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ABSTRACT

Ponel methods proved a powerful numerical method capable for hand-
ling both internal and external flows. In this paper a vortex ponel
method is employed for studying the potential flow over one and
two-element airfoils. A second order vortex method is developed to
overcome the instobility found in the solution when o first order
vortex method is employed. Three different methods for pcrnelling
ore suggested. The effect of the number of panels is olso examined.
Comporison of the results obtoined by this model ond the exoct
solution of Williams two-element airfoil proved its volidity. The
effects of the gop and the overlap in the cose of two-element oir-
foil are examined.

INTRODUCTION ,
The increosingly demand for greoter pay-loecds in civil trongport
airplcnes as well as the short toke-off ond londing requirements
for faster fighter oirplcnes necessitates successive advencement
of high-lifting devices. These devices are either flaps or slats
~ottoched also to either the leading-or-troiling~edges of the
wing. Through these devices the wing section is instantaneously
ond tempororily changed during toke-off and landing,leoding to
an increcse in the chord length together with an ochievement of
a higher 1ift coefficient.

The complexity of wing design both from cerodynamical,structural
and mechanical points of view arises from such high lift devices.
Concerning the cerodynamic design, the wing chorocteristics are
determined either experimentolly or numerically. In the eorly
design stcges numerical procedure is preferred; as oll the pora=-
metric investigotions could be fulfilled simply by changing some
input data. Both two ond three-dimensional anolysis ore now
visible due to the availobility of supercomputers having on end-
less memory and an extensively fast excution. Experimentation os
a counterpart to theoretical ond/or numericol anolyses is usuolly
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much more expensive though is necessary prior to the final stage
of design and manufacturing.

The present work belongs to the theoretical side, where the flow
field around sirgle and two-element airfoils is treated. The
governing equations of the two-dimensional potential flow around
such a wing section is numerically solved using the vortex panel
methods.

Historically, the panel methods was originated by Pragger [1] in
1928. However, no progress was achieved in such methods till the
arrival of high speed digital computers. In the sixties, non-
lifting potential flow problems where treated using surfoce source
methods; refer for example to Smith and Mess [2] . In the seven-
ties, Hess [3] modified his surface source method to include the
lift effects using a constant strength vorticity distribution in
addition to the distributed sources.

In this poper, the first-order vortex panel method is applied to
the potentiol flow about single-element airfoils. However, such

a method proved unsatisfoctory with high oscillatory solution
originating from the resulting ill-posed system of equation. Thus
a second-order vortex panel method was developad, which furnished
an accurate solution when compardd with other published results.
The second-order vortex panel method was applied to the NACA

0012 airfoil ond the two-slement Willioms airfoils. The tangential
velocity, pressure and lift coefficients were calculated,

Other panel methods are also available in the open literature,
For example, Eppler [4] employed surface singularities of para-
bolic strengths on curved surface panels,

THEME OF WORK

The surface panel method philosophy for solving arbitrary subsonic
potential flow problems involve mating of the classical potentioal
theory with contemporary numerical techniques.Classical thedry is
used to reduce an arbitrary flow problem to a surface integral
equation relating boundary conditions to an unknown singularity
distribution. The contemporary numerical techniques are then used
to calculate aon approximate solution to the integral equation.,

The details of the theme of work are as follows:

1- Identification and then ponelling the surface (s) on which the
singularity is to be distributed,

2- Decision regarding the choice of singularity.

3~ Selection of the function that approximates the unknown
singularity distribution on the panelled surface,

4- Seleaction of a set points, called control points.

5~ Developing a mathematical expression for the velocity potentiol
on the airfoil surfoce.

£~ Applyling the boundary condition to the control points of gll
the panels,

7- Satisfying the kutta condition at the airfoils troiling edge.

8- Numerical solution of tha simul taneous equations generated in
the previous two steps to evaluate the singularity strengths.
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9- Colculating the tangential velocity, pressure coefficient over
the airfoil surface and the resulting lift coefficient,

MATHEMATICAL MODEL

In this section the mathematicol model is formuloted.for the
general case of twc-element airfoil. The case of o single-element
airfoil could then be easily deduced.

Consider a two-element airfoil, as shown in Figure (1), the main
airfoil is set at an angle of attack o« w.r.t the undisturbed
free stream haoving a speed V,, , while the flap is deflected an
angle 8f w.r.t the chord line of the main airfoil. Each airfoil
element is modeled by connected straight line segments (panels)
on which a piece-wise vortex distribution (either of constant or
lineorly varying intensity) is positioned, Figure {2) illustrates
such a procedure for one element ocirfoil.

Panelling Procedure

One of the simplest method for ponelling the surface is to select
a number of points on the airfoil's surface (which will be design-
ated as boundary points). Upon connecting each two neighbouring
points by a straight line, then these straight lines are named as
panels. There are three types of panelling. The x-coordinates in
each type can be defined from either one of these equations,

15t Method:  Xk/C = 1 = cos O\ /5 ) OF

2nd Method: Xc/C = (1 + cos §,)/2 , or ..;3. (1)
3rd Method: Xk/C = 1/(N/2)

Where N is the number of panels (even number),

O(n/amx) = (N/2 = K) TN,

o = KT /(N/2)

K-0.1' LR T I I ) 'N/Z

Figure (3) illustrates the distribution of boundary points using
different panelling methods for a ten panel caose.

The next step is to find the y-coordinates of these boundary
points from the airfoil geometry, Joining each two successive
points generate the panels, which furnish a continuous broken line
over the airfoil surface. By the increase of the number of nodes
such a broken line approaches or even coincides with the curved
shape of the airfoil. On the mid of these pcnels control points
are chosen. At these points the boundary conditions are satisfied.

Velocity Potential
The velocity potentiol ($j) at any control point (xj,yj) on
either airfoil element is influenced by th: vorticity distribut-
ion on both elements and the undisturbaed free strecm.Consequently,
it could be expressed as:

f
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P, = Vo (xi cose + Yi sinw)

2 Ny

—— I 3 Jix Yoju1 Yo } =1, ¥i=yp;
. - bj +(~HL 2Py} tan T (XiY0g)
T bet ’ 5 ? Xi-Xpj 03

bj
(2)

Where the integral accounts for the variation of vortex strength
over the jth panel of the bth body, while the inner summation for
all the panels over one airfoil element, and the outer summation
for both elements of girfoil. Figure (4) illustrotes the geometry
required for evaluating the integral in equation (2) for one
element airfoil.,

Boundary Conditions

Here two boundary conditions exist; namely, the zero normal wvelo-
city over the airfoil surface and the Kutta condition for velocity
ot the trailing edge. The zero normal velocity at the airfoil
surfaoces furnishes the following equation derived from equation
(1) after some deduction:

2 Np
’ ¢ s
b1 E e Y015 ™Mo1 )ij * Mpij Ypjer)= sin ( -0y5)
(3)
Where, i=1,...., N and b=1,2
and ¥k = ¥g/2m v
? 1 Yi-
J .. = J tan 1=Ybj g
bi . dNp: X Sb
Mozs = ) —Sbl _ 2 pont (Vi Yojy g .
bi Sbj 2npi Xi = Xpj
Jbij and Mbij are denoted the influence coefficients, which upon

integrotion yield the following final expressions

1 S2: + 24 S, + B
Jbij = - 3 cos (91 - QbJ) Ln ( bj - ] )
; -1 S, . -
- sin (Qi—ij)(ton _Ql_é_ﬁ_ - tan ! “g— ) (s)
and 2 2
D Spy + 2A 5. + B 2AT . B
U - P S b bj] M
Mbij Sbj (JbJ & Ln( : B )"'( E )
-1 SHi + A -1 A
(tan bj - tan L) 4 A (Yo s Nai g
b 5 _— bi~Ybil)sin @
E E Sbj S 01 bj 1

2 5
HXi - Xpg)cos 93) (—§ Ln(Rit 23 i o )
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- E (t n el T th E ) (6)
Where

A= =(Xj = Xpj) cos Opj = (Yi = Ypj) sin Opj
2

[+0]
a

. 2
(Xi = Xp3j)° + (Yi - Ypj)

D

(Yi = Ypj) sin @; + (Xj - Xpj) cos @;
E = (B - a%)1/2

For jlti. = 0-0. Mbij = - 100

Ybij
The second boundary condition; namely the Kutta condition, which
emphosises the equolity of the tangential velocities ot 15t and
Nth control points of each element.

Vie = VNp b =1,2 (7)

Equations (3) and (7) furnish a set of (Nb+2) simul taneous
equations (where b=1,2), which will have the form:

[hij} {le = 181} (8)
The Tangential Velocity
Once the singularity strengths are known, the sclution of the

tangential velocity at the control.pnint of each panel on either
elements can be calculoted from the relation:

?
Vs » sl By 9
- 2tpi i (9)
where ty,j is the unit vector tangent to the surface of the bith

panel. Then from equations (2) ond (9) we get the following re-
lation

Np
%i_ = cos(ec- 9;) - %;: z::((Jblj_rbIJ) KbJ * XbJ) (10)
o =1 J"1

With i-1,-.. Nb
b=1,2
The new influence coefficients Jb1 and Mb1 are similar in
principle to JIJ and M,.J and due %o the 11m1ted length of paper

will not be given here, However, it is worthy to identify the
special case when j=i, then

Jbij - =TT and
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Pressure and Lift Coefficients

Once the tangential velocity at the control point of each panel

is determined, then using Bernoulli's equation, the pressure coef-
ficient is evaluated from the well-known relation:

Vi 2
Cpj =1 - (24 ) (11)
o
Assuming that the tangential velocity is uniform on each panel,
then the total 1ift is evalucted from the relation:

2 Np
CL=2 2. >_ (Vl) (3bi)
b=1 i=1 V; Cp

where Cp is the chord of the element number b of the alrfeil.

NUMERICAL SOLUTION

The mathematicol model yielded a set of linear equations expre-
ssed by eguation (8) with the vortex strengths as their unknown.
To solve these equations, the well-known and effective computer
pockage known as LLSQ is employed.

RESULTS AND DISCUSSICN

In this section, the previously described panel method was applied
to two mailn problems; the single-element and two-element girfeils,
Concerning the single-element airfoil several parameters were in-
vestigated namely:

1- Vortex Distribution
2= Number of Panels
3- Panelling Method

Concerning the two-element airfoils, two parameters were examined.
These are:

1= The overlaop between the airfoil and flap.
2- The gap for constant overlap.

Cne-~element Airfoil

The first-order vortex panel method is applied to NACA 0012 cir-
foil at different angles of attack (0°,2° and 9°) and variable
number of panels (N=12,..,42). Such a vortex distribution couses
oscillations in the Cp distribution, and the minimum oscillations
occurs when N=40, Figure (5) clarifies such conclusion. The pres-
ence of such oscillations could be interpretted by examining
equotion (8). The matrex A for a first-order vortex distribution
is ill-posed os its elements are so small and the corresponding
elements of its inverse A~ gre very large., The maximum value of
the determinont A occurs at N=40 which leads to minimum oscill-
ations, Furthermore, the control point and vortex center are
coincident which gives zero normal velocity component due to vor-
tex distribution over the i'h pagnel. Thus an off-diagonal coeffi-
cient matrix is obtained, causing the ill-conditioned problem;
Nobel 5 ., When a second order vortex panel method is employed,
the oscillotions in the pressure distrigution has been removed,
and stability dominates with the increase of the number of panels,
as shown in Figure (6). - '

o
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For the second-order vortex panel method, the control point and
vortex panel center are no longer coincident, thus the ill-condit-
ion situation vanishes and a stable solution is obtainad,

The pressure distribution over the NACA 0012 airfoil at on angle of
attack of 99 was calculated and plotted in Figure (6) for a succe-
ssively increasing number of panels (N=18,24,30,36,42 ond 48). In
all cases, a stable solution is obtained, Increosing the number of
panels improves the accuracy of solution paorticularly at the leod-
ing edge.

For examining the effect of panelling on the accuracy of solution,
the NACA 0012 airfoil was again examined using the three types of
panelling techniques for a constant number of panels (N=36) and
zero angle of attack; refer to Figure (7). It is clear from this
Figure thct the first type of panelling predicts the Cp distribut-
ion at the leading edge better than the two other types of panell-
ing as the first type of panelling repressnts the leading edge with
large number of panels compared to the others. In regard with the
third type of panelling, it is worthy mentioning here that there
is a need for representing the leading and trailing edges by more
number of panels than the mid portion of the airfoil due to the
large velocity ond pressure gradient in both domains.

Two-Element Airfoils

The two-element Williams airfoil of Figure (8) represents a real
design that achieves high lift coefficients. Since its exact sol-
ution is avoilable, refer to Williams (6), the case waos treated
using the prepared model of the 2nd order vortex panel method and
the obtained results were compared to that exact solution., An
excellent ogreement is noticed from Figure (8). A parametric study
for examining the effects of overlap and gap on the pressure dis-
tribution and 1ift coefficient for both elements have been perfor-
med.

Figure (9) examines the effect of overlap for nearly constant gap.
It is noticed that as the flap opproaches the main airfoil, the
lift force generated by both the airfoil and flap decrease,

Figure (10) illustrates the contribution of gap to both Cp and
lift for constant overlap. It is noticed that an increase in the
gap furnishes an increase in the 1ift for both airfoil and flop.

The CPU time on PC machines for the two-element Williams airfoil
using 122 panels is approximately 60 second,

CONCLUSICNS

1- The first-order vortex panel method provides oscillotory
solutions due to the resulting ill-conditioned system of
equation. ‘

2~ The second-order vortex panel method yields satisfactory
solutions of high accuracy provided a large number of panels
is adepted.,

3- The first type of panelling is the best for predicting the
pressure distribution at the leading edge of airfoils.
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4- The developed second-order vortex panel method could haondle
not only two-elemsnt airfoil but olso airfoils having a number
of elements larger thon two.
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Fig. (7) Pressure distribution using 29 order vortex
panal method on airfoil of NACA 0012 aoto= 0°,
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Fig., (8) Comparison of analytic and calculated (using
2nd order method) pressure distribution on
two-element Willioms airfoil at o w 0°.Sf-30°.
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