications for employing
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Fig. 4 Sample result showing spiked modulation distribution
caused by the vortex being positioned incorrectly. Proper
position is shown in Fig. 3.

the computer graphics capability. Some applications are
now given.

Example 1

Here it is desired to increase Cr, while holding Cp .
on the airfoil to a specified value which might be set by
separation criteria. First, the airfoil angle of attack was
set so that Cp_, reached the specified value with no vor-
tex present. The angle of attack was then increased by a
few degrees and the vortex strength and position adjusted
so that Cp,,, was reduced to the specified value using the
minimum possible vortex strength. This process was then
repeated until the airfoil angle of attack reached 45°
which is considerably beyond the range of practical opera-
tion. The resulting variations of the various lift coeffi-
cients are shown in Fig. 5 for a specified value of Cp,,,
—8. Also shown is the implied slat chord Cs based on the
ratio Cr,/CrL, which uses the crude approximation that
the total lift is divided proportionally between the slat
and airfoil chords.

Example 2

The purpose of this example was to test the validity of
approximating a slat by a single point vortex. The geome-
try used was a 10% thick symmetrical Joukowski main
airfoil with a cambered Joukowski airfoil whose chord was
10% of the main airfoil’s for the slat. The slat was located
in a typical position with respect to the main airfoil as
shown in Fig. 6. The combination was then input into the
Douglas Neumann potential flow program3 at an angle of
attack of 15° which provided the aerodynamic coefficients
of the system and its elements together with the pressure
distributions on the elements.

Next, using the pole-airfoil-plus-point-vortex program, a
point vortex was located at the slat quarter chord point
and ACy was set so that the total load on the vortex (Cpy2
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Fig.5 Results for Example 1. Vortex strength and positi&n‘i
adjusted to hole Cp.;,, = —8.0 constant as « is increased. "
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Fig. 6 Results for Example 2. Comparison of point vortex Fig.7 Results for Example 3. Point vortex used to simulate

with a real slat using the Douglas Neumann potential flow
program.

+ Cp,2)Y2 was equal to the total load on the slat as cal-
culated from the Douglas Neumann program results. The
resulting modulation distributions from both the point
vortex and the slat are shown in Fig. 6, along with the
values for Cp, and C;,. The slat provides slightly more
modulation than the vortex and thus the total lift of the
slat plus airfoil system (Cp, = 1.79) is less than that
point vortex plus airfoil system (Cr, = 1.84) for the same
loading of the slat and point vortex.

Since the slat is positioned less than its chord length
away from the nose of the airfoil, the above result is not
surprising. It is expected that the distributed vorticity
along the slat chord (as used in Ref. 4) would provide
more effective modulation than the concentrated vorticity
of the point vortex. However, these results do demonstrate
that using a point vortex to represent a slat as a first-
order theoretical model is a reasonable approach.

Example 3

The point vortex can also be used to simulate a slotted
flap at the airfoil trailing edge. An example of this is
shown in Fig. 7 where the vortex is located just below the
trailing edge. The circulation about the flap (point vortex
here) causes an acceleration of the flow near the trailing
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a slotted flap.

edge. However, this also increases the velocity peak at the
leading edge as can be seen in Fig. 7 which calls for a
leading edge slat ‘(or, in the present context, a second
point vortex). At this time, the pole-airfoil-plus-point-vor-
tex program does not have the capability for generating
two independent point vortices, but it appears that this
would be a logical next step in developing the program.
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