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SUMMARY

< ~ 2> An efficient algorithm for a vortex panel method in the complex
plane is developed to compute the potential flow past multi-component
airfoils in free air and a porous-wall wind tunnel. The theoretical foundations
of the method — the properties of the source and vortex density functions,
the relationship between the exterior and interior flows, and the general
Kutta-Joukowski condition for a trailing edge with crossflow — are derived
from the theory of the Cauchy type integral. The method utilizes flat panels
with linear vortex and source densities, the latter being used to simulate the
displacement effect of boundary layers. The airfoil boundary condition is
satisfied at all panel midpoints and the overdetermined system of linear

algebraic equations solved as a least squares problem, in the@@gn, orin _

the Lgsnorm. The wind tunnel wall interference problem is treated using the
concept of the Green’s function in the complex plane. Examples are worked
out for some theoretical airfoils and extensive tables of exact and computed
pressure distributions are given.

A\

RESUME

Le présent ouvrage porte sur la mise au point d’un algorithme
efficace qui permettrait de calculer dans le plan complexe, a partir de la mé-
thode des petits pavés a tourbillons, I’écoulement a potentiel autour des
profils a composants multiples dans I’air libre et dans une soufflerie a paroi
perméable. Les fondements théoriques de la méthode — les propriétés des
fonctions de densité des tourbillons et des sources, les relations entre 1’écou-
lement extérieur et intérieur et la condition générale de Kutta-Joukowski
pour un bord de fuite avec écoulement transversal — sont tirés de la théorie
de I’intégrale de Cauchy. La méthode fait intervenir des pavés plans présen-
tant des fonctions linéaires de densité des tourbillons et des sources, ces
derniéres permettant de simuler I’effet de déplacement des couches limites.
Les conditions aux limites des profils sont satisfaites en tout point médian
des pavés, et le systéme algébrique d’équations linéaires hyperdéterminées
est résolu par la méthode des moindres carrés ou de la norme L, ou L.
L’effet de la paroi de la soufflerie est traité en termes du concept de la fonc-
tion de Green dans le plan complexe. Quelques exemples de profils théoriques
sont analysés et des tables complétes des valeurs exactes de différentes ré-

partitions de pression sont données,
!ﬁ 0a
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CALCULATION OF THE POTENTIAL FLOW PAST MULTI-COMPONENT AIRFOILS
USING A VORTEX PANEL METHOD IN THE COMPLEX PLANE

1.0 INTRODUCTION

The simplicity and compactness of a two-dimensional panel method developed in the complex
plane was first demonstrated by Giesing, Reference 1, on flat panels with a constant source density,
which are the building stones of the Douglas-Neumann source distribution method. Having in mind a
similar approach to a contemporary vortex panel method, which uses linear distributions of source and
i vortex densities over the panels, the present report outlines first a theory of distributions of sources and
vortices in the complex plane. The properties of the source and vortex density functions and the rela-
tionship between the exterior and interior flows are derived using the concept of the Cauchy type
integral. The novelty of the present approach is that the integral is linked to the complex disturbance
velocity and not to the potential function, so that no artificial discontinuity lines need to be introduced
in the flow field. The Cauchy type integral is also used to derive the general Kutta-Joukowski condition
in terms of the trailing edge values of the source and vortex densities. The connection between the
conditions of a finite trailing edge velocity and the geometrical concept of equal upper and lower
trailing edge velocities is elucidated upon.

it B M S

The major part of the work is focussed on the development of an algorithm for a vortex panel
method which uses flat panels with linear distributions of source and vortex densities. The corner values
of the source density, used to simulate the displacement effect of boundary layers, enter as given quan-
tities and the corner values of the vortex density, determining tangent components of velocity, are the
quantities to be solved for. Since the airfoil boundary condition is met at all panel midpoints and the
Kutta-Joukowski condition is satisfied at trailing edges, the resultant system of linear algebraic equa-
tions is overdetermined and solved by minimizing the residual norm. Because of the compactness of
the integration in the complex plane, the elements of the matrix can be given in full for a multi-
component airfoil case and the coding of a computer program becomes a relatively simple matter.

The treatment of flow past airfoils under the constraint of wind tunnel walls is based on the

concept of Green’s function in the complex plane. To a large extent, it is an incorporation of earlier
| research results, References 2-4, in the vortex panel method. The material is organized in such a way
that the method for the calculation of flow past an airfoil in the wind tunnel is presented as a modifi-
; cation of the method developed for an airfoil in free air, and is easy to use to assess the effects of wind
' tunnel wall interference. Although in the context of the present method the introduction of the con-
f cept of the angle of attack is not necessary at all, it was found to be useful in the interpretation of the
wind tunnel computations and to show the limitations of conventional wall correction techniques
when applied to high lift systems.

2.0 DISTRIBUTION OF SOURCES AND VORTICES
Let D™ be an infinite, connected region in the complex plane bounded by several non-

i intersecting airfoil contours L, , L,, ... L,, oriented counterclockwise as shown in Figure 1. By L we
; denote the union

\ and by D* the complement of D~ UL. The region D* thus consists of n simple closed interior regions
\l\): D}, ..., D} bounded by the contours L, , L,, ... Ly.
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Consider the Cauchy type integral

Bla) = =~ [ —— (2.1)
L -z

where ¢ is a point of the contour L and f is a complex function, defined on L and continuous on each
of the separate contours L,. It is readily observed that the Cauchy type integral describes a sectionally
analytic function F, which consists of analytic functions F~ and F;f in the regions D~ and D;, L=1,2,

.., n. (The proof of analyticity consists in establishing the differentiability with respect to the param-
eter z.) The density function f determines the jump of the function F across L, that is the difference
of the limiting values of functions F; and F~ as z approaches the point {, on the contour L:

Fo o) - F(§y) = €(So) (2.2)

The proof of Equation (2.2) for a continuous density function f is given by Muskhelishvili, Reference 5,
§ 18. Assuming that none of the contours L, passes through the point at infinity, the Cauchy type
integral vanishes at infinity:

F () =0 (2.3)

The Cauchy type integrals are known to be closely related to the (logarithmic) potentials
of simple and double layers, see Reference 5, § 11. However, for the purpose of modelling the flow
fields it appears more convenient to identify the function F with the complex disturbance velocity

F(z) = U@z) - iV(z) (2.4)

where U and V are the x and y-components of the disturbance velocity. Since in two-dimensional
potential flow the velocity field is continuous even in the lifting case, there is no need to introduce

discontinuity lines (barriers) in the flow region D™.

It is natural to ask now whether two different density functions can generate one and the
same function F~ in the exterior region D~. As shown below, the answer is affirmative.

Denoting these density functions f; and f,, Equation (2.1) gives the corresponding condition

£, - £,

1
e d¢ = 0, zeD™
omi L t-z J ’

By the interior Cauchy integral formula, Reference 5, § 24, the difference
() = £;¢8) - £,()

is then the boundary value of the function

1 @)
w(z)--—fg_z d"’

2m L
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which is analytic in D* and continuous in D* UL. In practical terms this means that on Ly the density
f(¢) of the Cauchy type integral is determined by the function F~ to within the boundary value g, (¢)
of any function ¢ (z) analytic in the interior region D;.

see Reference 5, § 67 and § 68, or Reference 6, § 34. For the solutions to potential flow problems
as the most appropriate constraint appears the requirement that the density function f({) be the
boundary value of a function f(z), analytic in D~ and continuous in D~ UL. Under such circumstances

the Cauchy type integral, Equation (2.1), reduces to the Cauchy integral, whose value is, see for
example Reference 6, § 1

2 R { oy, el

= (2.5)
-f(z) + f(o0), zeD-

2mi L $-2z

In order to examine the physical aspects of solutions based on Equation (2.5), we first

rearrange the Cauchy type integral. Introducing the angle » between the exterior normal to L and
the real axis, see Figure 1, we have

d¢ = ielv®) (gg| (2.6)

where |d{| is the contour length element. The density function can be expressed as

f€) = - [a®) + iv@)] e iv®) (2.7)

where the real functions o and v are called the source and vortex densities respectively. The terminol-
ogy becomes clear when Equations (2.6) and (2.7) are substituted in Equation (2.1). The resultant
integral

o®) , _in)
o) = f [ R e (2.8)

contains singular terms

1 P,
2(z-§) " 2m(z- §)

which are recognized as the complex disturbance velocities at z due to the unit strength source and
the unit strength vortex located at §. Accordingly, the integral of Equation (2.8) will be called the
distribution of sources and vortices. From the mathematical point of view, Equation (2.8) is equiva-

lent to Equation (2.1), so that the theory of the Cauchy type integral can be applied to the distribution
of sources and vortices whenever necessary.

Turning back to Equation (2.4), we can express the component of the disturbance velocity
in the direction of the unit vector exp (il) as

U(z)cos A + V(z)sin\ = Re [F(z) ei*]

e
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Taking first A = v and second A = v + 7/2, we obtain from Equations (2.2) and (2.7)
Re{ [F5(§) - F )] e"®} = -0) (2.9) i
Re{[F;¢) - F-(§)]€P® 7121} = ) (2.10)

Using the above interpretation, Equations (2.9) and (2.10) indicate that the normal and tangent velocity
jumps across L at { are given by the values -o($) and () respectively.

Assuming that the free stream velocity vector is of unit magnitude and at angle o to the real
axis, the normal and tangent components of the resultant exterior velocity can be expressed as

W) = Reflete + F-@)] o)} 211)

u(§) Re{[e-ia + F-(9)] ei[v(§)+n/2|}

~Im {[e-ie + F-(§)] &) } (2.12)

The sign convention is such that the normal velocity v is positive in the direction of the outward normal
(with respect to the airfoil) and the tangent velocity u is positive in the counterclockwise direction on

Al i R i

L. |
Using Equations (2.9) and (2.10) we can eliminate F- from Equations (2.11) and (2.12): |
v(§) = Re{le-ix+ Fi(§)] e ®} + o() (2.13)
if u§) =-Im{[e-ie+ Fy$)] e ®) - 7() (2.14)
In particular, if
e-ie + Fr(§) = 0 (2.15)
we obtain
| v(§) = o) (2.16)
| u@®) = -v¢) (2.17) {
|
Equations (2.16) and (2.17) will be satisfied along L, if Equation (2.15) applies everywhere on L. J
By the identity theorem then i
el + Fj(z) = 0, zeD} 218) |

indicating that there is no resultant flow in the interior region L, .
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Conversely, it can be shown that if either Equation (2.16) or Equation (2.17) is valid every-
where on L,, then the other one is valid too and Equation (2.18) also holds true. Since the establishment
of this fact plays a key role in the development of the present vortex panel method, the outline of the ;
proof is presented.

Assuming that Equation (2.16) applies everywhere on Ly, Equation (2.13) gives

eie + F1(5)
Re{—*—, = 0, $eL, (2.19)
e"i-"(;)

+

In view of the fact that both the constant exp (- ia) and the function F; are analytic in Dy, Equation
(2.19) specifies a homogeneous Riemann-Hilbert problem for the function ¢;, analytic in D; and
having the boundary value

@) = ele v B2y,  tel,

Since in going round the contour L, once in the counterclockwise direction the angle v acquires the
increment 27, the index of the denominator function, see Reference 6, § 12, is

; 1 :
Ind [e-iv(¥)] = — -i27) = -1
nd [e ] oy 28 (e71°T)

As proved by Gakhov, Reference 6, § 29, for a negative index the interior homogeneous problem does q
not have a solution. The only possibility to satisfy Equation (2.19) is to require that ¢;(§') =0, feL,,
i.e. that Equation (2.15) apply all over Ly. The substitution in Equation (2.14) yields Equation (2.17)
which completes the proof.

i Furthermore, it can be shown that the distribution of sources and vortices, whose density

! functions are subject to the constraints of Equations (2.16) and (2.17) along the entire contour L,is
capable of representing an arbitrary function F- analytic in the exterior region D-. To prove this we
shall utilize the fact that in this special case the distribution of sources and vortices becomes the Cauchy
integral in the true sense. From Equations (2.1) and (2.18) we namely have

1 1©)
21ri|_f $-2

df = Fy(z) = -e"ie,  zeD}

MR i . s

and consequently, by the exterior Cauchy integral formula, Equation (2.5)

1 f
— f _(Q. d“ = _e—id_f(z)’ zeD™
2m | $-z
where f(z) is the analytic continuation of £({) into the region D-, taking at the infinitely distant point
- the value
.’

% f(OO) = -@~ ia

N

; Since the exterior Cauchy formula applies to an arbitrary function f analytic in D- and continuous in
\;, D~ UL, then also

F-(z) = -e-i - f(z)

< &) " ) LY
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is an arbitrary function analytic in D~. The density function f({) is uniquely determined from the
limiting value of F- using the relationship

HE) = ~e-ie -~ Frif)

Having completed this proof, it may be stated that there is no potential flow (past airfoils
in free air) whose complex disturbance velocity could not be represented by the distribution of sources
and vortices, satisfying Equations (2.16) and (2.17).

Besides expressing the jumps in normal and tangent velocities according to Equations (2.9)
and (2.10), the source and voriex densities also acquire a distinct physical meaning when integrated
along L, namely that of the discharge and of the circulation.

Since the functions F; are analytic in the simple connected interior regions D;, they are
subject to the Cauchy integral theorem

[ Fg(§)d¢ = o, £=1,...,n
Lo

Thus, by the integration of the jump condition, Equation (2.2), and with the help of Equations (2.6)
and (2.7) we have

JF@)d§ = - [ () d
L L

¥ { YEIdg| + i{ o(§)lag| (2.20)

From Equations (2.11), (2.12), and (2.6) also

{F'(S')di’ = {u(i')ldi'l * i{V(S')IdII
= -T +iQ (2.21)
where
Q= {V(i’)ldﬂ s JL'O(i’)Idfl (2.22)
is the discharge (efflux) through L and
b { u(§)ldgl = {‘7(&')Id§| (2.23)

is the circulation around L. Of course, in the case that Equations (2.16) and (2.17) apply, Equations
(2.22) and (2.23) are immediately apparent.
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The discharge and the circulation play an important role in the far field approximation of
the complex disturbance velocity. Assuming that the airfoil is located near the point z,, we can expand 1
F- for large |z - 2, | in the Laurent series

FFz)= Z ¢, (@-2,)"
m = ]
where

1
em === f -2,)""! F-¢) at

2mi L

The constant term ¢, is missing because of Equation (2.3). Using Equation (2.21) we have

1 i : 4
F'Z)=Q—~+F———~+O( ), Z-2,)> (2.24)
\ 2m(z - z,) 2m(z - z,) z- 2, 2= %)
Hence, far from the airfoil the complex disturbance velocity can be approximated by a point source ]
of strength Q and by a point vortex of strength I, located at Zy- ‘

3.0 AIRFOIL BOUNDARY VALUE PROBLEM

Assuming the free stream velocity to be of unit magnitude and at angle « to the real axis,
the airfoil boundary condition can be written, in accordance with Equation (2.11)

RBe{fe-ie + F-(O)lev®} =vg) (3.1)

The normal component v of velocity is regarded as a given function of L. If the flow is tangent to the

contour, then v(§) = 0. The use of nonzero values of v serves the purpose of approximating the dis-

placement effect of thin boundary layers in terms of flow through the airfoil contour. Based on the

concept of the displacement flux by Preston, Reference 7, the normal component of velocity is set

equal to the streamwise derivative of tt.e product of the local potential flow velocity and the displace-

ment thickness of the boundary layer; for more details see Reference 8. Compared to the classical

approach by Prandtl, where the displacement thickness is added to the airfoil thickness to produce a |
modified shape, the Preston concept has the advantage of preserving airfoil geometry in the course of i
potential flow-boundary layer iterations. :

The condition of finite trailing edge velocity — the Kutta-Joukowki condition — can be {
derived in terms of the source and vortex densities using the properties of the Cauchy type integral,
Equation (2.1). From the jump condition of Equation (2.2) it is apparent that for the establishment
of the finite velocity field the density f has to be finite everywhere on L. Since a discontinuity in f i
gives rise to a logarithmic singularity of the Cauchy type integral, see Reference 6, § 8, we require :
that the density f be continuous on each of the airfoil contours Ly, including the trailing edge point.

Denoting by subscripts U and L the upper and lower trailing edge values, we thus require that

fU ™ fL (3.2)

Applying Equation (2.7), we have

(oy + iyyleivu = (o + iyp)eivL

T AR
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or i
' op + iy, = -(oy + iyy)ei? (3.3) 3

where % _ 1

gy (3.4)

is the trailing edge angle, see Figure 2. Thus, Equation (8.3) may be regarded as the Kutta-Joukowski
condition expressed in terms of the source and vortex densities.

Independent conditions for the source and vortex densities are obtained from Equation (3.3)
in the following special cases:

1. Dblunt trailing edge, 0 = w

0y = 0y (3.5)

ML =T (3.6) *
’2. cusped trailing edge, 6 = 0 i

oL = -0y (3.7)

YL = - (3.8)

However, if 0 < 6 < w, Equation (3.3) gives

oy +0y cos O

;| Rt (3.9) )

Oy +0; cos@

5 (3.10) |

sin 0
indicating that the trailing edge values of the source and vortex densities are interdependent.

Geometrically, Equations (3.9) and (3.10) express the condition of equal velocities at the
upper and lower trailing edge points. This can easily be established by considering the velocity triangles
in Figure 2. We have

~uy Vu VL up

cosfy sinfy sinf; cosf

9 =0y + 0,

R T R N L T i e TR Ay
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Eliminating 0, and 6 and expressing uy; and u, in terms of vy, v; , and 6 we arrive at the equations

[
! : vy +vycos @
‘.{ uy = _T (3.11)

vy +vp cos @
e I SIS 3.12
L sin 0 ( )

Substituting for the normal and tangent velocities from Equations (2.13) and (2.14) and using Equation
(3.4), we again obtain Equations (3.9) and (3.10). In the case that Equations (2.16) and (2.17) apply,
the operation is particularly simple; this way of deriving the trailing edge conditions was first used by
Dvorak and Woodward, Reference 9. Hence, with respect to the trailing edge velocity the concepts of
finiteness and single-valuedness are found to be equivalent.

Going back to Equations (3.11) and (3.12), another important observation can be made. If
the normal components of velocity are zero, then also the tangent components vanish and the trailing
edge is inevitably a stagnation point. The only exception to this rule is a cusped trailing edge, where
Equations (3.11) and (3.12) do not apply. For a cusped trailing edge, 8 = 0, we obtain from Equations
(3.7) and (3.8) the velocity relationships

VL T “Vgu

Uy = ~uy

which do not imply the existence of a stagnation point if v; = vy = 0. The best known example is the
Joukowski airfoil. For a blunt trailing edge, 6 = 7, we obtain from Equations (3.5) and (3.6) the
relationships

-

VL T Vyu

u; = uy = 0 (by definition)

so that again a stagnation point is obtaired if v; =vy = 0.

In conclusion of this section a few general comments will be made concerning the methods
of solution of the airfoil boundary value problem specified by Equations (3.1) and (2.3). By substitu-
ting in Equation (3.1) from Equation (2.8) we obtain a singular integral equation which contains two
- y unknown real functions ¢ and 7. From the discussion in Section 2.0 it became already apparent that
the most natural approach is to eliminate the source density o by setting it equal to the prescribed
normal component of velocity, Equation (2.16). It was shown that this type of constraint is allowable,
since the integral of Equation (2.8) is still capable of representing an arbitrary function F~ analytic in
the flow region D™. In view of the fact that the vortex density v is the function to be evaluated, we
speak of the vortex distribution method. Its important feature is that the Kutta-Joukowski condition
for a finite-angle trailing edge is satisfied by simply fixing the trailing edge values of 7 from the known
values of ¢ according to Equations (3.9) and (3.10). As shown in Section 2.0, the evaluated distribution
of 7 gives directly the distribution of the tangent component of velocity, Equation (2.17).

g S G NI S OO

et

In contrast to the above approach, the source distribution method utilizes the vortex density
as a prescribed function, and the source density is the quantity to be solved for. Apart from the re-
quirements of continuity on smoth portions of the contour and of a sufficient degree of frecdom to
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satisfy the trailing edge condition, the vortex density can be prescribed arbitrarily*. Since neither

of the trailing edge values of o and -y are known a priori, the Kutta-Joukowski condition for a finite-
angle trailing edge is more difficult to satisfy. The most frequently used technique, also known as the
Douglas-Neumann method, References 1 and 10, satisfies the trailing edge condition in terms of the
linear superposition of the “basic flows”:. the nonlifting flows due to uniform streams at 0 and 90
degree incidences, the circulatory flows due to a prescribed distribution of y on each airfoil component,
and the displacement flow due to the prescribed normal component of velocity along the airfoil con-
tour. Using this approach, Equations (2.16) and 2.17) are not satisfied and therefore the tangent
component of velocity has to be obtained by evaluating the integral of Equation (2.8). A complex
plane version of this method, using flat panels with constant source and vortex densities, is described
in Reference 1 and no attempt has been made to duplicate this effort here. The vortex distribution
method is not only more elegant and straightforward but, as the comparisons of computer results in
Section 7.0 reveal, also more accurate.

4.0 VORTEX PANEL METHOD

Each of the n airfoil components is approximated by an inscribed polygon as shown on the
£-th component in Figure 3. The corner points are numbered counterclockwise, starting with the
(upper) trailing edge point, j = m(2 - 1) + 1, and ending again with the (lower) trailing edge point,

i =m(%). Since on the first airfoil component the number of the upper trailing edge is 1, we define
m(0) = 0. The last point is the lower trailing edge point of the n-th component; m(n) is therefore the
total number of corner points. The density functions o and v are assumed to vary linearly over each
panel (line segment), be continuous across the corner points on the smooth portions of the airfoil
contour,j=m(f- 1)+ 2, m(2~- 1) +3,...,m(2) - 1, and obey the trailing edge conditions, Equations
(3.9) and (3.10), for points j = m(2 -1) + 1 and m(R). The trailing edge angle 0, is supposed to satisfy
0<0, <m.

Assuming that all corner values g; are known from the prescribed distribution of the normal
velocity, this leaves m(£) - m(2 - 1) - 2 unknown values 7; of the vortex density on the 2-th airfoil
component and m(n) - 2n unknown values 7 for the whoie airfoil. They can be found by satisfying
the boundary condition, Equation (3.1), at panel midpoints. Since there are m(n) - n panels, the
resultant system of linear algebraic equations is overdetermined by n equations. By solving the over-
determined system, we have the boundary conditions satisfied for all panels, but with some error
which is subject to minimization. This idea, suggested to the author by his colleague D.J. Jones,
appears to have distinct advantages over sacrificing n selected panels by dropping their boundary
conditions and concentrating the error there.

Using Equation (2.1) we can express the complex disturbance velocity at the flowfield
point z as

n m(2)-1
F-z)y= 2% b A,F‘(z) (4.1)
=1 j=m(-1)+1

*  The Kutta-Joukowski condition indirectly implies that the distribution of the vortex density has
to provide the proper amount of circulation around each airfoil component. Apart from this,
there are no additional conditions to consider when prescribing the vortex density. As in
Reference 6, § 34, the proof can be provided from the conditions of the solubility of the
corresponding Riemann-Hilbert problems in the interior regions D;.
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where
Lo v RIE )
AF(2) = P gf] T d¢ (4.2)

is the contribution of the j-th panel. Taking into account the linear dependence

f(g-):f.+fm__f.j_(§ &)
- §j+1'§j .
fj+1'fj z‘fj Z‘§j+1
=—— (-2 + 8, =i
§j+1—§j ; o1 $i+1 = & y $i#1 = &

we obtain

1 Buoagy . G5 g [ z2- § z-§j+1] $je1 - 2
e B log ———

o . s
I$541 - &l

Since A;F- is supposed to be discontinuous as z crosses the segment §j» §j+1 and vanish at
z = o, we select the negative semiaxis as the branch line of the logarithmic function and require that*

r e Tt =il 4.3
et | MR S5 2 i [ G -8 T G-y §i-2 5
From Equation (2.7) we have for the j-th panel
fj = '(Oj G o l’yj) e—iuj (4.4)
fe1 = -(0j4y +ivjey) e (4.5) |
where, according to Equation (2.6) %
i
: §j+l = fj 4
erj == (4.6) G
!
|

log (1 +0i) = 0

As a resuit |

tj+l -2z "j'fl -2
log—— = Jog| ——| +i
§i-z

*  As arule, computer subprograms for the complex logarithmic function are written to evaluate the
“principal value”’, satisfying these requirements.
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where -7 < 7 <7 is the angle obtained by the rotation of the vector $ j = z into the direction of the
vector {,, - z, see Figure 3. In the limit as the point z approaches any point of the j-th panel from
the flowfield side, 7 tends to the value -#. Thus the complex disturbance velocity induced by the
panel at its own midpoint is :

G+8e1\ Gei-f g1
ar{- - L o )
Denoting the midpoint of the k-th panel
1
2z = 2 Cx *S$k+1) (4.8)
and using Equations (4.1) to (4.7), we obtain
m(n)
F-(zk) = j§1 Ck,] (0,"'1’71) (4.9)
where
Ck,j = Kk i + Lk i (4.10)

—_— e—ivj
2mi

[ Zy - Q’jﬂ §j+1 el
1 +

k
log ’ ] ¥ kr m(Q)
$i*1 - § §i - 2 ]

1 1 :
e - + — -ivyg , i=k (411
Kk,] b= (4 27I'i> € ] )
0 » j=m(®)

g 1 zk_gj"l 5 % jtm@-1)+1,k+1
T Yi-1 + o] y J¥m(k - ’
2m ¢ $i = $i-1 gfj-l"zk

Ly, = (.1_ __.)e-wk »j=k+1 (4.12)

*j=m(2- 1)+1

Using Equation (2.16) and applying the airfoil boundary condition, Equation (3.1), at panel
midpoints z, , we obtain

Re ‘ [e-le + F-(z,)] eh'k’ = % (O *+0xeq) (4.13)
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or, with the help of Equation (4.9)

m(n 1

) : oo o WY
T  Im(e*kCy ;)7 = Re [e‘"k(e"" 2 Gy a,-)] "2 O *0ey), k¥m@®)
i=1 i=1

Introducing the index K = k + £, this equation can be written in the matrix form

Ag,i7 = bk, K=12..,m@n)+n
(4.14)
i =1,2,...,m(n)
where
Agrg,j = Im (el’k Cy ), k#+m(2- 1), m(?) (4.15)

: . 3 (n) 1
byio = Re[e"’k(e-m + "‘zn Ck’joj)] iy (0 *0x+y), k#Fm(2- 1), m(R) (4.16)
i=1

The elements of rows m(2-1) + £ and m(?) + £ are obtained from the trailing edge conditions, Equations
(3.9) and (3.10):

1, j=m@1)+1

Ane-1)+e,j = (4.17)
0, otherwise

: Om2) * Om (2-1)+1 €08 Oy

Om (2~1)+¢ e sin 0, (4.18)
1, i =m@®)

Am(2)+2,j = (4.19)
0, otherwise
Om(2-1)+1 *Om(g) o8y

b (2)ee, e (4.20)

Utilizing the rotation of unit trailing edge vectors, the cosine and the sine of the trailing edge angle
0, are obtained as the real and imaginary parts of the expression

Sm@-1"Sm@  Bm@-1)+2 - Sme-1)+1!
00!0! "'i'inOQ =

(4.21)

Bm@)-1 ~Sm@))  Smee-1)+2- Sme-1)+1




e e e

i

& AP AT o

e S

MEAGINS  oydvdy i er 9

ARG TR !‘W@‘mﬁ;

el

ik

To obtain a least squares solution to the overdetermined system described by Equation (4.14),
we first premultiply both sides by the transpose matrix Ajk:

(Ajx Ax )7 = Ajx by (4.22)

Assuming that the panels do not overlap or cross, that is have no common points other than the corners,
the [m(n) + n] X m(n) matrix Ay ; is of rank m(n). Then the square m(n) X m(n) matrix (A; x Ak ;)is
nonsingular and of rank m(n). Consequently, the system of Equation (4.22) possesses a unique solution
which may be found by the LU factorization or other efficient methods for solving systems of linear
algebraic equations. Using the fact that the matrix (A; g Ak ;)is symmetric positive-definite, one can
use with great advantage Crout’s factorization scheme, Reference 11, § 2.3.4.1, selecting the pivots in
order along the diagonal, as suggested in Reference 12.

Denoting by
g = bx = AK,17]

the residual of the original system, it can be shown see for example Reference 13, § 5.6, that the
solution of Equation (4.22) minimizes the sum

m(n)+n
r

Of course, there are other methods for solving the overdetermined system of Equation (4.14),
such as the minimization of the L; norm of the residuals,

m(n)+n
-
K =1

or the minimization of the maximum residual (L., or Chebyshev norm)

max |ry |
K

These solutions can also be very efficient when based on linear programming techniques, see References
14 to 17. As demonstrated on examples in Section 7.0, from the aerodynamic point of view they give
almost identical results as the least squares solution. However, they can be of great value especially if
the system (4.14) is ill-conditioned due to the occurence of nearly coinciding panels, since the condi-
tion of Equation (4.22), on which the least squares solution is based, is worse than that of Equation
(4.14), see Reference 13, § 8.8. Otherwise, the least squares solution offers better economy when
repeated computations for the same airfoil configuration are required, such as in iterative coupling of
the potential flow and boundary layer computations. The advantage of the least squares solution is
that it is possible to generate the inverse of the matrix Aj x Ak jso that the subsequent computations
are reduced to the matrix multiplication of the inverse by the new right hand side Ak bg.

Once the values 7 of the vortex density have been obtained, the corner values of tangent
velocity are known from Equation (2.17). Using the Bernoulli theorem, the pressure coefficients are
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evaluated as

Cl6y) = 1 - (o +7%) (4.23) '

P

Admittedly, Equations (4.1) to (4.6) indicate at the same time that the complex disturbance
velocity is singular at the corner points §; of the polygon, with the exception of the trailing edge where
the Kutta-Joukowski condition is satisfied. However, the trailing edge is real whereas other corners lie
on smooth portions of the original airfoil contour. If we accept the panel method just as a numerical
technique which allows us to discretize the continuous mathematical model in order to evaluate the
flow quantities at the points of a smooth contour — and not at corner points of an approximation
polygon — the evaluation of the pressure coefficient from Equation (4.23) is justifiable. Comparisons
with exact flow solutions fully confirm this philosophy. The advantage of the present approach is that
the pressure coefficients are evaluated directly at the contour input points whereas most panel methods ]
give output at panel midpoints, which in fact are not points of the contour.

5.0 DISTRIBUTION OF SOURCES AND VORTICES MODIFIED TO INCLUDE
THE WALL INTERFERENCE EFFECT 1

It is assumed that the flow region is bounded from the outside by two parallel, infinite wind
tunnel walls at y = h/2 and -h/2, see Figure 4, and that the walls behave in such a way that the normal ]
component of velocity is proportional to the pressure drop across the wall (Darcy law). We have mainly 4
the perforated walls in mind, but indications are that even slotted walls behave to some extent like this, 1
Reference 18.

If the pressure outside the walls (the plenum pressure) is equal to the static pressure of the
wind tunnel stream infinitely far upstream, then the normal component of velocity is proportional
directly to the wall pressure coefficient. In the wind tunnel, the flow infinitely far upstream is sup-
posed to be at angle a = 0 with respect to the x-axis, so that in terms of complex disturbance velocity 5
the normal component of velocity is -Im F- on the upper wall and Im F- on the lower wall. Assuming ]
further that the airfoil induces small pressure disturbances at the walls, the pressure coefficient can be
linearized and expressed as -2 Re F-. Summarizing this, we obtain the following boundary conditions .
for upper and lower walls | 4

@

I
=
N

I

Py Re F(z) - Im F-(2) x +ih/2 (5.1)

P, Re F-(z) + Im F-(2)

I
S
N
n

x-1ih/2 (5.2)

The positive constants Py; and Py, called the porosity parameters or resistance factors for upper and
lower walls, have to be determined experimentally for given walls and specific flow conditions; either
directly, Reference 18, or indirectly, Reference 4. The solutions based on Equations (5.1) and (5.2) |
contain, as limiting cases, those for a solid wall wind tunnel (Py =Py = 0) and for an open jet wind 1
tunnel (Py,P; = ). The reason for using different porosity parameters for upper and lower walls is

that the walls may actually be of different open area ratios or, even if identical, they may display a

different resistance to outflow than to inflow, see for example Reference 4. Under the latter circum-

stance, Equations (5.1) and (5.2) are not suited for mixed inflow-outflow conditions, but apply well |
if along each wall either the inflow or outflow conditions prevail, as is the case of high lift systems {
(inflow on the suction side and outflow on the pressure side of the airfoil).

%
¢
!

Since Equations (5.1) and (5.2) are linear and homogeneous with respect to the real and
imaginary parts of F-, we may use the concept of a Green’s function to express the complex disturb-
ance velocity of the wind tunnel flow past a multi-component airfoil as a line integral along the airfoil
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contour. In the context of Green’s theorems and eigenfunction expansions, the basic idea of this

approach was first given by Kacprzynski, Reference 19.

Assuming that the airfoil is positioned inside the wind tunnel,

Im¢| < h/2, $eL

we can write, in analogy to Equation (2.8)

F(z) = { [0()G, (25) + Y(§)G, (2.8)] IdS|

where
1
Ga(zig) S 21T(Z' {) + Ho(z1§)
G b=+ H
v 2 27[(2- §) 'y(zr§)

are the Green’s functions (influence functions).

(5.3)

(5.4)

(5.5)

The first right hand terms, generally called the fundamental solutions, are singular at z = ¢
and vanish at z = 0. They are recognized as complex disturbance velocities at z due to a point source
and a point vortex at §, as if no walls were present. The functions H, and H, are analytic in the strip
[Imz| < h/2 and such that both G, and G, satisfy the wall boundary conditions of Equations (5.1)

and (5.2). In terms of a two-argument Green'’s function G (= G, or G, ) these conditions read

Py Re G(z,{) - Im G(z,{) = 0, z

x+ih/2

P, Re G(z,$) + Im G(z,{) = 0, z

X-ih/2

(5.6)

(5.7)

for any |Im§| <h/2. Consequently, the functions H, and H, can be interpreted as complex disturbance
velocities at z induced by the wind tunnel walls as a response to the presence of a point source and a
point vortex at {, respectively. Using Equations (5.4) to (5.7) it can be shown that the integral of
Equation (5.3) satisfies the wall boundary conditions, Equations (5.1) and (5.2), for arbitrary density

functions o and 7. :

Solving the boundary value problem of Equations (5.6) and (5.7) for the Green’s functions

are found to be, Reference 3:

H,(z{) = B(z{) + E(zf) + C

H,(z$) = i[B(zS) - E(z3)]

R - Tr TN 20 SR IR VL CONBIAY BT R O S R T e
o TR T HA R X T 3 .3),,,.\,.3}_,,'_ i T T

I

“defined by Equations (5.4) and (5.5) by the image method of Ebihara, Reference 20, the analytic parts

(5.8)

(5.9)

A.‘:‘h 5




where UL gg
ek
1 e " ;
B(z,$) = — = .: 5.10
T 2m(z-¢) B
P
e b -1
"tU+tLZ;E !U-!L
1 e 2 h in
Ezf) =-— ——— e 2 5.11
= - = S (5.11)
piim )
e P +1
1
== P = P = 0
h U L
C = (5.12)
0, otherwise

In Equation (5.11), { denotes the complex conjugate of {. The porosity parameters P;; and P; enter
the above fermulas through the functions

2

ty = = atan Py (5.13)
2

t, = = atan P (5.14)

which vary on the interval < 0,1).

Further details concerning the derivation are not given here, but the results can easily be
verified by direct substitution in Equations (5.6) and (5.7). From Equations (5.6) and (5.7) it is also
apparent that the constant C can acquire an arbitrary real value if Py; = P; = 0; otherwise it must be
zero. The value C = 1/h selected for the solid wall wind tunnel, P;; =P} = 0, satisfies the additional

condition
lim Gq (Z,{ ) =0
Rez—> -

by which the undisturbed flow conditions are established infinitely far upstream (but not necessarily
far downstream). If at least one of the porosity factors is non-zero, then

lim B(z,{) = lim Ezf) = 0
Rez—=>t oo Rez =t oo

so that undisturbed flow conditions are automatically established both upstream and downstream.
This basic difference between the solid wall and the porous wall wind tunnels is due to the simplifying

2he
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assumption that the walls are of infinite streamwise extent, see Reference 21. In the porous wall wind
tunnel the flux due to a source can escape through the walls, no matter how little porous they are, and
the undisturbed flow conditions are established .infinitely far upstream and downstream. For the solid
wall wind tunnel this is not true and the presence of a source is thus felt over the entire wind tunnel
length. The only exception is if the discharge Q, Equation (2.22), of the airfoil is zero, so that the
wall interference contributions of the source terms cancel out far upstream and downstream. The
awareness of the above properties of the wind tunnel flow solutions is very important for the correct
interpretation of the results.

It is easily verified that the functions H, and H, have no singularities other than simple poles
outside the wind tunnel. Their locations

z=2¢ % i2kh , k

15125i3 00

z=1¢+i(2k- 1)h, k

1,2,:3,..

are known as ‘‘images” of {. At z = { the function B has a removable singularity, so that the functions
H, and H, are analytic in the entire wind tunnel interior. In order to calculate their values in the
vicinity og point z = {, we use the power series expansion, Reference 2:

B(z){) =

z_gvm-l
ty + 1t (1r h) |z - ¢
1 = U z -
== B ( ) ’ <2 5.15
., 2 m! h 5251

where B, (t) denotes the Bernoulli polynomial

Bo®) = = (F)Btnk, m=1,23... (5.16)
k=0

and B, the Bernoulli number, described by the recursion formulas

Bo=1
k+1 k+1
Bysey = 2 ( j)Bj’ k=1,88... (5.17)
j=0
This gives
1
Bit) =t - —
1 () 2
By(t) =t - ¢ + =
g 6
3 1
By(t) = t3 - =t2 + = ¢
3(t) 2 2
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et 3 In particular, at z = { we obtain

(5.18)

If the wind tunnel height h becomes infinitely large, the functions H, and H, vanish, and
Equation (5.3) reduces to Equation (2.8), valid for the free air case.

Since the functions H, and H, are analytic in the entire wind tunnel interior, they must also ‘ |
be continuous across the airfoil contour L and hence cannot affect the jump condition described by
Equation (2.2). From this it already follows that Equations (2.9) to (2.19) and conditions under which
they were derived remain valid. Consequently, in the vortex distribution method the evaluation of the
vortex density v from the airfoil boundary condition, Equations (3.1) and (2.16), and from Equations i
(5.3) to (5.5) remains essentially the same as for the free air case. At this stage attention is no longer
paid to the wind tunnel boundary conditions, Equations (5.1) and (5.2), since they are automatically
satisfied by the properties of the above Green’s functions for any distribution of sources and vortices. 1
As in the free air case, the tangent component of velocity is obtained from Equation (2.17) and the i
pressure coefficient follows from Equation (4.23).

If the airfoil chord to wind tunnel height ratio c/h is small, say 1/4 or less, the wall inter- q
ference effect in potential flow can be approximated by a single angle of attack correction. Using the
analytic part of the integral of Equation (5.3), the angle of attack correction can be expressed as

Ao = -Im{ [o()H, (z,5) + Y(H, (z5)] ldE] (5.19)

where z is some reference point inside the airfoil, e.g. the quarter chord point. In order to obtain a 4
formula involving only the integrals of 0 and v, we expand the functions H, and H, in Taylor expan-
sions about the point z:

dH(z

€ H(z,{) = H(zz2) + ) €-2) +

; d¢

: t=2

; Assuming that the angle of attack correction does not vary significantly along the airfoil, we restrict

ourselves only to the constant terms. Thus

Aa = -lmlu,(z,z){omldn + H,y@a) f y(&)ldg 1}

= -QImH,(z:2) - I'ImH,(2,2)

where Q and I', Equations (2.22) and (2.23), are the values of the discharge and the circulation, respec-
tively. Of course, the above expression can also be obtained from the far field approximation of F-
in free air, Equation (2.24), employing the source and the vortex strengths, Q and I, as the factors of
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the analytic parts of Green’s functions, Equations (5.4) and (5.5). The values H, (z,z) and H, (z,z) can

be evaluated from Equations (5.8), (5.9), (5.11), and (5.18). In particular, if the airfoil is located near
the tunnel axis, then z = 0 and

i tU‘tL) r : ty -t
Aa h sm(ﬂ 2 e [tU +t, +cos|m 2 )- 1] (5.20)

If the flow is tangent to the airfoil, then Q = 0 and according to the Joukowski theorem approximately

r . C
B et
2 L

" where C, is the lift coefficient of the airfoil. As a result

1
= [cos m
2

tL) g 1], (5.21)

which in the case of equal porosity parameters, Py = Py = P, that is ty; =t = t, reduces to the familiar
formula

1 e c
Aa=-——Cit=—0C 6 5.
o &K " 0w Y s
The expression
5, = lt- —1 tan P (5.23
%" T4 i i

is known as the upwash or the lift interference factor.

In order to include terms containing higher powers of the ratio c/h we would have to carry
the higher order terms in the Taylor expansions of functions H, and H, or , if using the far field approx-
imation, the higher terms of the Laurent expansion of F-. It can be shown that in this way the influence
of the pitching moment, the cross-sectional area of the airfoil, and the higher moments of the pressure
and the thickness distributions can be taken into account. However, if the distributions of o0 and 7 are
known, as in the computations by the present method, one can directly use Equation (5.19).

The corrected lift and drag coefficients C; and Cj, are obtained from the wind tunnel values
C, and Cp, by resolving the aerodynamic force into the directions parallel and normal to the corrected
direction of the wind tunnel stream

Cj = C cos A - Cp sin A (5.24)

Cp = Cp cos b + C sin Ax (5.25)
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It is perhaps worth mentioning that the drag coefficient Cy,, obtained as the nondimensional component
of the aerodynamic force parallel to the wind tunnel axis, is as a result of wall interference is in general 1
non-zero even if Q = 0.

The angle of attack correction has no direct effect on the pitching moment, that is

C;‘ = CM (5.26)
The usefulness of the angle of attack correction in practical applications is examined in Section 7.0.

6.0 VORTEX PANEL METHOD FOR THE WALL INTERFERENCE CASE

Using the results of Section 5.0, it is a simple matter to modify the vortex panel algorithm i
developed in Section 4.0 to include the wall interference effect.

In the presence of wind tunnel walls, Equation (4.2) is replaced by {
F@-t 1 s T Lo, von,@n] (6.1) :
4 2ri ¢ §-z £ i i

This follows from Equations (5.3) to (5.5). In order to evaluate the additional integral, we note that
the functions H, and H,, given by Equations (5.8) and (5.9), are analytic in the entire wind tunnel

interior in both arguments z and {, and can thus be expanded in the following Taylor expansions about
the panel midpoint z;:

dH(z,{)

HS) = Hea) + =

(‘-Zj) ¥

§ =z

Assuming that the length |{ j+1 ~ §;| of the panel is small compared to its distance from the wall

1th/2 -1, (zj)l. we can restrict ourselves only to the constant term in the above expansion. This
yields
i
Siv1 1
[ oOH, @RI = = (o) + o) JH, (220, - &1 (6.2)
]
Sj+1 1
g; 7(")“7(2,{)""" i E (’Yj + Yj+1 )H,,(z,zj)lfj” o "j| (6.3)
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Introducing complex coefficients

1
5 Ho(@z) 45 - Gl , = m®R1)+1
1
EHa(zkaszfju =&l * /
S, = , §J FmR-1)+1,m() (6.4)
1
EHa(zk,zj_])Kj— $i-1
1 s
EHa(zk’zj—l)Kj— g‘j-ll v ] = (%)
i .
"Z'H»,(zkzj)’fjﬂ o 711 , 1= mE-1)+1
i
_EH'y(zk’zj)lg-j-l-] =&l -
b » 1 # mE-1)+1,m®) (6.5)
i
'2'H7(zk,zj_1)|§j‘ fj_ll
i
‘Eﬂy(zk»zj—l)lfj‘fj-ﬂ » J = m(R)

and substituting Equations (6.1) to (6.3) in Equation (4.1), we obtain

m(n) © m(n)
F_(Zk) - '21 (Ck,j + sk,j) Uj +1 .21 (Ck,j + de)'y] (6-6)
]:

which replaces Equation (4.9). As before, the coefficients Cy ,; are given by Equations (4.10) to (4.12).

Since the oncoming wind tunnel stream is at angle o = 0 with the x-axis, the airfoil boundary
condition, Equation (4.13), takes the form

Re{(l"F-(zk)]e“’k} -~ % (ok +°k+l) (607)

Substituting for F-(z, ) from Equation (6.6) we again obtain a set of linear algebraic equations described
by Equation (4.14) except that now

Acegy = Im [ (C ;+ Gy )], k#m(2-1), m(?) (6.8)
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1

{t 3 e m(n)
[ ; brse = Re'e‘"k [1+ -21 (ck'j+sk,j)o,-]] =4 Ok *0x4y), k#m(2-1),m@®) (6.9)
i : i= !

The elements of the remaining rows follow from the trailing edge conditions and are again given by
Equations (4.17) to (4.20).

The overdetermined system of linear algebraic equations is solved as described in Section 4.0
and the values of the airfoil pressure coefficients are obtained from Equation (4.23). The pressure

coefficients along the wind tunnel walls can be evaluated from Equations (4.1) and (6.1) to (6.3),
using the Bernoulli theorem:

Cpo(z) = 1 - [1+F(z) (6.10)

where

Im(z) = £h/2

In comparison with experimental wall pressure coefficients, they can be used to provide a posteriori
check on the values Py and P; which were used in the above computation. A practical implementation
of this technique has been reported in Reference 4. '

7.0 NUMERICAL EXAMPLES

In order to demonstrate the accuracy and efficiency of the present vortex panel method,
example computations are performed for some theoretical profiles, whose exact potential flow
solutions are known. The exact solutions assume tangent flow conditions all over the airfoil, so that
stagnation points are obtained at finite-angle trailing edge.

First, a circulatory flow past the unit circle is evaluated. The corner points are selected at
$ = ei2n(k-1)/36 =1 2 .. .37 !

and a 10 degree angle of attack is assumed, « = 7/18, Table 1 compares the exact pressure coefficients
with the L.S. (least squares), L, , and L solutions. It is observed that the agreement with the exact
solution is excellent, and that all three methods give practically identical results. From the technical
point of view it does not seem to make much difference which type of the residual norm is minimized.
As far as the cost is concerned, the execution time for the single precision vortex panel method on the

IBM 370/3032 computer was 0.5 sec. for the L.S. solution, 0.7 sec. for the L, solution, and 0.6 sec.
for the L., solution.

TV u—

]
¢

Table 2 presents the results of similar computations on the cambered Kermdn-Trefftz airfoil,
whose co-ordinates are obtained using the mapping function

§x - ps fe-s)?

$k +ps E S +s

» P = 179/90, s = 0.92
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from the unit circle co-ordinates
te = s + [el2mk-1)/36 - 1] e-ic e = m/36,k = 1,2,...,37

By the Schwarz-Christoffel theorem, the theoretical trailing edge angle is © = 7(2 - p) = 7/90, that is
two degrees. The flow is assumed to be at zero incidence with respect to the real axis, « = 0. Compared
to the circle, the agreement between the exact and computed pressure distributions on the Kdrman-
Trefftz airfoil is not as good, notably in the vicinity of the sharp trailing edge. Substantial improvement
in accuracy can be achieved by doubling the number of panels as demonstrated in Table 3, but of course
at the increased cost of computation. The L.S., L;, and L, solutions took 2.5, 4.0, and 2.9 sec., re-
spectively. However, from Figure 5, showing the exact and the L.S. solutions in the unit chord scale,

it may be seen that with 72 panels the agreement is more than satisfactory.

As the third test example is chosen the two-component airfoil by Williams, Reference 22.
The contour points of the “Configuration A”, tabulated in Reference 22, are directly taken as the
corner points for the present vortex panel method. Table 3 compares the pressure coefficients by
Williams (CP EXACT) with the computed ones by the present method, using the least squares mode
(CP L.S.). From the pressure curves in Figure 6 it is seen that the vortex panel method predicts cor-
rectly the suction peaks on both airfoil components and that the overall agreement is excellent except
in the trailing edge region of the main airfoil. In conjunction with vortex panel methods, a similar
trailing edge discrepancy on the Williams’ airfoil was also observed by Choo, Reference 23, but appar-
ently not by Weibust, Reference 24, who did not force the flow through stagnation points at the
trailing edges, assuming that they behaved like cusps. However, since the Williams’ pressure coefficients
were verified to within a three digit accuracy by Ives, Reference 25, using a modernized Theodorsen-
Garrick conformal mapping technique for the analysis of two-component airfoils, it is safe to assume
that the observed trailing edge discrepancy is the liability of the present vortex panel method. Using
this and the preceding example, one may conjecture that it is difficult to correctly reproduce large
pressure gradients near trailing edges unless the number of panels is increased significantly. The
mapping of the trailing edge onto a circular segment is by its nature much better suited for the task.
Nevertheless, the main attractiveness of the panel method is its simplicity and direct applicability to
airfoils having a number of components larger than two, where the method of Reference 25 cannot be
used, and to complex geometric configurations, such as multi-component airfoils between wind tunnel
walls. Apparently, one could exploit the advantages of both techniques by removing sharp trailing
edges (or edges having a small radius of curvature) by Karman-Trefftz transformations and applying
the panel method to the transformed configuration. However, since complications arise with regard
to the present treatment of the wall interference effect and, in addition to it, the conformal mapping
techniques seem to fall somewhat outside the scope of the present report, no example is given here.

To obtain the overall comparison between the computed and the theoretical results,
Table 5 presents the lift and drag force coefficients, obtained by the integration of pressure distri-
butions. Compared are the exact values and the computations by the source panel method (Douglas-
Neumann type) from Reference 22 with the computations by the present vortex panel method. The
integration of pressure coefficients over the co-ordinate points of Table 4 is performed using the
method by Nonweiler, Reference 26. The force coefficients are normalized by the chord length
c = 1.33. It is observed that the present method predicts the lift forces with a better accuracy than
the source panel method, but more importantly, the resultant drag force is only 0.0006, which is
acceptably close to the zero value according to the d’Alembert paradox. This result indicates that
the present method is accurate enough to be used in conjunction with viscous calculations for the
evaluation of drag.

The column CPW L.S. in Table 4 gives the pressure coefficients calculated by the present
method (in the least squares mode) for the following wall interference case: c/h = 0.25, P =1.2,
P; = 0.8. As before, the airfoil is at zero incidence with respect to the direction of stream at infinity
(the wind tunnel axis). Due to the wall effect, the lift force decreases from its free air value of
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2.7887 to 2.2854 and the drag force increases from 0.0006 to 0.1598, cf. Tables 5 and 6. In order
to clarify the major trends of these changes, Equation (5.21) is used to evaluate the angle of attack
correction Ax = - 3.958 deg. and the lift and drag coefficients are corrected according to Equations
(5.24) and (5.25). From Table 6 it is seen that the correction value 2.2910 does not greatly differ
from the uncorrected value 2.2854, but the effect on the drag coefficient is substantial: the corrected
value 0.0016 is again very close to zero. For comparison, in column CPF L.S. on Table 4 printed are
pressure coefficients of the free air case at the angle of attack « = -3.958 deg. The values of the lift
and the drag coefficients, obtained by the integration of pressure coefficients, are given in Table 6.
The departure of the free air value 2.3468 of the lift coefficient from the corrected wind tunnel value
2.2910 can be verified on the difference of pressure curves in Figure 7. The corresponding drag loops
are displayed in Figure 8. Here the pressure coefficients on the main airfoil and the flap plotted
against the co-ordinate

Vn = (y-y)cosa - (x- x,)sina

where x,, y, is the respective trailing edge. It is observed that in free air the negative contribution of
the main airfoil is counterbalanced by the positive contribution of the flap. In the wind tunnel case
the flap contributes considerably more than the main airfoil, but the balance of drag contributions is
regained by applying the angle of attack correction to the co-ordinate y,,. However, the remaining
differences between the pressures in the free air case and the corrected wind tunnel case which are
observed on upper surfaces of both the main airfoil and the flap are again of the same magnitude as
those seen in Figure 7. This indicates that the wind tunnel case corrected for Ax and the free air case
are not exactly the same*. The difference between the two flow patterns is also apparent on the
pressure distributions computed at the location of the walls, Figure 9. Although the airfoil in the wind
tunnel at @ = 0 deg. and in free air at o = - 3.958 deg. produces nearly the same amount of lift, the wall
pressure signatures differ considerably.

A more direct approach is to avoid the concept of the angle of attack correction altogether
and interpret the corrections to pressures, force and pitching moment coefficients, and other aero-
dynamic quantities of interest as the differences between their free air and wind tunnel values,
computed at the same angle of attack. For example, as the corrections to pressure coefficients on the
Williams’ airfoil we can use the differences between the values CP L.S. and CPW L.S. in Table 4.
Another example is given in Figure 10 where the lift coefficient C, , the drag coefficient Cp, and the
quarter-chord pitching moment coefficient Cy, are evaluated on the Williams’ airfoil in free air and the
wind tunnel, at angles of attack -6, -4, -2, 0, and 2 deg. Using the interpolation curves, corrections
to Cy, Cp, and Cy can be found on the whole interval - 6 deg. < o < 2 deg. Naturally, this approach
can be of practical value for correcting the wind tunnel data only after the viscous effects on the air-
foil have been incorporated and the selected values of porosity parameters checked by comparing the
experimental and computed wall pressure distributions.

For comparison, in Figure 10 are as dash-dotted lines also drawn the wind tunnel values of
C.,Cp,and Cy ata=-4,-2,0, and 2 d-e., corrected according to Equations (5.24) to (5.26) for a
variable (negative) Aa. It is seen, for example, that the line of corrected C; at a = 0 deg. intersects
the line of free air C; near & = - 4.4 deg., but the corrected wind tunnel Cj, at a = 0 deg. agrees with
the free air Cp, near a = -4.0 deg. — a difference of 0.4 deg. Apparently, with respect to the force
coefficients the angle of attack correction is a tool suffering from a great deal of astigmatism in this
particular case: we can either focus on the free air Cy, or on the free air C; , but not at both at once.
As far as the pitching moment is concerned, the situation is even worse: we are completely out of
“focus” in the given interval of angles of attack. (In absolute terms, however, the difference between
the two sets of Cy, values is quite small.)

*  From the engineering point of view, however, these differences may be considered insignificant.
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It should be realized that the studied wall interference example is somewhat arbitrary,
although by no means unrealistic. However, it serves to illustrate that the simple angle of attack cor-
rection procedure may have certain limitations, especially when applied to high lift systems.

As pointed out above, since the present method can be used to compute both the free air
and the wind tunnel cases at the same angle of attack, the difference of these sets of data can directly
be used as correction to the measured wind tunnel data. This process would eliminate the need for
angle of attack correction. Furthermore, in conjunction with the modelling of displacement effects
the present method also contains the mechanism by which the wall effects on the development of
boundary layers can be accounted for — something that cannot be done with conventional wall cor-
rection techniques.

On the IBM 370/3032 computer the execution time required to compute the 122 panel
Williams’ airfoil was 9.6 sec. in the free air case and 17.4 sec. in the wind tunnel case. The increase
of the computation time in the wind tunnel case is due to the fact that the elements of the matrix
carry additional terms which require the computation of Green’s function values. In the case that the
inverse of the matrix has been generated, the repeated computation for a different angle of attack takes
only about 0.2 sec. in the free air case. For the wind tunnel case, unfortunately, any change of angle
of attack gives rise to a completely new airfoil-wind tunnel configuration so that a new matrix has to
be assembled each time. However, for repeated computations where only the normal component of
velocity is affected (iterations on the boundary layer displacement effect), the matrix of the system
does not change so that the subsequent use of its inverse brings about the same time economy as in
the free air case. : :

8.0 CONCLUSIONS

The developed vortex panel algorithm for the computation of potential flow past two-
dimensional airfoils is very simple and efficient, and at the same time capable of providing sufficient
accuracy for most practical applications. For a further improvement in the reproduction of large
pressure gradients near sharp trailing edges, or edges having a small radius of curvature, the use of the
present method in conjunction with conformal mapping techniques is recommended. However, even
in its present form it yields ample accuracy to permit analysis of such effects as the inviscid drag in-
duced by porous wind tunnel walls. It is believed that the present method will help to accomplish
the main objective — the prediction of the aerodynamic performance of high lift systems in free air
and in the wind tunnel, with the consideration of viscous effects.
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EXACT AND COMPUTED PRESSURE COEFFICIENTS FOR THE WILLIAMS’ AIRFOIL
(a) Main Airfoil
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TABLE 5

EXACT AND COMPUTED FORCE COEFFICIENTS FOR THE
WILLIAMS’ AIRFOIL IN FREE AIR, o = 0 DEG.

Lift Force Coefficients

Main Airfoil Flap Total
Exact 2.1853 0.6242 2.8095
Source Panel 2.1579 0.6003 2.7582
Vortex Panel 2.1662 0.6225 2.7887

Drag Force Coefficients

Main Airfoil Flap Total
Exact -0.2886 0.2886 0.0000
Source Panel -0.2821 0.2676 -0.0145
Vortex Panel -0.2861 0.2867 0.0006
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TABLE 6

COMPUTED FORCE COEFFICIENTS FOR THE WILLIAMS’ AIRFOIL IN THE
WIND TUNNEL AND FREE AIR, BY THE VORTEX PANEL METHOD

Do = - 3.958°

Lift Force Coefficients
Main Airfoil Flap Total
Wind Tunnel
(a — 0.0000 ) 1.6906 0.5949 2.2854
Free Air
(a — 3.958° ) 1.7200 0.6268 2.3468
Wind Tunnel
Corrected for 1.6783 0.6127 2.2910
Ao =-3.958°
Drag Force Coefficients
Main Airfoil Flap Total
Wind Tunnel
(= 0.000°) -0.1187 0.2785 01598
Free Air
_ (x=-3.958°) -0.2433 0.2426 -0.0007
Wind Tunnel
Corrected for -0.2351 0.2367 0.0016

o .
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FIG. 4: WIND TUNNEL CO-ORDINATE SYSTEM

T - 1 7. % T
A LR S Rl G h i s st g gt o -
—— - —




R
"

i -39-

rs 5 o
! i - e EXACT
l i — COMPUTED
‘{ § : (72 PANELS)
i 3
) t
g =
H O o’
%
%
¢
:
i
i -
¥
‘ d
s
- —
f - g § T - T T T : -1
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
X
4
| ( e \
1
4
FIG.5: EXACT AND COMPUTED PRESSURE DISTRIBUTIONS ON THE
KARMAN-TREFFTZ AIRFOIL, a = 0 DEG.




-40 -

S

QL -~ EXACT
{ : o — COMPUTED
it (122 PANELS)
o
1
)
(=]
=
CP
o
l{!
<
o T
°.
?
i o
H ‘l\;-i

-1.0
&

1.0 0.0

[ | AR e

| s FIG. 6: EXACT AND COMPUTED PRESSURE DISTRIBUTIONS ON THE
“ WILLIAMS’ AIRFOIL, « = 0 DEG.




Y

B

-41 -

------ FREE AIR AT a= -3.958°
—— WIND TUNNEL AT a =0.000°
LN c/h = 0.25, P,=1.2, P =0.8

(122 PANELS)

-7.0 -8.0
i L o

-5.0 -6.0
1

/18

CP
3.0 4.0

L

R s A

-2.0
|

-100
-

1.0 0.0
A

: B0 o2 B4 B8 @8 Lo ia 14

AN T - =

e wera

L T——

C e .f

FIG.7: PRESSURE DISTRIBUTIONS COMPUTED FOR THE WILLIAMS’ AIRFOIL
IN FREE AIR AND IN THE WIND TUNNEL




-42 -

0z°0

T3INNNL ANIM 3HL NI ANV HIV 3344 NI

70441V ,SWVITTIM 3HL HO4 d31LNdWOI'Sd00T OvHa 8 'Old

NA
01°0

NX
S0°0 000  S0°0-

00°0 o1°0

%r* 1 R R IS |

T
00 0°t

v

T
o1~

v T La
0°e-

T
0°e-

1 R
0%~

08S6°E- =0V 304 Q31234800 "

80:=d ‘21:="d'c20=us

0000'0=° 1V 13INNNL ONIM —-—

80= d ‘21:="d‘620=u

0000°0= © LV 13NNNL ONIM ——
08G6'€-=0 LV HIV 33Y¥4 -

01°0- SI°0-

S S

dg14

o ke koG e

1

o

1104418 NIUGW

B T R




[ - UPPER WALL |
L | : ; 1
:

§
| o LOWER WALL
; e
; -—-- FREE AIR AT @=-3.,958°
—— WIND TUNNEL AT a =0.000° J
& ¢/h=0.25, P, =1.2,P =08
? S i
i T R SR T
! Gl R e N L e 3
|
: o :
S i
' H i
t i
4
"
== i L ¥ L) o L L3 1 &
"3.0 -1.0 0.0 : 1-0 2.0 3-0
M X

LS FIG. 9: PRESSURE DISTRIBUTIONS AT THE LOCATION OF THE WALLS, COMPUTED
{9 FOR THE WILLIAMS’ AIRFOIL IN FREE AIR AND IN THE WIND TUNNEL




-44 -

RTINS R Ly e N AR R e tle o i R K S
. % (PO R e e R
R e e
R TR e
8 |
o
a -%- FREE AR
—{~ WIND TUNNEL
u‘z <-—{ WIND TUNNEL CORRECTED FOR Aa
gt y- T ™ T v T r
-6.0 -4.0 -2.0 0.0 2.0
& ;
ol {
4
S :'
a |
& O {
: i §
o
. !
- /. ./
‘ ?. . / T s 1 T 2
i -6.0 -4.0 -2.0 0.0 2.0 |
? i3 1
=
* 1
m. 1
? i
p
(&)
i
Q
&
¢ —— p— —
i ‘800 o 00 _2n0 0-0 2-0

ALPHA (DEG)

FIG. 10: LIFT FORCE, DRAG FORCE, AND QUARTER-CHORD PITCHING MOMENT
COEFFICIENTS COMPUTED FOR THE WILLIAMS’ AIRFOIL IN FREE AIR
AND IN THE WIND TUNNEL




S

DTS

9¥ZLI 'ON JUN 9¥ZLI 'ON DUN
5
‘URALS aze suonnGUIRP amssaid ‘02l aze suonnqinwp amesasd b
panduwiod 2 PUR 308X3 JO SIQE) IAISUSIXD PUE SIOLITE [E1AIU4) WS 10] INO PaIndwiod pus 108X JO QW] AN Ppue sojTe | s Wwos 305 M0 O
are ‘auerd xaidwod ayy ur uoLAUN] $,uUsarD) 3y Jo 3dadu0d are sard -aueyd xay 2 U1 UOHOUTY ¥,UAaD) A Jo Weouod P

96541 IVN ‘04N 'II
‘W ADIOW 1

5!.:-:3-»5:.530&8 319Ul [[eM [dUUn: :,.Ek!:. ‘uou =7y AR
ut Jo ‘uuou '7 ayy ur ‘wayqoid saxenbs yswe| ¥ s Paajos suonenba JreigeRE
Teauy] jo washs p F aq pue sutodprw faued (re e pagsnes
-...8«1:8»..-1559__5- YL -uade Arepunoq jo 109339
Y3 yenuns 03 pasn Sutaq 193391 Yy Sggﬁisggsﬁi
sjoued jey sazymn poypaw ay, ‘reBajur 3dA3 Ayone) Ay Jo Aioayy ayy woy
PRAURP 3B — MO[JSSOI) Yim a8pa Suifren e Su uonIpuod IysmoxnoOr-EPINY
TeI3Ua3 3y} pus ‘smoy IouAul pue ay
‘SUONOUNy A3ISUSP X91I0A PUB 22IN0S 5u lﬁﬂnﬂavﬁ _8505 a jo
suoyEpun :8...235 YL, “[auun) putm [fes-sn nosod ¥ § Pus 2v 2033 Ut SO
w 3sed Mop | oﬁ o p st auwmd
x_aﬁoooﬁ.hvoﬁwﬁ _u.an 5?3: 10} wyILOSMe JUBNJO ﬂ(

965971 AVN ‘D8N ‘NI
W ADOW |

os!!_?.lasmu_aol!l!tﬁit..lﬂil— wwou "jop e

1 UoNIPUCO ATEpUNOQ IOJTE 2], “wakw AXpunoq Jo 190 -
3 3enus 03 Pasn BUTaq I I SISUIP SAITOS PUN XII0A JWOUS] MR e
sjound ey sozmn poaw ayy, i’.ﬁ&bi!a%gl.ll

.gaggialsa-a%laug.al!il-i! k3
SUOEPUNO} [EXAI0Y] Y, ‘[oUUN] PuLs [fea-snolod ¥ pus 1w 2 U1 SO

5ed mop renusod ay o p ® sumd {0
ﬁguas%gg * 10} WO JuAde Uy

P
. . ‘(saam3y pure sajqes ‘pur) *dd 6y 'SLET JIqWAON ‘W ‘AIYOW - y “(somBy pus soiqe; “our) “dd 6 "SLET ISqWSAON W ‘AmoN

sppueq ‘g sPURg g : i

‘SONUOA 7 ANV *$30IMOA °Z ANV

“MOf} [E1UOG ‘] X3TdWOO FHL NI GOHLINW TINVd XALYOA V ONISN STIOAHIV -MO) (SHURN0G ‘T Xd1dWOO FHL NI GOHLIN TANVd XALHOA V ONISN STIOANIV |
LNINOIWOO LLINW 1SVd MO1d TVIINALOd FHL 40 NOLLVINDTVO LNINOJWOOLLINA 1SVd MO'Td TVLINZLOd FHL 40 NOLLVINDTVD [
V TRUCHEN "SPRURD [IUNOD Yoaedeay [SUOHEN PGRTE [eo8 V TeuoHEN “Spsus) ouno) yamssey uoneN | -

Qa14ISSVTIONN 969-4T AVN ‘OUN Q4I4ISSVIONN

9¥TLY 'ON D¥N

96947 AVN 'OUN 11

‘W ADIoN T W ‘AioW T
SN “(saanBy} pus sa(qe) ‘fout) ‘dd Gy "SLGT QWIKON "W ‘ATIOW ‘seuvg 'g “(samBy puv saiqey (o) ‘dd 6y "BLET 2qWAMON W bil :
*$SIOIHOA "ANV1d ‘S9OIHOA "2
mog _._.._Son m X4TAWOO FHL NI QOHLANW TANVA XALUOA V ONISN STIOIHIV mop [enuaod ‘T XdTdWOO JHL NI GOHLIN TANVA XLLUOA V ONISH 58.!4
ININOIWOILTINNW LSVd MOTd TVILNILOd FHL 30 NOLLVINDTVO ININOIWOXLLLNN LSVd MOT4 TVLLNILOd FHL 40 NOLLVINDTVD G
V [SUOHEN "EpRUE) [IOUNO) YIIEWY [FUONEN JRWYSIqRIsY [PHANIORY [UoHEN “SPRUR) [ounc) yamesny feuoney |8
QIJISSVIONN 96S-471 IVN ‘DUN QILIISSVTIONN

*uaAIB are suonnqUINp amssaxd
pandwod pue 308X3 JO SI[QE] AL pue s[rojae [eor Y3} auwios 10} N0
poyIom are sajdurexy “auwid x2dwoo ayy Uy UOKOUNY §,UBAD) 3 JO 3dAOU0D
ayy Suisn voag!a.aﬁnogvﬂuﬂ_a:-l_o::&!.ié ‘ugou 7 ay}
ut 30 ‘ugou I 3y uy ‘wiajqoad sazenbs jse3] ¥ S Paajos suonenbe Jresqalme
Teaul| Jo wNnshs p P ay pue syurodpr _E-n:-.vo_«-al
St Uol »v:ooau-v..:oa__o«aé ‘s1oke] P q Jo 309539
Yy e Eﬂsgwﬁonusoas:éaﬂsﬂvﬁgggﬁ.l
sppued je ezt poylaw 3y, ‘TesBegwn adAy Ayone) ap Jo Aoays ayy wox
POAUSP ale — moyssoLd Yym 38pe Bumen ® 40} UOKIPUOCD hysmoYNOfFINY
[Iaua8 ayy pue ‘smop J0UANW pue am an
‘suorjounj ANsuap XaJI0A _-50253 n: -So-&o.noﬁ voﬁ!u ay jo
suonEpunoj [ea3aioayl ayy, 1::3—.:5_1.»&3.3_ Pue ITe 333 ui sioyre
aconoaﬁo?siﬂﬁcn Moy £l 0} padojeasp n1 auwid
xa1dwod ay} ut poyaw —u:!— So»-ou Eﬁgu_a aﬂ!ﬂu«éi

9¥ZLY "ON DN

96S-UT VN ‘OUN ‘Il

965 UTIVN DN |5

“usag® are suonnquysp amesssd .
gagiaﬁégigillc‘ .f

ﬂ.&g!ﬁ!glg !i!’

WZF.\&?? R e T AR A AL SR IN,




