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ABSTRACT

The problem of steady incompressible flow for lifting
surfaces is considered. This problem requires the solution
of an integral equation relating the values of the potential
discontinuity on the lifting surface andits wake to the
values of the normal derivative of the potential which are
known from the boundary conditions. The lifting surface
and the wake are divided into small qguadrilateral (hyper-
boloidal) surface elements, Bi, which are described in
terms of the Cartesian components of the four corner points.
The values of the potential discontinuity and the normal
derivative of the potential are assumed to be constant
within each lifting surface element and egual to their
values at the centroids of the lifting surface elements.

This yields a set of linear algebraic equations.

An iteration procedure is used to obtain the wake
geometry: the velocities ét the corner points of the wake
elements are calculated and the (originally straight) wake
streamlines are aligned to be parallel to the velocity vec-
toxr. The procedure is repeated until convergence is attained.

Numerical results are in reasonable agreement with exist-

ing ones,
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SECTION T

INTRODUCTION

1.1 Definition of the Problem

This work deals with a nonlinear finite-element analy-
sis of zero thickness wings (lifting surfaces) in steady,
incompressible, inviscid, irrotational flow, including the
effect of the rollied-up wake. The problem is formulated in
terms of the velocity potential. This problem was consi-
dered in Ref. 1 where a zeroth order finite—eiement (i.e.
the potential ¢ prescribed at the centroidsof the surface
elements) analysis was used, with a straight-voritex line
wake. The present work is an extension of Ref. 1 and in-
cludes the analysis of the wake roll-up as well as the non-
linearities in the evaluation of the pressure (Bernoulli's
Theorem) . Throughout this work, the potential is assumed
to have a constant value over the surfate element,equal for
example with its (unknown) value at the centroid of the
element (zeroth order formulation). The first item considered
here is the wake roll-up. The ré;led~up geometry for the
wake is obtained by a process of iteration. The.convergence

of the iteration scheme is investigated. A second item



included here is the effect of the rolled-up wake on the
pressure distribution over the lifting-surface,'using the
nonlinearized Bernoulli equation. The results are compared

with the linearized ones.

1.2 Lifting-Surface Theory

The theoretical investigation of pregsure and 1lift
distributions over lifting surfaces of various shapes is
embodied in many works.’ An excellent review of the litera-
ture in the field is given in Refs. 2 and 3, together with
results for lifting surfaces in steady and oscillatory,
subsonic and supersonic flows. It may be woréh noting that
the integral equation used here is analogous to the oné used
by Jones (Ref. 4) for .unsteady iﬁcompressible flow. The
classical approach for the numerical solutions of 1lifting-
surface theories is by expressing the unknown in terms of a
series with N unknown coefficients and by imposing that the
equatién be satisfied at N control points. Recently, however,
a new approach (often referred to as the finite-element me-
thod) has been inéroduced, especially in connection with
complex-configurations aerodynamics. A finite-element ana-
lysis of lifting surfaces is considered for instance in Ref.

5, which presents results for the loading of a rectangular



planar zero-thickness wing using a downwash-velocity poten-
tial formulation. ﬁef. 1 presents a general finite-element
solution of a velocity potential formulation for 1lifting
surfaces of arbitrary shapes in steady su@sonic flows. This
work differs from the one of Ref. 5 in that it uses hyper-
boloidal (i.e. warped) quadrilateral elements and is there-
fore applicable to any arbitrary nonplanar shape. Expressions
for the velocity at any point are also obtained in Ref. 1.
These are suitable for investigating the dynamics of the

wake.

1.3 Wake Roll-Up

The interest in the phenomenon of wake roll-up has been
spurred by the introduction, a few years ago, of the wide-
body aircraft. Many papers have since been written about
wing-tip vortices: about their formation, their effect on
a trailing aircraft, their detection and their disappearance.
Excellent descriptions of the phenomenon can be found in Refs.
6. and 7. A short illustration of it is also presented here.
In a few words, behind every aircraft in flight, a pair of
counterrotating wing-tip vortices is formed. See Fig. 1.

The diameter of the vortex core has been found by measure-
ments to be approximately 3% of the wingspan. The strength

of the vortex seems to increase as the weight of the air-

craft increases. If a four-engine jet alrplane flies



sufficiently high fbr the contrails to appear, it is ob-
served that the exhausts from the two engines on each wing
are gradually pushed towards the wing tips, thus making

the wing-tip vortices visible. These vortices are quite
sﬁable; vortex life spans of more than 15 minutes have

been observed, which, compared with the speed of a modern
aircraft, means that the wing-tip vortices might persist
for 150 miles behind the generating aircraft. The circum-
ferential velocity of the vortex is large, of the order of
30% of the generating aircraft speed. If a small aircraft
passes through the wake of a large one, structural damage
may occur on the small plane; if the £light path is not suf-
ficiently high, the disturbances induced by the wake of the
large aircraft on the velocity field of the small one may
lead to loss of 1ift foxr the small plane and possibly to
its crash. Ref. 7 contains more descriptive and pictorial
information abeut these undesirable occurrences.

Numerous wind tunnel and real life measurements of the
wake vortices have been performed. See,for example, Refs. 8
and 9.

Theories dealing with the matter are mainly two-dimen-
sional and generally.they do not account for the viscosity
effecﬁs (Ref. 10}. Ref. 1l presents a three-dimensional
potential method for the estimation of the wake roll-up
geometry for wings with control surfaces. In addition, an

"artificial® viscosity coefficient is introduced in the



equations describing the velocity field of the vortex sheet

to "smoothen" out the singularities inherent in the method.

Reference 12 presents another three-dimensional potential
model to obtain a rolled-up wake geometry, as well as the
wing-jet interaction. |

Reference 13 integrates in time a set of ordinary differ-
ential egquations describing the position 5f the wake vortices.
The finite vortex sheet of which the wake consists is approxi-
mated by & finite number of vortices. An unsatisfactory wake
pattern was obtainéd and the paper contends that the mathema-
tical model used fails at the wing tip.

Reference 14 presents a method for the prediction of the
aerodynamic loads on thin lifting surfaces. Nonlinearities
{(wake deformation) are considered. The method of Reference
14 is conceptually the closest to the one presented in this

work.

1.4 Formulation of the Procbhlem

This subsection presents the basic flow equations which
will be used throughout the paper. The fluid considered here
is incompressible, inviscid and irrotational., For an in-

compressible fluid, the continuity equation is

¥.T=0 (1.1



where V is the velocity vector. Because of the fact that

the fluid is irrotational, or

<t
"
<
n
o

{1.2)
a velocity-potential 9 exists, such that

> >

vV =V {1.3)

It is convenient to introduce the perturbation velocity

+
potential,d, and defineV as

v =u_ (1 +V) (1.5)

o«

where 1 is the unit vector along the x-direction.

Combining now Egs. (1.1} and (1.5) the Laplace equation for ¢

is obtained:
Ve = 0 (1.6)

The boundary condition to be satistfied is that the flow

is tangent to the surface, or

<t
=R
i

<

(1.7)

From Egs. (1.5) and (1.7), the boundary condition for the



perturbation potential results:

-—a—g =—-? L] g —_— —
sm =L +n n_ (1.8)

As it is well known, on the surfaces of the wing and of

the wake the solution is discontinuous (see for instance

Ref. 1 and 5). Also, there exists a pressure discontinuity

on the surface of the wing, while the surface of the wake is
determined by the fact that no pressure discontinuity exists
on the wake. Therefo;e, in order to complete the problem,

the condition for the geometry of the wake as well as the
expressions for the pressure discontinuity on the wing are
cbtained here. This can be easily accomplishéd, starting

from the Bernoulli theorem (for steady, incompressible, invis-

cid flows)

p-p, +tE (V-V-0% =0 (1.9)

If there exists a surface of discontinuity, then, indi-
cating for simplicity with "upper" and "lower" the two sides

of the surfaces, one obtains, from Bg. (1.9)

— .9. e » F -+ - 7 -
By " Pyt 5 (V,r V-V, - V,)) =0 (1.10)



or

= 0 (1.11)

- Indicating with %a the velocity of the point on the surface

of discontinuity

(1.12)

<+
] I
<

AV =V -V (1.13)

the velocity discontinuity, Eg. (1.11l) may be rewritten as

-5
Ap = Pu - Pgm —pVa = AV (1.14)

This is the desired expression for the pressure discontinuity.

Using Eq. (1.5}, Eq. (l1.14) may be rewritten as

Ap = —puZ (T + Vo) + V(ag) (1.15)

or



Ao, = L= 2 e Vo_) « V(44) (1.16)
2 PV

which gives the exact (nonlinear) expression for the pressure
distribution on the wing.

Equation (1.14) may also be used to obtain the condi-
tion for the geometry of the wake. For, the condition that

no pressure discontinuity exists on the wake yields

V.« AV =0 (1.17)
It may be noted that if Egq. (1.17) is satisfied, then

the no-pressure-discontinuity condition is automatically satis-

fied. Equation (1.17) may be interpreted as saying that the

velocity discontinuity on the wake is normal to the velocity

of the wake. Also, Bg. (1.17) may be re?ritten as
(?a- V) Ad = 0O (1.18)
i.e. that
Ad = constant along a streamline (1.19)
Therefore, the geometry of the wake may be obtained from the

streamlines emanating from the trailing edge which have the

property of being tangent to %. Equation (1.17) {and hence



=10~

the condition of no—pressureudiscontinﬁity) is then satisfied
by imposing that A¢ be constant along a streamline (Eg. (1.19)) .
It may be worth mentioning that Eg. (1.17) is equivalent to
saying that the vortex lines coincide with the streamlines
since a surface of velocity discontinuity (with continuous
normal component) is equivalent to a layer of vortices with
vortex lines parallel to the lines of constant A¢ (which,

in turn, are normal to the directions of A%)*.

It is worth noting that the above formulation is exact,
in the sense that no small-perturbation hypothesis has been
used. In order to.assess the relevance of using the exact
formulation, the results obtained with such a formulation
will be compared with the ones obtained from a small-pertur-

bation formulation. If the small-perturbation hypothesis
5
[Vo| = O(e) << 1 (1.209)
is invoked, Eq. (1.5} yields
+
V=1U_1+ 0{c) (1.21)

and therefore Eqg. (1.16) may be rewritten as’

*See for instance Ref. 15
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Ac, =-21 - V(A) + O(e) (1.22)

while the wake may be assumed to be composed of straight
vortex lines emanating from the trailing edge. A more con~
is

venient expression for AcP

=09 .
Ao, ==2 5= Ap + 0(e) (1.23)

where S is the arc length along the lifting surface in the

planes y = constant.

1.5 Method of Solution

In Ref. 1, it is shown that the distribution of the per-
turbation aerodynamic potential around a body of arbitrary

shape is given by the following integral expression:

ATEG = - 5{;{) [ % T - 4211 as (1.24)
PX
o
where
E =0 inside I
o
E=1/2 on 20

E =1 outside Zo



w2

Eo is a surface'surfounding the body and its wake, and 1
is the normal to the surface.

If thé distance between the upper and lower sides of
the body surface goes to zero (zeéro-thickness body), one

obtains a lifting surface formulation:

¢ = ” D g (D) az (1.25)

where X extends over the lifting surface and its wake,

D = EELTE;E& (1.26)
and the subscripts u and £ stand for upper and lower surfaces,
respectively. Equation (1.25) shows that the potential can
be represented by a doublet distribution on the body and on
the wake. The value of D is constant along streamlines of
the wake and equal to the value at the trailing edge of the
wing (Eg. 1.19).

The boundary condition, Eg. (1.8), must be satisfied.

Using Eqg. (1.25), the following integral equation results:
9 _ ” & &y oax (1.27)
Bno r

on an
5 o)

where B¢/3no (the subscript zero denotes the control point)
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is known and given by E. (1.8).
The surface of the wake is assumed to be known (say

from independent calculations).

The numerical solution of Eg. (1.27) will be analyzed
in detail in this work.
After Eq. (1.27) has been solved for D, the velocity

at any point, P, in the field, may be obtained as:

V.= ” p &_ (%) as (1.28)

From Gp, the pressure, as well as a new geometry for the waks

is obtained.

1.6 Outline of the Work

In Ref. 1, the numerical formulation for the integral
equation describing the distribution of the perturbation aero-
dynamic potential over a lifting surface has been obtained.
Expressions for the velocity vector, 3, at any point in the
field have also been obtained. In Section II of this work, a
summary of Ref. 1 is presented. A description of the itera-
tion scheme used for obtaining a rolled-up wake geometry, as
well as ‘the calculation of the nonlinear pressure coefficient
are added.

Section ITII presents results obtained with the lifting

surface formulation of Ref. 1, shown in comparison with
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existing theoreﬁicai and experimental results.

The convergence of the solution is illustrated in
Appendix 'A. In Appendix B, the convergence of the itera-
tion scheme is presented. A flow chart and Iist of the

computer program implementing the theoretical formulation

is contained in Appendix C.



SECTION II

NUMERICAT, FORMULATION

2.1 Introduction -

This sectien presénﬁs the numerical formulation used
here, including the wake roll-up iteration procedure and
the calculation of the pressure coefficient, using the
linearized Bernoulli Equation, as well as the nonlinearized
one, This formulation is an extension of the one of Ref. 1,
where wake roll-up-is not included. For completeness, the
formulation of Ref. 1 is summarized here.

As mentioned in the previous section, the finite-ele-
ment formulation vields the distribution of the doublet
strength at the centroids of the lifting surface elements.

Once this is known, the velgcity at any point in the field,
in particular at the corner points of the wake elements may
be obtained. These may be used to obtain the geometry of
the wake. -

In Subsection 2.2, the gradient of Eg. (1.25) is expressed
in terms of the values of D at-the centroids of the elements;
the boundary condition, Eg. (1.8) is satisfied at the centroids
of the elements (control points). In Subsection 2.3, a new
type of surface element, the hyperboloidal quadrilateral ele-

ment, first introduced in Ref. 16, is briefly presented, to-
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gether with the vector expressions for the velocity induced
by an element at a control point. In Subsection 2.4, the
iteration scheme used for obtaining the rolled;up wake pat-
tern is presented. The element grid used .for performing the
numerical calcuiations is described in Subsection 2.5. In
Subsection 2.6, the finite~difference procedure for calcula-
ting the pressure coefficient in terms of the planform

geometry is indicated.

2.2 Discretization

The lifting surface and its wake are divided into small
surface elements., See Fig. 2. Assume that the value of D
is constant within each element, say it is eqﬁal to D (un-
known) at the centroid of the element o, . Then Eq., (1.27)

k
reduces +to:

(2.1)

where N is the number of surface elements on the wing and L
is the number of elements on the wake. WNote that D is con-
stant along streamlines of the wake and equal to its value
at fhe trailing edge or approximately equal to D at the
centroids of the wing elements in contact with the trailing

edge. If we impose that the boundary condition, Eg. (1.8)
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is satisfied at the centroids Po = Ph of the wing surface

elements ¢,, the following system of linear algebraic

h
equations is obtained:

[Ahk] {Dk} = tBh}

where
2
_ 3 1
Ank ” sron.. (o) 9%
Ox =
Po Ph
and
= (99
By, = (5)
Po = Ph
In addition, according to Eg. (1.28},
> -
VR=LD0 Vi
where
V., = v [ 24y ao
hk j an k
g
k =
PO P

Note that, by definition,

(2.2)

(2.3)

(2.4)

(2.5)

(2.6}



>
‘A =n, -+ V (2.7)

2.3 Hyperboloidal Quadrilateral Element

In order to evaluate Eqs, {(2.3) and (2.6), a typical
quadrilateral surface element is approximated by a portion
of a hyperboloidal paraboloid passing through the four cor-
ner points. This type of surface element is called the hyper-—
boloidal quadrilateral element, introduced in Ref. 16 and
briefly described here.

The geometry of a surface element is described in vector

form as:
B =73 (¢, £ (2.8)

where El and 52 are the generalized curvilinear coordinates

on the surface elements with the base vectors

o
i
Q2
| oy

]

Qo
Uy

(2.9)

az
o

Py

N
[

L @ l
Ty
[y

The unit normal to the sufface is -



i x a
> 71 2
a; x a,
The surface element igs (see Fig. 3)
o 1 > 2, _ > + 1..2
do = |a;dg” x a,dg | = [al x azrdg ag (2.11)

The hyperboloidal element approximating the real surface

element is described by the expression (see Fig. 4}):

’

)
k
> ?
P=[l, & n, &nl < 1 (2.12)
+
2
>
\ ©3
with
“l<gcl
] (2.13)
-1 <n <1
where gk represents the centroid of the element 0y - The coor-
dinates of the corners of the element are related to ﬁk' ﬁl’

> o
P2 and P3 as



(3 voo1 14 [3)
++ -t Py
> >
J i O B >
> >
P_, 1 -1 1 -1 B,
P -1 -1 -1 1- 2,
\ /
> - > - .
The vectors Pk’ Pl’ Pz, and P, are given by
( { \
-+ >
‘ Pk -1 1 1 1. P++
-
‘J B =% 1 1 -1 -1 < P,_ >
2> >
P, 1 -1 1 -1 B,
B, L1 -1 -T 1- v
\ \ /

Combining Egs. (2.6) and (2.12), one obtains for th:(See Ref. 1)

> = 3 1 ~ _
Vhk © [V JJ 3 dck} =
%k P="P
h
> > F=- . -« .2 - - S+ > ]
9 * 9 e S N S N e B
> - 2 = =
19, = O L 19, | 19, | ]
- =S - > ; 7
6, x 0, 6) + 8 -0) - G . G, 0, -8, - 0§,
5, x6,1° | 15,1 15, | i
2 >
10, x 0,17 1, | 1051 .

(2.14)

(2.15)
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M

Lo d e
w0

w

O 1OF

W

where (see Fig. 5):

5 -5 -3
Q = Py h
3. =1 B
2 -+ “h
s _z 3 (2.17)
Q3 - h
5. =3B B
Q e h

2.4 TIteration Scheme for Wake Roll-up

As mentioned in Section I, the wake is initially assumed
to consist of straight vortex lines starting at the trailing
edge of the wing. It was also found that these vortex lines
should be tangent to the velocity wvector ¥V, and this provides
the condition for obtaining the rolled-up wake geometry. The
following iteration scheme is used for aligning the initially
straight—ﬁake streamlines with the velocity wvector: compute
the doublet strength distribution at the centroids of the
elements,.. with the wake influencing only the Ahk térms
of the .elements, in contact with the trailing edge. Then

compute the velocities in the x, y and z directions on the

wake, at the corners of the surface elements. Align segments
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of the wake streamlines with.-the velocity vector evalua-

ted at the upstream segment extremity. (See for example
Fig. 6, where the position of the point Fpm is changed
according to the wvelocity at the point ﬁmm on a typical wake
surface element). The position of the point gpm is changed

as follows:

oy
¥

=P + AP (2.18)
pm m,

where
2% =V |aB] / |V (2.19)

and |A§] is the coriginal distance between the points §pm and
gmm' The déublet strength distribution is calculated again
(notice a very small change, due to the new wake geometry)},
then the wake velocities and geometry are reevaluated. The
process repeats itself until the difference bétween suc-
cessive wake geometries becomes sufficiently small, thus
indicating the convergence of the scheme (or the fact .that
the streamlines are indeed tangent to the velocity vector).
The iteration scheme described here is not the best

possible one. A number of improvements are suggested in

Appendices & and B.
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2.5 Element Grid

fhe pressure coefficient for the wing is computed by
using the finite—difference method. In order to properly
illustrate the scheme, a description of the element grid
is in order. -

Let c(y) be the chord and b that span of the wing, X
and y the Cartesian coordinates for the wing at zero degrees

angie of attack (see Fig. 2).- Let

_ X-x g (v)
c(¥)

-2y
B =5 (2.20)

Then the parametric form of the wing planform eguation is:

M |
1 il
N Q
-2

s
+
b

1]
I
=]

for a flat lifting surface {2.21)

If, in addition, the wing is atan angle of attack, o,

different from zero, the geometry may be rewritten as:

X = X Ccos ¢



-24~

2 = -X sin o ' (2.22)

Since the potential (doublet strength) varies faster
near the leading edges and tips of the wing, it was Tound
convenient_to use smaller bo#es in these regions and larger
ones elsewhere. See also Ref. 15. This is accomplished

by the following transformation:

B=1- (L -0)2 (2.23)

The boxes have constant sizZes in the plane ¢ and ©, given

by:

P = 1/NX

@ = 1/NY (2.24)

where NX and NY are the numbers of boxes along the x direction

and along the semispan, respectively.

2.6 Pressure Coefficient

As shown in Subsection 1.4, the linearized pressure coeffi-
cient Acp is given by
3

Aoy = =2g= (A3) + 0(e) (2.25)
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where s is the arclength on the wing on the planes y =
constant. As mentioned before, by éolving Egqg. (2.2), the
potential distribution is obtained at the centroids of the
wing elements. By interpolation, a continuous distribution
can be obtained.

The wings used here for the numerical examples ars all
rectangular flat surfaces, for which s = X. The derivative

of the potential in Eqg. (2.25) can be written as:

3(Ad) _ 38(Ad) 3P Y
- 3 3y (2.26).
9% oY T ax

At any point Ei' on an element borderline along the semispan,

the derivative of the potential, by finite - differences, is:

3 a6 _ LB, T80,

9 %3 Yivio T Vic1so 2V ¥

(2.27)

al

where i * 1/2 represents adjacent element centroids on planes

y = constant.
The non-linearized pressure coefficient is given by Eq.
(L.16), reproduced here:

Ao = -1+ Vo) - Viaer 2V - V(ag) (2.28)

Denote by I, § and X the unit vectors along the x, y, z coor-
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dinates. and by IW, Ew’ ﬁw the unit vectors along the X,
¥, Z coordinates. One can express the velocity V in terms
of the wing coordinates and in terms of the %, y, y coordi-

nates as:

+ V.3 +Vk (2:29)

and

(2.30)

Therefore, combining Egs. (2.285, {(2.29) and (2.30), the

pressure ccoefficient becomes:

be, =2 3(A9) oy 2(49) (2.31)

On the plane y = 0, a simpler expression may be obtained,

since, for the symmetric cases considered here

9(Ad) _ (2132)
oy

Therefore, on y = 0
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3¢a

Final

99
and -é—'z—'

1y,
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1 is given by

is computed according to Egs.

=2y, 9(A¢) (2.33)
l a -
X
= % . 3 =V _cos a-V_ sin a {(2.34)
W X Z
ad
x ox
. 3d
= 2
Vz = 37 (2.35)
are obtained from Eg. (2.5).
3¢ 8¢ '
=2H{1 + ——E)cos 0 - —= sin o 3(8¢) (2.36)
ox 3z 9 E -

(2.26) and (2.27).



SECTION III

NUMERICAIL: RESULTS

3.1 Introduction

Asg meﬁtioned in the beginning of Sections I and II,
this work is an extension of Ref. 1. The zeroth order for-
mulation described in Section II was implemented into a com-
puter code, ILSAWR {acronym from Incempressible Lifting
Surface Aerodynamics with Wake Roll-up). ILSAWR performs
the iteration routine described in Subsection 2.4. The
way the program is set up, the wake geometry is automatically
generated, with each row of elemehts along thé ¥—direction
having equal lengths. The Kutta condition is satisfied by
imposing that the first row of wake elements is tangent to
the wing. The iteratién scheme is performed for the rest
of the rows only.

All numerical results presented here were obtained for
rectangular planar lifting surfaces and all the graphs show

results only for the semispan of the wings.

3.2 Parametric Analysis of the Effect of the Angle of Attack

A parametric analysis of the effect of the angle of at-
tack on the wake roll-up is presented here. The case consi-

dered is a rectangular wing of aspect ratio AR = 8. This
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value was chosen because of existing results of Ref. 11
(see Section 3.3). Results. are presented for three values
of the angle of attack: o = 5°, 10° and 15°. The case

a¢ = 5° is presented in detail. In Figures 7a, b, ¢, and 4,
the converged wake pattern for a rectangular planform

of aspect ratio AR = B at an angle of attack o = 5°, with
an element grid having NX = 4, NY = 10, with the length

of the wake elements Axw = .5¢ is plotted in great detail
for 10 chord lengths behind the trailing edge. Figures

7a and 7b show the rolled-up wake plotted at stations 1
through 10 chord lengths behind the trailing edge. Figure
7c is a side view of the rolled-up wake (the vertical scale
is enlarged), showing the vertical displacement of‘the stream—
lines. The numeration system for the streamlines is also
shown, with streamline number 1 being at y = 0 and the last
streamline starting at the wingtip. PFigure 74 shows a top
view of the rolled-up wake behind the wing, with the side
displacement of the streamlines visible. The streamline
numeration system is clearly shown here.

It may be noted that the analysis of convergence (pre-
sented in Appendix A) indicates that the solution is close
to convergence, alth&ugh improvements appear to be desirable
at the trailing edge, especially near the wingtip.

Results for a = 5°, 10° and 15° are presented in Figures
8 and 9, for a rectangular planform of aspect ratio AR = 8,

with an element grid of NX = 4, NY = 10, Axw = .5¢c. Figure 8
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shows the effect of the angle of attack on the wake roll-
up, plotted at 5 chord lengths behind the trailing edge.
The wake displacement becomes more pronounced as o increases
from 5° to 10° and 15°. The effect of the angle of attack
ié shown aléo in Figure 9a, b and ¢, where streamlines
1, 10 and 11 are plotted in a side view.

The analysis of the cohvergence of the iteration scheme

is presented in Appendix B.

3.3 Comparisons with Existing Results

In order to assess the validity of the method, a number

of comparisons with existing results are presented here.

3.3.1 Comparison with the Artificial Viscosity Method of

Rloom and Jen

Figure 10 ﬁresents the wake roll-up for a rectangular
planform of aspect ratio AR = 8 at an angle of attack a = 6.25°,
for an element grid of NX = 4, NY = 10, with the wake elements
iength of AXW = .5c. Converged wake patterns are shown at
stations 1, 5 and 9 choxrd lengths behind the trailing edge
and the results of the present method are compared with the
artificial viscosity results of Ref. 11. In Ref. 11, the
lift coefificient was C, = 1 and no angle of attack was speci-
fied. Therefore, the 1lift coefficient per unit angle of

attack, C , was evaluated with-the present method and the

Lo
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angle of attack was found according to

o= = (3.1)

The 1ift coefficient per unit angle of attack was found to
be cLa = 9.174. TFor this wvalue of the CLa’ the value of the

angle of attack which gives a lift coefficient of 1 is o = 6.25°.

3.3.2 Comparison with the Experimental Results of Chigier

and Corsiglia

In Ref. 8, the position of the vortex centerline is
experimentally determined as the locations where the tangential
velocity is zero. The results of Ref. 8 (Chigier and Corsiglia)
have been obtained for a rectangular wing of aspect ratio
AR = 6, at an angle of attack of o = 12°, For the present
method, there is (as yet) no precise way for determining the
location of the vortex centerline. The last streamline is
taken to represent the vortex centerline for the planform with
an element grid of NX = 4, NY = 10 and Axw = ,5¢c. Figure 1l
results obtained with the present method, compared with the

ones of Chigier and Corsiglia.

3.3.3 Comparison with Results of Shollenberger

As mentioned in Section I, Ref. 12 {(Shollenberger) uses
a three-dimensional potential method and an iteration proce-

dure to obtain the rolled-up wake. The wing planform used
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has an aspect ratic AR = 6 and it is at an angle of attack
¢ = 10°. The results obtaiped with the present method, in
comparison with the ones of Ref. 12, are shown in Figure 12.
The wake'geométries are plotted for 1, 2, 3 and 4 chord

lengths behind the trailing edge.

3.4 Pressure Coefficient

In Subsection 2.6, the finite—éifference procedure used
in.calculating the pressure coefficient was described in de-
tail. The results obtained by using the linearized and non-
linear Bernoulli Equations with and without wake roll-up are
presented here. Table I shows the values of Acp at v = 0,
linear and nonlinear, with straight and rolled-up wakes.

The results are obtained for a rectangular wing with aspect
ratio AR = 8, atenlaﬁgle of attack o = 5°, with an element
grid of NX = 7, NY = 7, with AXW = .5c. PFigure 13 shows a
plot of the pressure coefficient presented in Table I. Note
the negligible effect of the wake roll-up on Acpi However,
as previously mentioned, the wake roll-up is believed to have
an important effect in the case of wing-tail interaction.

Finally, Fiqure 14 presents the potential distribution
at the trailing edge of the wing, A¢T.E.’ for the same plan-
form as the one used in Figure 13. It can be seen from Figure
14 that at y = 0, 8(A¢)/dy = 0. The effect of the wake roll-

up is negligible.
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x/c Linearized Acp' Nonlinear Ac
Straight Rolled-up Straight Rolled-up
Wake Wake Wake Wake
. 055 .8800 .8706 , .8689 .8600
~136 .4523 4530 L4471 . 4470
.258. .2799 2860 2767 .2827
421 .1921 .1921 .1899 .1899
.624 .1276 .1274 L1261 .1259
.868 .0732 .0729 .0723 .0720

Table 1. Pressure Coefficient at y = 0, for a rectangular
wing planform of aspect ratio AR = 8, at angle of attack

o = 5°, with element grid of NX = 7, NY = 7 and Axw = .5c.



CONCLUDING REMARKS

A method for analyging the wake roll-up has been des-
cribed and ntmericgl results have been presented. t this
point, it might be‘inéeresting to quote Ashley and Rodden
{Ref. 17) from their review on win@—body aerodynamic -inter-
vaction: "It should be evident from the foregoing all too brief
account of iﬁteréction theory that it is both a complicated
subject and one in which computer automation is more ﬁearly

in a state of revolution than of evolution. Within a few
years,prOgrmnSshoﬁld be availabie that will solve the

linear potential equation; with boundary conditions satis-—
fied by placing appropriate discrete singularity elements at

a close approximatién to all the true wing and body surfaces.
The following 'nonlinearities' will be included: pressure
velocity relatioﬂs such as" the nonlinear Bernoulli Theorem;
*boundary conditions thatpartialLyaccount.fér X - velocity
perturbations.:.; wakes Erailing streamwise from the actual
positions of trailing edges;‘and/or estimates of self-deforma-
éion of wing wakes as they affect aft tail surfaces and the
like." '

All the nonlinearities mentioned above {(with the exception
of the wing-tail interéction and the zero—-thickness limitations
of lifting—surfaée theory) have been included in the present
work. The only approximations introduced are numerical ones,

and they are negligible, as +the convergence analysis
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indicates.

Finallf, the main innovations and advantages of the mehod
are discussed. First, the method is based upon an exact
(rather:than digcrete) formulation. Only ﬁumerical approxi-
mations are introduced (other methods use approximate physical
models sueh as discrete vortices): this implies that the
formulation is apt to refinements (first-order finite-element
representation for D is now under-investigation). Second,
the-wake is represented as doublet distribution: this implies
that the method may be extended ta steady and unsteady, sub-
sonic and supersonic- aerodynamics around complex configura-
tions, in a relatively straightforward method, using the for-
mulation of Ref. 18. Third, the convergence of the solution
is exceptionally fast (as is the more general method of Ref.
18). Fourth, the method is relatively fast: the results for

NX = 4, Ny = 7, N = 10 reguire 3 minutes of C.P.U. time

wake
per iteration on the I.B.M. 370/145 computer of Boston
.University. PFinally, the convergence of the iteration scheme
is already éood, although considerable improvements can be
obtained by using alternative, more sophisticated iteration
schemes which are now under investigation.

Most of the theoretical results on wake roll-up are of a
rather recent origin (from 1973 onward) and comparisons with
experimental results show that some refinements of the mathe-

matical model are still in order. Viscosity effects, thickness

effects, aerodynamic interaction still remain to be accounted for.
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Figure 1, Formation of the Wing - Tip Vortices.
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with ¢ = 5%, NX = NY = 7 and AXW = .5c.



APPENDIX A

CONVERGENCE OF SCOLUTION

In this Appendix, & numerical study is performed on the
influence that the parameters NW (the number of wake elements
along the x direction), Axw and NY have on the convergence
of the solution. The only case presented here is relative to
a rectangular wing planform of aspect ratio AR = 8 ata= 5°.

In Figures Ala, b and ¢, the effect of the length of
the wake elements on the wake roll-up is shown. The element
grid for the planform has NX = 4 and NY = 10. The length
of the wake elements &xw is allowed to vary from .5¢c to .75c
and l¢. Rolled-up wake patterns are plotted for stations
located at 3, 6 and 9 chord lengths behind the trailing edge.
Note that, as Axw increases, the wake pattern becomes "larger",
as it is easy to see from Figure Al. Note also that the
difference between wake-patterns for various values of Axw
becomes smaller as the distance from the trailing edge in-
creases. In Figure A2 one might find an explanation tc this
difference, as well as a suggestion for the improvement of
the numerical model. In this figure, the same rectangular
planform with an element grid of NX = 4, NY = 10 is used. The
figure shows streamlines (counted from the line of symmetry of
the wing, the mid-~line included) numbers 1, 10 and 11, plotted

for wvalues of Axw of .5¢, .75c, and lc, for 10 chord lengths.
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The first streamline shows remarkable closeness (on this
enlarged vertical scale) for the various Axw. The difference
increases as we approach the wing-tip stfeamlines. Note
that the streamlines are approximately parallel; the dif-
ference between them is due to the fact that, by imposing
the ‘Rutta condition, the first row of wake elkements lies

.iAn the same plane as the wing, and since Axw vanies, the
streamlines will start at .5c¢, .75c, and l¢ behind the
trailing edge. Also, the downwash is larger in the wvicini-
ty of the trailing edge and decreases as we move farther
behind. Therefore, the wake slopes can be expected to be
larger in the wvicinity of the trailing edge. Note the

sharp jump between the first element and the next in
streamline nuimber 1i1. It may be worth noting that, since
the streamline displacement is obvicusly influenced by the
length of the wake elements, we might obtain a smoother pro-
file in the vicinity of the trailing edge by using smaller
elements in this region, for one or two chord lengths. This
remains to be implemented.

Next, consider the influence of ¥W. If the number of
wake elements is increased, it is observed that the newly
added rows of elements have no effect whatever on the wake
roll-up of the previous ones.

The effect of the number of wake strips on the wake roll-
up is shown in Figure A3, for the rectangular wing having

an element grid of NX = 4, with NY varying between 7 and 10,
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Axw = .5c-and NW = 11l. All cases are converged and lie prac-

tically on the same line.
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Figure Ala., Influérnce of the Length of the Wake Elements Axw
on the Rolled-up Wake for a Rectangular Wing '
of AR = 8, for o = 5°, at a Station Situated
3 Chord Lengths Behind the Trailing Edge. The
Element Grid has NX = 4, NY ="10,
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Figure Alb. Influence of the Length of the Wake Elements Ax,
on the Rolled-up Wake for the Wing of Figure, .
Ala, at a Station Situatéd 6 Chord Lengths Behind

the Trailing Edge.
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Figure Alc.

Tnfluence of the Length of the WaKe Elements ‘A
on the Rolled-up. Wake for the Wing of Figure
Plotted at a Station Situated 9 Chord Lengths
Behind the Trailing Edge.
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LIFTING
SURFACE
0
Figure A2,

10

Influence of the Length of the Wake Elements AxH

on the Wake Roll-up - for a Wing of AR = 8, wit
o = 5°, NX = 4, NY = 10. Plotted are the Stredmlines #1, 10

and 11.
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NY = 7

Convergence Problem: Influence of NY on the Wake Roll-up
for a Rectangular Wing of AR = 8, a4t o = 5°, with NX = 4
and Axw = ,5¢, Plotted at a Station Situated 10 Chord
Lendthg Behind thé Trailing Edge.
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APPENLIX B

CONVERGENCE OF ITERATION SCHEME

In this Appendix, an analysis of the convergence of the
iteration scheme is presented, for a rectangular wing of AR = 8,
‘at an angle of attack o = 5°, with an element ggid having NX =
4, NY = 10 and Axw = ,5¢. Figures Bla, b, ¢, d show the evo-
lution of the rolled-up wake pattern through suecessive itera-
tions until convergence is reached. Th? plots are for stations
at 1, 2, 5 and 10 chord lengths behind the trailing edge. Fi-
gures B2a, b, ¢, d show the evolution of the wake streamlines
numbers 1, 9, 10 and 11 through successive iterations until
convergence, plotted for 10 chord lengths behind the trailing
edge.,

A common feature of Rigs. Bl and B2 iIs that the plots
of the initial iterations show very large displacements of
points on the wake. The largest displacement takes place
near the wing~tip and far behind the trailing edge. Con-
vergence is attained faster near the trailing edge and the
rate of convergence decreases as we move from the wing root
toward the wing-tip.

The computation time required to obtain the convergence
of the iteration scheme (described in Subsection 2.4) for a
wake having 210 elements is of the oraer of one hour and 20
minutes on Boston University's IBM 370/145 computer. A num-
ber of improvements of the present iteration scheme can be
tried.

First, since the calculated potential distribution on
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the wing-is esséntially the same with a straight wake as

well as with a rolled-up one, the potential distribution could
be c&mputed for the straight wake and then recomputed for
instance every fifth iteration. This should lead to some
savings in computational time. Second, a much better itera-—
tion scheme can be used (suggested by the plots of Figures

‘Bl and B2). This scheime should converge much faster *than

the one used in this paper and account for significant time
savings. The first iteration should only change the po-
sition of the second row of boxes on the wake; (the first

one is kept tangent to the wing plane according to the way

the Kutta condition is satisfied) the rest of them will

have the same y and z coordiqates as the second row. OCnly
the velocities at the influencing corners are calculated.

The third row of corners should be realigned according to

the velocities at the second row; the rest of the boxes will
have the same y and z coordinates as the second row. The
process should be repeated until convefgence is .reached every-

where.
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Figure Bla,., Evolution of the Rolled-up Wake Pattern
Through Successive Iterations, at a Station
Situated 1 Chord Lengths Behind the Trailing
Edge, for a Rectangular Wing of AR = 8, at
o = 5%, with NX = 4, NY = 10, Axw = ,5c,
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Figure Blb, Eyvolution of the Rolled-up Wake Pattern
Through Successive Iterations, at a Station
Situated 2 Chord Lengths Behind the Trailing
Edge, for the Wing Planform of Figure Bla
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Figure Blc. Evolution of the Rolled<up Wake Pattexn
Through Successive Iterations, at a Station
Situated 5 Chord I.engths Behind the Trailing
Edge, for the Wing of Figure Ri=
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APPENDIX C

FLOW .CHART AND LIST OF THE COMPUTER
PROGRAM ILSAWR

~€l, Flow Chart of-Computer Program ILSAWR

START -

Define Parameters of the
Problem. Evaluate and
Store Wing and Straight
Wake Geometries,

‘s

Evaluate Coefficient
Matrix and Boundary
Conditions on Wing,

| . ¥

Evaluate Potential
Distribution.

i
¢

Evaluate Velocities .at
Corners of Wake Elements.

- X
Obtain New Wake Geometry.-

Iteration
Converged?

Printout

( STOP- )


http:Velocities.at

~ 7=

~C2, List of-~Computer Program TLSAWR

Iv 6 LEVEL 21 MAIN DATE = 75226 0572271,

COMMON/ZZZ1/NX o NY s NZy N REFLEN, SPAN K SYMMY . KSYMMZ , NSYMMY , NSY™MZ
COMMOM/ZZZ2/TAU,ALFA, TANGLE ; TANGTE.CHCORD,NTOTAL ,UMACH
COMMON/ZZ78/8A(2500}, SOURCF(250),SINABC,C0SABC,ALFASE

COMMON/ZZZ11/VHKX{2500) 4 VHKY{2500),VHKZ {2500}, VKX(250),VKY{250),
1vKZ {250}

COMMON/CONTR/NITECR
DIMENSTON ITCCNT(100)
DO 10 1=1,15
10 ITCONTI(IY=1
ITCONTIL)=2
ITTCONT{5}=2
ITCONT(10}=2
ITCONT{15)=2
ITCONT(201)=2
ITCONT({25)=2
ITCONT(30}=2
ITCONT{35)=2
ITCONT{40)=2
ITCONT(45) =2
ITCONT{50)=2
CALL INITIA(L}
CALL PRINTAI(S)
CALL GEOMET
CALL VEC123
c CALL PRINTA{3)}
DO 1 NITER=1,12
IF{NITERLEQLIL)ITCONTINITER)=2
IF(NITER.EQ.12)}ITCONTUNITER)=2
IF{ITCONTI{NITERI.NF.2)G0O TO 1000
CALL COEFF
C . CALL PRINTS(4)
TOL=0.001
CALL GELG(SOURCELAA,NTOTAL,1,TOL, "FRY
CALL PRINTB(1l}
1000 CONTINUE
CALL VELMM
C CALL VELAUX
CALL ITER
1 CONT INUE
STOP
END
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SURROUTINE ENITIA(K)

COMMOM/ ZZZLINX G NY gMZy NWLREFLEN, SPAN K SYMMY K SYMMT , NSYMMY , NSYMMZ
COMMON/ ZZ2Z2/TEUALFA, TANGLE, TANGTE, CHORD,NTOTAL y UMACH
COMMON/ZZZ3/YKI3,411L,11,2)

COMMON/ZZZ76/XPC{250),YPL (250),:ZPC(250)
COMMON/ZZZT/7XPL{250),¥PL({250),7ZP1{250),XP2{250),YP2(250),
1Z2P2{250) + XP3({25C),¥P3 {250} ,+ZP3(250)

COMMON/ ZZZ8/ARA2500), SOURCE{250},SINABC,CNSARC,ALFARC
COMMON/ZZZO/XPP{250),YPP{250) +ZPP(250)XP¥(2501},YPM({25D)
Ly ZPM{250) { XMP {250}, YMP {2501, ZMP {250}, XMM(250) ,YM4 {250},
1ZMM (2501 , IWAKE{250) .
COMMBN/ZZZLO/JINXBI250) s NXWAKE JWAKEIN

G TO(142:304)4K

CONTINUE

NX=7

NY=T7

NZ=1

NXWAKE=11

WAKFIN=.5

NW=1

+1 MEANS THE GECMETRY OF THE PROBLEM IS SYMMETRIC
-1 MEANS THE GECMETRY OF THE PROBLEM IS ANTISYYMMETRIC
0 MEANS THE CEGMETRY 0OF THE PROBLEM IS NEITHER SYMMETRIC NOR ANTI

IF KSYMMZ JNE. O oTHEN NZ=1 {(EXCEPT FCR GROUND EFFECT)

KSYMMY=+1

KSYMMZ=0
NTOTAL=NXKNYRNZ%NY
IF(KSYMMY.EQ.OINTOTAL=NTGTAL%2
NSYMMY=1

NSYMMZ=1

IFAKSYMMY .NELOINSYMPY=2
IF{KSYMMZ NEF.QINSYMMZ =2
UMACH=0.0

REFLEN=1.

TAU=,00

ANGLA=0.

ANGLB=0.,

KLFA=5,
ALFAR=ALFA%*3.1415%/180,
SINALF=SIN{ALFAR)
COSALF=COS{ALFAR)

ALFABC=0. ‘
ALFRAC=ALFABC*3.14159/180,
STNABC=SIN{ALFRRC)
COSABC=COS{ALFRBC)

BETA=SQRT (1., -UNMACH*UMALH}
XLEZ=-1.

XTFZ=0.

CHORD=XTEZ-XLEZ
XLEZ=XLEZ/{REFLEN*BFTA)
XTEI=XTEZ/(REFLEN*BETA}
SPAN=SPAN/REFLEN
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HFSPAN=,5%5PAN

XLEP=ANGLA/BETA

XTEP=ANGLB/BFTA
TAUBAR=TAU®, TS5 SQRT(I .} *{XTEZ~-XLE7)
RETURHN

CUONTINUE

RETURN

CONTINUE

NXX=1./NX

DYY=1./NY

NXP=NX+1

NYP=NY+1

DO 33 IX=1l,MXP

DO 33 I¥Y=1,NYP

DO 33 1Z=1,N2

XX={IX=1)2DXX

YY={¥¥-1}%DvYYy

CSI=XX*®XX

THIS IS FOR 4 UNIFCRM Y-MESH

ETA=YY

THIS 1S FOR A NECNUNMIFORM Y-MESH
ETA=Le={1.=YY)%%2

Y=HFSPAN%ETA :

THIS IS A SEMI-ELLIPTICAL WING PLANFORM
XLE=—CHORD®SQRT {1 o~ (Y %Y )/ (HFSPAN*HFSPAN) )
THIS IS A RECTANGULAR WING PLANFORM
XTE=XTEZ

XLE=XLEZ

XO=XLE+{XTE-XLE}I*CS]
IF(IZ:EQ.1)SIGNZI=4%1
IF(IZ.EQ.2}YSIGNZ=~1
ZO=SIGNZ*TAUBAREXXH (1 .~CSTI*SCRT(} . —ETA®%2)
X=+XOXCOSALF+Z0%S INALF
L=—XO¥SINALF+70%CCSALF

YK{1le IX,1Y,171=X

YK{21IX?IY1113=Y

YK(37IX,[Y1IZ}=Z

CONTINUE

RETURN

CONTINUE

RETURN

END

gPRODUCBILITY OEOOR
%BEGTN AL PP ~w 19



e NeNe]

I NeNele)

s NelaNe!

306

-80-

SUBROUTINE GECMET
THIS SUBROUTINE IS FOR QUADRILATERAL ELEMENTS

CDMMON/ZZZI/NX;NY,NZ,NH,REFLEN,SDANgKSYMHY,KSYMMZyNSYMMY’NSYMMZ
CGMMON/ZZZZ!TﬁU,GLFA,TANGLE,TANGTE:CHDRD,NTDTAL,UM&CH
CCMMON/ZZ273/YK13,11,11,2)
COMMON/ZZZ6/XPC(250),¥YPC(2509),2PC(250)
CGMMUN/ZZZT/XPl(250);YP1{250)1ZP1{25031XP2{250)9YP2{2501g
1ZP21{250),XP31{250),YP3(2501,2P3(250)
CDMMON/ZZZ@fXPPIZSO},YPP(ESGJ,ZPP(250)1XPM(2501;YPM{2503
1,ZPM(2501sXMp(ZSO},YMPE2SGIgZMP(250),XMN(250?;YWM(250},

1ZMM (2503 , THAKE( 250)

COMMON/ZZZ107 INXB{250) 4 NXHAKF ,WAKEIN

INDEX(JU,JX;JY,JZ,MN,MHX,MHXY)Zdwah*(JX-l)FMWK*{JY—l}waXY*1Jz—1}

NUX=NWEkNX
NWXY=NWXENY
NWXY Z=NWXY*NZ

CALL INITIA(3)

DO 200 IX=1,NX
DO 200 TY=1,NY
DO 200 IZ=1,NZ

—_— S

+— ++

IW=1
IND=INDEX {IW 4 IX 4 1Y, TZ o Nty NWX, NHXY )
IF{IZ2.EQ.2)G2 TC 906
IXMM=1IX

IXPM=TIX+1

IXPP=1IX#1

TXMP=TX

ITYMM=TY

IYPM=1Y

1YPP=1Y+1

IYMP=1Y+1

T2MM=17

IZPM=12

1ZPP=1Z

1ZMP=17

—_ —

+ ¥ +-

GO TCO 999
CONTINUE
FXMM=TX
IXMP=T1X
IXbpP=1x+1
IXPM=TX+#1
TYMM=TY+1
TYMP=T1Y
IYPP=TY
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FYPM=TY+1
FZMM=17
TZMP=12Z
1zPP=17Z
’ 12PM=127
Q99 CONT INUF

XPPLIADI=YK{1,IXPP,IYPP,TIZPP)}"
YPPLIND)=YK{2,IXPP,1YPP,1ZPP}
PP {INP) =YK(3, IXPP, IYPP,1ZPP}
APMLIND)=YK{1l,IXPN; IYPV,TIZPM)
YPM{IND)=YK(2, IXPV,IYPM, ZPM)
ZPM{IND)=YK(3,IXPN, TYPH,1ZP¥)
XMPIND) =YKL, IXMP, [YMP,T74P)
YMP{INN}=YK{2,IXFP, IYMP,TZ4P}
IMPIND)=YK(3,1X4P,1IYMP,TZMP)
XMMUIND)=YK{Ly TXMM, TYMM, 178M)
YMMOIND)=YK{2, X4V, TYMM, TZMM}
ZMMUIND) =YK{3, I XMV, ITYMM, IZMM)
c WRITE{6,193) INDXPP(IND),YPP{IND},ZPP (IND},XPM{IND),YPHM[IND)
C 1, ZPMUIND) y XMPHLIND Y, YMP{IND) » ZMP LIND) , XMM{IND) , YMM{ IND ), ZMM [ IND)
199 FORMAT{/TINO=,12,/'PP'+3X,3F10.4/"PM¥,3X,3F10.,4/'MPT,
13Xs3F10.4/ MM, 3X;3F10.4)
IMAKE{IND}=0
TF({TIX.EQ.NXYTHWAKE(IND)=1
200 CONTINUE
TF{KSYMMY.NE.OYGD TC 701
DO 300 IR=1,4NWXYZ
TL=TR+NWXYZ
XPPUIIL)I=+XMP({ IR)
AMP{ILY=+XPP(IR)
XPM{IL)=+XMM{]IR])
XMMITL)=+XPM{ IR}
YPP{IL})=-YMUP{IR)
YMP{IL}=-YPP({IR)}
YPMIILI=-YHM(IR)
YMM(IL)=-YPM{IR])
ZPPLIL}=+ZMP(IR)
IMPLIL)=+7PP{IR)
IPM(IL)I=+ZMM[IR]
ZMMITL)=+ZPM{1IR)
TWAKE(IL }=TWAKE{ IR}
300 CONTINUE
701 CONTINUE

c -POINTS FDOR WAKE

- REPRODUCIBILITY OF THE

NWTOT=NXWAKEXNY e IS POOR
DO 1 TY=1,.NY ORIGINAL

DO 1 IX=1,NXWAKE
JNXW=TX+(IY~-1)ENXWAKE
JNXB{JNXHWI=TY*NX

1 CONTINUE
DO 10 IY=1.NY

- DO 10 TX=1,NXWAKE

T1=TY=®NX
TND=NTOTAL+IX+{ 1YL} =NXWAKE
FACTOR=1. )
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XMM{IND ) =XPM{ TT )+ hAKE IN%{ I[X=1)
XMPLINDY=XPPIIT)+WAKEIN%{IX~1)
XPPILNDY=XPP(TI}+WAKEINXIX*EACTOR
XPM{IND)=XPM{ 11} +WAKE IN*IX%FACTOR
YMM{UINDY=YPM{TI} ’
ZMMUIND)=ZPM(11)

YMP{IND)=YPP (I}

IMP{TND} =2PP{I1)

YPP{IND)=YPP(11)

ZPP{IND)=2PPLIT}

YPM{INND)=YPM(IT)

ZPM{IND) =2PM{I])

CONT INUE

RETURN

END
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SUBROUTINE VFC123
COMMON/ZZZLI/NXNY oNZ 3 NWyREFLEN s SPANSKSYMMY o KSYMMZ , NSYMMY, NSYMMZ
COMMON/ZZZ2/7TAU, ALFA, TANGLE,, TANGTE yCHORD yNTOTAL s UMACH
COMMON/ZZZ3/7YK(2,11411,2) .
COMMON/ZZZ6/XPC{250),YPC(250),2PC{250)
COMMON/ZZZ7/XPL(250),YP1(2501,ZP1{250}+XP2{250),YP2(250),
1ZP2(250) 4 XP3{ 2501 ,YP3{2501),2P3(250)
COMMON/Z7Z9/XPP {2501, YPP{250),2PP (250} XPN{250),YPM{250)
1y ZPM{250) 4 XMP (250, YMP (250}, ZMP (250) , X¥M[ 250) ,YM4 {250},
1ZMM{250) , IKAKE{ 250)
DD 200 IND=1,NTOTAL
XPCUIND)Y={XPP{IND}+XPNM{INDC} +XMP {IND) +XMM{ IND) } /4.
YPCUIND)=(YPP{IND}+YPM{IND) +YMP (INDY+YMMIND) J /4.
ZPCL{INDY={ZPP(IRNY+ZPV { INCI+ZMP {IND)+ZMM(INN} }/ 4.
XPLUINDI={XPP{IND)}+XPN{INC}=-XMP (IND)-XMM{IND)}/4&,
YPL{IND)=(YPP[IND}+YPM{INCI~YMP {IND)-YMM{IND} )}/ 4,
ZPYUIND)={ZPP [INDI+ZPM{ INDI-ZMP ( INDI-ZMM { IND) }/ 4,
XKPZUINDI={XPP{IND)-XPMI[IND) +XNP{IND}-XMF {IND} )}/ 4.
YP2(INDI={VYPP[INDI=YPM{UIND) +YMP {IND)-YMM{IND) ) /4.
ZP2(IND)=(ZPP[IND)=ZPM{ IND) +ZMP{IND}-Z¥M{ IND})/4.
APBLIND)={XPP {IND}-XPM{IND)=-XVP{IND}+XMM{IND) )/ 4.
YP3(IND)=(YPP{IND)-YPM{IND)~YMP{INR)+YMM{INN} )/ 4.
ZP3{IND)={ZPP{IND}-ZPVM{ INDY~-ZMP {IND) +ZMM{IND) )/ 4,

200 COMTINUE
RETURN
END
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SUBROQUTINE PRINTA(KPRINT)
COMMON/ZZZYL/NXoMY 4NZy N, REFLEN, SPAN KSYMMY, KSYMMZ , NSYMMY , NSYMMZ
COMMON/Z7Z2/TAUSALFA, TANGLF, TANGTE, CHORD,NTOTAL,UMACH
COMMON/S Z7Z3/YK{3:11,11,2)
COMMON/ZZZ6/X%XPC(250),YPC(250),ZPC{250)
COMMON/ZZZT/XPL{250),YPL{250) ,ZPLI250):XP2{250},YP2{250},
1Z2P2(250) 4+ XP3(250),YP3{250},2ZP3{250)
COMMON/ZZZ8/AA(2500), SOURCE{250}, SINABC,CCSARC,AL FABC
COMMON/ZZZG/XPP{250)sYPP({250) ,2P2(250),%XPMI250),YP¥ {250}
14+ ZPM{250) ( XMP{250),YMP(250), ZMP{25G) , XMM{250),YMM{ 250},
1ZMM(250) , IWAKE( 250}
COMMON/ZZZ10/JINXB {250}, NXWAKE ,WAKEIN
COMMON/CONTR/NITER
NTP=NTOTAL+1
NTBW=NTOTAL +NYXNXWAKE
MY4=4%(NY~1}
GD TD(lerB,"ifS’é},KPRINT
CONTINUE
RETURN
CONT INUE
NXP=NX+1
NYP=NY*+]
DO 35 I1Z=1,NZ
N0 35 IY=1,NYP
DO 35 IX=1,NXP
DN 35 J=1,3
WRITF(64+2500) 0y IX,TY,12,YK{D,IX,1Y,17)
FGRMAT{'YK('7111'1',!1,'1'yIlv'y‘yIl"'3=‘,E.‘f_5-6)
CONTINUE
RETURN
CONT INUE
WRITF{6,400)
FORMATI2X s "INDY 34Xs 'XPCY 7Ky "YPCY y TXy YZPCT, TX, ' XP 13, TXYP1, TX,
VP LY g 7K "XP 2%y TX s tYP 2 g THy T ZP2F , TX, " XP3t 4 TX,'YP3 T, TX17D3 1}
DO 45 1=1,NTOTAL
WRITE{65,5003 T ,XPC{T) s YPCUI)sZPCUT )+ XPLIT)sYPI{I) 4 ZPLII) 4 XP2( 1),
IYP2(T131,ZP2{ 1) XP3{I1,YP3{1),ZP3{1)
FORMAT{1IX413,12F10.5)
RETURN
CONTINUE
RETURN
CONT I NUE
WRITE(&:550)
FORMAT(//2X, Y SPECTIFICATIONS OF THE PROBLEM1/) .
WRITE(6,555)INXyNYyNZ, N, NTOTAL,KSYMMY [ KSYMMZ ,REFLEN, SPAN, TAl,
L1ALFA, ALFABC,UMACH,NXWAKE , WAKE TN
FARMATIZ2X g INX=Y 5 12/2X s SNY=T L 12/2X s "NZ=1,12/2X, ' Niy=1,12/
12X SNTOTAL=9, I3//72X, ' KSYMMY=1 T2/ 2%, tKSYMMZ=1,12//
12X, *REFERENCE LENGTE=1,F5.,2/2X, TSPAN/REF LENGTH =1,F6.2/
12Xy " THICKNESS="? ,FG.5//2X s *ALFA=1,F7,3/2X,'ALFABC=1,F7.3//
12X, *MACH NUMBER =1, F7,3//2X, *NXHAKE=1,13,//
12X TWAKEIN=' ,FT7.3)
WRITE(6.556) TANGLE, TANGTE ,CHORN
FORMAT (2Xy P TANGLE="4F 6,2/ 2X, *TANGTE=1,F6,2//2X, 'CHORD=" ,F6.2//)
RETURN
CONTINUE
RETURN
ENR
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SUBROUTINF PRINTB(KPRINT)

COMMON/ZZZZL/NXeNY yNZyNW,REFLEN, SPAN,KSYMMY , KSYMMZ , NSYMMY , NSYMN7
COMMON/ZZ72/TAUALFA, TANGLF, TANGTE, CHORD,NTOTAL , UMACH
COMMON/ZZZ6/XPCL{250),YPC1250),ZPC{250)
CDHMON/ZZZ?/XP1(ZSOI,YPIIZSO)gZP1CZSO)yXP2{2503,¥P2(2501y

12P2(250) +XP3(2501,YP3(250),2ZP3(250}

COMMON/ZZ78/AM2500),SOURCE{250),5INABC,CASABC,ALFARC
NHX=NH¥NYX

NWXY=NWX:NY

NWXYZ=NWXY*NZ

NYg4G=4%{NY-1}

GO TO{14243+4954647 14 KPRINT

CONTINUE

WRITE{4,100} :

FORMAT{/ /72X, THE DISTRIBUTION OF THE DDYBLET STRENGTH DH?)
INDFIN=0

IPRINT=0

DO 25 ISYMY=1,2

IF(ISYMY.EQ.2.AND KSYMMY .NELQ)GO TO 25
TE[ISYMY.EQ. LYWRITE(6,120)
FORMAT(/ /5%, '"RIGHTHAND SIDE!)
TF{ISYMYLENL2)HURITE (641407
FORMAT{//5X, ' LEFTHAND SIDE!')

DO 25 17=1,N7

INDFIN=INDFINsNWXY

IPRINT=IPRINT+1

TND=NHWXY*( IPRINT-1}

NO 25 IX=1,NX

WRITE(6,300)

N0 25 IW=1,NY

TWX=TUWHIX

IND=TND+1
WRITF{64200) (SOURCFE (KK) KK=IND, INDFIN,NWX)
CONTINUE

FORMATI8EL5.5)

FORMATI(/)

RETURMN

COMTINUE

RETURN

CONTINUF

RETURN

CONTINUE

WRITE(6,770}

FORMAT(///*DISTRIBUTIAGN OF AA{T,J)'/)

No 77 I=1,NTOTAL

WRITE{6,771)1

N1=1

N2= NTUTAL*MTGTAL

FORMATIZ2X, "INDEX=",12)

IFINY s LE 4 O0RNY.GELIIWRITE({6,772) (AAIK) 4K=N1,N2,NTOTAL)
FORMATI(BELS.6/8F15.6/8F15.,6/8F15.6/8515.6)
IFINY.EQaSIWRITE{6,775) {AA{K) yK=NT,N2,NTOTAL}
FORMAT{5EL5.5)

IFINY.EQ. 6}hQITF(6,?763(AA(K) K=N1,N2,NTCTAL)
FORMATI{6ELS.5)

IF(NY.EQ. 7)wRITEt6,77?}(An(K) K=N1,N2,NTOTAL)
FORMATI{7E15.6)

CONT INUE REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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RETURN
CONTINUE

RETURN

CONT INUF

WRITE(6,881)

FORMATI///2%, *THE DISTRIBUTION OF SURFACE NORMALYY)
NX W= NXEN Y

NXWY =NXWENY

NO 883 1X=1,NXW

WRITE (6, 9882) { SOURCE (KK} yKK=TX , NXHY 5 NXk
FORMAT(8E15.6)

CONTINUE

RETURN

CONTINUE

RETURN

END
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SUBROUTINE CFBUG(K}
WRITE(6,1)K
FORMAT(2X s *ERROR CODE=1,12})
RETURN

END
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SURRDUTINE VFLMY _

COMMON/ZZZL/NX 5 NY oNZs NHsREFLEN  SPAN, KSYHMMY , KSYMMZ  NSYMMY , NSYMMZ.
COMMON/ ZZZ2/TAU,ALFAs TANGLE, TANGTE, CHORD,NTOTAL , UMACH
COMMON/ZZZ6/XPC {2507, YPC(250) ,ZPC(250)
COMMON/ZZZ7/XPL{250}),YP1(250},2P1{250),XP2{250},YP2(250),
1ZP21{250),XP3{250),YP3{2501;2P3(250)

COMMON/ 2228/ AA{25C0), SOURCE{250), STNABC, COSABC,.AL FARC
CCOMMON/ZZ79/XPP (2501, YPP (250} ,ZPP(250) 4 XPM{250),YPH{250)

1, ZPMI250) 4 XMP {250} . YMP{250) 5 ZHP (250}, XHM{250) ,YMM (2501 ,
L7MME250) 4 IHAKEL 250)

COMMON/ ZZZ10/JNXB (250)  NXKAKE , WAKETN

COMMON/ ZZZ11/VHKX {25001, VHKY (25003 VHKZ{2500) 5 VKX(.250) ,VKYL250) ,
1VKZ 1250}

COMMON/ZZZ12 /VXHAKE{250) , VYWAKE (2500, VZWAKE 1:250.}
COMMON/CONTR/NTTER

DOTPRO(XLyYL,Z15X2,Y25Z21=X1X2+Y1%Y2+Z1%72
PROMIX(XXLsYYL,ZZ19XX2,YY 2,222, XX3yYY3, 2Z3)=(YY2%ZZ3~YY3*ZZ2)#XX1
1= {XX2%¥ZZ3-XX3%ZZ2)EYY 1+ XX2%YY3-XX3¥YY2) %221

NT23=NTOTAL®%2

NYP=MY+1
NHT=NXWAKEXNY
NWTP=NWT+NXWAKE
NTBW=NTOTAL+NWT

Do 2 I=1,250

VXWAKE(I}=0.

VYWAKE(TI)=0.

VIWAKE(I)1=0.

CONTINUE

NB 250 JNXBW=1,NTBW

DO 250 INXW=1,NWT

Nno 250 ISYMMY=1,MNSYMMY

DO 250 TSYMMZ=1,NSYMMT
STGNY=3,-2%]SYMMY
SIGNZ=3,-2%TSYMNZ
JNXW=INXBW-NTCTAL
IF{INXBHLLELNTOTAL)INX=JINXBY
IR{INXBW.GT NTOTAL} INX=JINXB [JINXW)

INDEX=SNTOTAL £ INRY
QIX=XPP{JINXRWI=-XMM[INDEX)
QIY=YPP{INXBUW)-YMM[ INDEX)*SIGNY
Q1Z=2PP { JNXBW)I—ZMM [ TNDEX)*SIGNZ
N2X=XMP { JNXBU)} —X¥M [ INBEX)

Q2Y=YMP{ JNXBU)~YMM{ INDEX) *SIGNY
Q2Z=ZMP{ INXBUW)I-I¥M{ INCEX)*SIGNTZ
Q3X=XMM{ JNXBUW) -X¥¥{ [NDEX) .
Q3Y=YMY(INXBWI=YMM[ INDEX}*SIGNY

QI Z=IMMEINXBH ) —2 48 PNREX) *S IGNZ
Q4X=XPM{JUNXBWI—XMM [ INMNOEX])
Q&Y=YPM{INXBU)-YMM{ INDEX ) *SIGNY
Q4Z=7PM(INXBW)-Z¥¥  INDEX ) *S IGNZ
Q1Q1=DOTPRO{GIX,ALY,01Z,C1X,CLY,017)
Q2Q2=DOTPRO(G2X:LC2Y,Q2Z,C2X,Q2Y,N27)
Q303=DNTPRG{A3X,R3Y,03Z,43X,Q3Y,037)
Q4Q4=DOTPROIR4X,04Y 047 ,G4X+Q4Y,Q42)
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QIN2=DOTRPROIALIN QTY,012,02X,02Y,022}
0LQ4=DOTPRO{LCIX,B81Y,Q17,C4%X,84Y,042)
N203=DOTPRE(Q2X,02Y,Q27,03X,QA3Y,Q32)
A3Q4=DOTPRO(G3%,A3Y,03Z,04%X,04Y:042)
Q1=SQRTIQLICL)

Q2=S0RT{Q202)

03=SORT(Q393)

Q4=SQRTIQ404)

Q41X=04Y*=0172~-Q47%Q1Y
Q&GLY=={Q4X*QLT-C4I%#C1X)
N417=Q4X*Q1Y-CAYE0LX
Q41SQ=NOTPRO{G&4LX,N41Y,0417,041%X,Q41Y,Q417Z)
012X=0Q1Y*Q2Z~QLZ*C2Y
Q12Y=-{01X*Q27~Q1I%Q2X)
Q1l27=QLX*Q2Y-QLY*02X
Q1250=DOTPRO{QL2X,012Y,0122,Q12X,Q12Y,Q122)
Q23X=Q2Y*037~-G27Z%Q3Y
Q23Y=-(02X*Q37-C27*C3X}
Q237=02X%Q3Y-C2Y*Q3X
N235Q=N0TPRO(GC22X;0N23Y,Q2372,Q23X,Q23Y,Q232)
Q34X=03Y%041-C372%04Y
N34Y=-{Q3X*047-037%G4X)
Q347=03X*Q4Y-C3Y%04X
Q34S0=NOTPRO{Q34X,034Y,0347,Q34%,0Q34Y,:0342)

pART].:Oa

IFIQ41S0.NEL0LIPARTI=({R4Q4-Q10Q4) /04+{Q101-Q10Q04)/Q1)/04150.
PART2=0.
IF(Q1250.NE.OL)PART2={[Q1€1-Q1Q2)/Q1+({02Q2-Q1Q2)/Q2)/Q1258
PART3=0. )
IF{Q23S0.NEL0IPART3={{02€2~-Q203)/02+{Q303-32Q3)/863)1/0235Q
PART4=0.
IF(Q34S0.NFL0L)PARTA={(Q363-0304)/Q03+{Q4Q4~G3C4)/C4)/Q345¢C
VX=04 X% PARTL+Q 12X*PART2+Q23XAPARTI+034X*PART4

VY= (Q41Y¥PARTL+QL2Y*PART2+523Y*PART3+Q34Y*PARTS ) xS IGHY
VZI=Q&1Z*PARTL+Q12Z%PART2+Q237%PART3+0247Z%PART4

VXWAKE{ INXW)=VXWAKE {INXW ) +VXXSCURCE (JNX)

VYWAKE( INXW)=VYWAKE (I NXW) +VYXSOURCE L JINX)
VZWAKELINXW}=VZHAKE {INXWI+VZXSOURCE{ JNX)

CONTINUF

CALL VELPP

DO 4 I=1,NTOTAL

VKX{T)=0. .

VKY(1)=0,

VKZ{I1)=0.

CONTINUE

DO 3 I=1,NTOTAL

DO 3 J=1,NTOTAL

NNN=T+{J=1)*NTCTAL

VKX {T}=VKX{T)+SOURCE{J) #VHKX { NNN) T THE
VKY{1)=VKY{T)}+SCURCF{J)*VHKY [NNN) BEET“njUGEﬂlﬁgﬁsqfOOR,
VKZ{T)=VKZET) +SCURCE(J)*VHKZ (NNN) ORIGINAL PAG

COMT INUE

TF(NITER.EQ.1)GE TC 753

TF{NITFR.LEL.LI0}GO TO 2000

WRITE(6,45)

FORMAT (/10X *THIS IS THF X-WING VELOCITY'/}
CALL PRINTV(VKX NX,NY)
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WRITE (6,6) _ :
FORMAT(/10X, ' THIS 1S THE X—WAKE

CALL PRINTVIVXWAKE,NXWAKE,NYP)

WRITE(6,7)

FOPMAT{/10X, ' THIS IS THE -¥-WING
CALL PRINTV{VKY,NX,AY}.
WRITE(6,8)

FORMAT(/10X,7THIS IS THE Y~WAKE
CALL PRINTV{VYWAKE,NXWAKE,NYP}
WRITE(6,97)

FORMAT{/10X,'THIS IS THE Z-WING
CALL PRINTVIVKZ 4NX,NY)
HRITE{6,10)

FORMAT(/10X, ' THIS IS THF Z-WAKE
CALL PRINTV{VZWAKE,NXWAKE NYP)
CONT TNUE

RETURN

END

VELGCITY '/}

VELOCTITY'/)

VELOCITY? /)

VELBEITY %/}

VELCCTITY'Y/}
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SUBROUTINE PRINTVIVECTOR,N1,N2)
DIMENSION VECTOR{1)

WRITE{&,3)

NO 1 IX=1,N1

WRITF (65, 2) (VECTCRUTIX+NLI®(IY-1)),1Y=1,N2}
CONTINUE

FORMATI(8E15.56)

WRITE{6,3)

FORMAT(/}

RETURN

END
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SUBROUTINE COEFF
COMMNON/ZZZL/NXaNY N7, NY,REFLEN, SPAN KSYMMY , KSYMMZ s NSYMMY , NSYMM7
COMMON/ZZZ2/TAU,ALFA, TANGLE, TANGTF, CHORD,NTOTAL , UMACH
COMMON/ZZZ6E/XPC(250),YPC{250) ,2PC{250) '
COMMON/ZZZ7/XP11250),YPL{250),2P1(250},XP2(2503,YP2{250},
1ZP2{250), x03(250),YP3t?501.293{?50}
COMMON/ZZ28/AA(2500),S0URCE(250),SINABC,COSAZC, ALFABC
COMMON/ZZZ9/XPP{250),YPPI250) ,ZPP L2501, XPM(250) ,YPM([250])

1, ZPM(250) , XM {250}, YHP[250) ,ZMP{250), XMM(250),YMM {250},
LZMM{250) , IWAKE{250) ,

COMMON/ZZZ10/JMXB{250), NXWAKE ,WlAXETN
COMMDN/ZZZ1L/VHKX {25900, VHKY{2500), VHKZ{2500),VKX (2501 ,VKY (250},

BT {250)

OTMENSION XUNORM{250) , YUNCRM (2500 4 ZUNNRM (250

DOTPRO(XL YL Z1 s X2yY2,72)=X1EX2+Y kY2421 %22

PROMIXIXX1 o YY1 ZZ1 o XX2:YY2+222,4X3,4YY3,7723)={YY2%Z273~ YY3¢ZZZ]*XX'
P XX2% 273 -XX3 X222 15YY L+ (XX2FYY3-XX3%YY2) X771

NT2S=NTOTAL%#%2

B0 9 NNN=1,NT2S
VHKX{NNN)=(.
YHKY {NNN) =0,
VHKZ{NNN)=0.
AA(MNNT=0,
CALCULATICN OF THE SURFACE NORMAL

PO 140 JNX=1,NTCTAL

XD1=XPP{ JNX}-XMNM{ JNX}
YDL=YPP{JINX)-YMM{JNX)
ZD1=2PP{IUNX)—ZVM¥ (JNX)
XD2=XMP [ INX}-XPV( JNX)
YD2=YMP (INX)-YPN¥{INX)
ID2=ZMP{ INX}-ZPN { UJNX}
CRX=YD1*ZB2-Z01%¥YD2
CRY=—{XD1¥*Z02-IN1%XN2}
CRZ=XD1%YD2-YD1%XD2
ABN=SQRT(DOTPRO(CRX,CRY,CRZ,CRX,CRY,CRZ})
XUNORMIJUNX)=CRX/ABN
YUNORM{JINX}=CRY/ABN
ZUNORM{JINX )= CRZ/ABN
CONTINUE
NTBW*NTGTALfNXhAKE*NY
PO 250 JUNXBW=1,NTHW

NO 250 TNX=1,NTCTAL E
NO 250 ISYMMY=1,NSYMMY REPRODU ﬂﬂleY;?igﬁé
DO 250 ISYMMZ=1,NSYMMZ ngNAl.PAGEI
STGNY=3.-2%1SYMNMY ©

SIGNZ=3,-2*%ISYMVZ

JNXW=JNXBW-NTOTAL
IF{JIJNXBW.LENTOTAL) JNX=JNXBY
IF{JNXBW.CTLHNTNTALY INX=JINYXR [JNXW)
NMN=TNX+ (JNX~11*NTOTAL

QEX=XPP{INXBW]-XPCLINX)
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Q1Y=YPPLINXBW)~YPCINXI*SIGNY
Q1Z=ZPP{JNXBY)I~Z2PCLINXI*SIGNZ
Q2X=XMP (L JNXRYW}=XPC { INX)

Q2Y=YMP [ UNXBW)}—=YPCIINX}*SIGNY
Q2Z=ZIMP{UNXBW}-ZPC{INX)*SIGNZ

Q3X=XMM{ INXBWI=XPC{INX)
Q3Y=YMM{INXBW)I—YPC{INX)=SIGNY
Q37=ZMM{INXBW = ZPC{TNX) %S IGNZ
Q4X=XPM{ JNXBH) —XPCLINX)

Q4Y=YPM{INXBY )-YPC(TMX)*SIGNY
Q4Z=2PM{INXRWI=-ZPC{ INX)I®*SIGNZ
Q101=DOTPRO(QIX,Q1Y,01Z,01%,Q1Y,0117}
0202=DDTPRO{G2X+A2Y,027,Q2X02Y,027)
Q30Q03=NOTPREIN3X,A3Y,03Z,03%X,03Y,032)
0404=DOTPRO(N4AY yQ4Y 047 p04X,R4Y4Q42)
N102=N0T2RCINIX,Q1Y,01Z,02%,Q2Y,Q217)
Q1Q4=DOTPROIQLIX,+QLY,017,G4X,R4Y,Q47)
02Q3=D0TPRO(N2%,Q2Y,Q2Z,03%,Q3Y,0Q37)
0304=D0TPRO(G3X+Q3Y,Q372,G4X+Q4YQ47)
N1=SQRT{N1Q1)

N2=SORT{Q292}

Q3=SORT{Q3G3)

N4=SQRT(R4Q4)

Q41X=Q4Y*Q17~C4Z%QLY
Q&1Y=—(Q4X*G1I-04Z%Q1LX)
N417=Q4X*01Y-Q4Y%QLX
Q4180=NOTPRO(CQ41X,041Y+Q417,Q41X,Q41Y,Q412)
Q1l2X=0Q1Y*Q2Z-Q17Z%Q2Y
QL2Y=={Q1X%Q2Z-Q1Z*Q2X)
Q127=Q1X*Q2Y-Q1Y*Q2X
Q12S0=DOTPRO(QL2X,012Y,Q127,Q12X,C12Y,Q127)
Q23X=Q2Y*Q37-G27%Q3Y
N23Y=—{Q2X*Q3Z-C27%*Q3 X}
0237=Q2%X%Q3Y-Q2Y*Q3X
Q23SQ=DLOTPRO(Q23X,Q23Y,Q232,Q23X%,Q23Y,Q232)
Q34X=Q3Y%Q47-G37*%Q4Y
Q34Y=-{03X#047~-C3Z*C4X)

034 7=Q3X*Q4Y—-C3Y%(4X
034SQ=DOTPRO{Q34X,Q34Y,0342,Q34X,Q34Y,Q342)

PARTI =0,

IF{NQ41SQ.NE.OLIPARTI={{Q4Q4—-Q1Q4) /04+(QLQUE-Q1Q4)/Q1) /Q415Q
PARTZ=0.

TF{Q12S0.NE. 0. ) PART2={{Q161-C1Q2)/Q1+(Q2Q2-Q1Q2)/Q2)/0125Q
PART3=0.

TF(Q2350.NE.0.} PART3= ( (€262-C2G3) /02+{Q3Q3~Q203)/43)/Q2354
PART4=0.,
IF(Q34SQ.NE.0.) PART4= ({0303-03Q4) /03 +(04Q4-03Q4) /C4) /03458
VX=Q41X#=PARTLI+QI2X%PART2+QZ3X*DARTI+Q34X*PART 4
VY=(Q4LY*PART1+QL2Y*PART2+Q23Y*PARTI+QI4Y*PARTLI*SIGNY
VZ=041Z5%PART1+Q122%PART2+G23Z*PART3I HQ34Z*PART4

VHKX ENNN ) =VHK X (NNK) +V X

VHKY {NNN T =VHKY{RNNN}+VY

VHKZ {NNN} =VHKZ (NNN) +V 2
FACTOR=DOTPRNO(VX,VY,VZ, XUNORM(INX ), YUNORMINX )}, ZUNORM{ INX) )
ABINMNI=AA{INNN}4+FACTOR

THE MEXT FEW LINES ARE A FEW CHECK STATEMENTS
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SOURCE{INX)=SOURCE{ INX}+FACTOR

CONTINUE

WRITE(64152)

FORMAT(20X, THIS IS THE MATRIX AAt//)
WRITE(6, 151} {AA[T},I=1,NT25}

WRITE(6,153)

FORMAT(//20X,"THIS IS THE MATRTX SOURCE?//)
WRITE(65151){SOURCE{I },I=1,NTOTAL)
FORMAT(8F15.¢61}

N 154 1=1+NTOTAL

SOURCE(T }=~{XUNGRM{I)*COSABC+ ZUNARM( T )*STINARC)
CONTINUE

RETURN

ENN
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SURRDOUT INF yELPP

COMMON/ ZZZL/NX g NY yMZy NW,REFLEN, SPAN,KSYMMY , KSYUMZ 4 NSYMMY, NSY¥MZ
COMMON/ZZZ22/TAULALFA, TANGLE, TANGTE, CHORD,NTOTAL , UMACH

COMMON/ 272726/ XPC{250),YPC{250),7PC(250)
COMMON/ZZZ7/7X%P1{250),YP11250),ZP11250), XP2{250),YP2{250),
12P21250) :XP3(25C0},YP3(250),2P3(250)

COMMON/ZZ28/ 48125001}, SNURCE{250), SINABC COSABC ALFABC
COMMON/ZZZO/XPP{250),YPP{250),ZPP{250),XPM{25N),YPM[250)

1y 2PM{250) y XMP 250} YMP{250) y IMP {250} » XMM{250) 4 YMM{250)
1ZMM{250), IWAKE({250)

COMMON/ZZZ10/JINABIZ250} s NXWAKE ,WAKEIN

COMMON/ ZZZL1/VHKX(250G) s VHEKY (25000, VHKZ (2500) ,VKX{250),VKY {250},
1VKZ {250} -
COMMOMN/22212/VXWAKE(250) , VYWAKE{250) 4 VZWAKE{250)

DOTPROLXLy YLy Z1yX2,Y2,72)=X1%X2+YL*Y24+71%72

PROMIXEXXT oYY 14771, XX25,YY2,772,XX3,YY3,773)}=(YY2%7223-YY3%T72}%XX1
1-(XX2%773-XX3%Z72)RYY L+ { XX2HYY3-XX3%YY2)%72Z1

NT2S=NTOTAL%2 )

NWT=NAWAKE®NY
NUTPI=NWT+1
NUHTP=NWT+NXWAKE
NTBW=NTOTAL £NWT

TNITIALIZATION CF THE WAKE VELGCITY AT THE CORNERS

DO 250 JNXBW=1,NTRU

DO 250 INXW=NWTPL,NUTP

NG 250 1SYMMY=1,NSYNMY

nO 250 ISYMMZ=1,NSYMMZ
STIGNY=3,—2*TSYMMY
SIGNZ=3.,-2%I5YMMZ
JNXU=INXBW-NTOTAL
TF{JNXBHLELNTOTAL) INX=JNXBHW
TF{JINXBUH.GT.NTOTAL Y JNX=JNXBIINXY]

INDEX=NTOTAL + INXW~-NXWAKE
QIX=XPP{INXBW]-XMP{INDEX)
NLY=YPPLINXBW]-YMP{INDEXI*SIGNY
QLZ=ZPPLJINXBW)-ZMP { INDEX}*SIGNZ
Q2X=XMP {INXRW]-XMP { INNEX)
Q2Y=YMP{INXBW]-YMP{ INDFX)*SIGNY
Q27=TMP {JNXBWI-ZMP { INNEX ) *SIGNZ
Q3IX=XMM(INXBW]) -XMP( TNDEX)
Q3Y=YMM{JINXBW)-YMP{INDEX) *SIGNY
Q3Z=ZMM{ INXRW )} -ZMP{ INCEX)*SIGNZ
QaX=¥PM{ JNXRW]-XV¥P T INDEX?
QaY=YPM{JINXBU}-YMP{ INDEX}*STIGNY
Q4Z=7ZPM{INXBW] -ZMP{ INDEXI*SIGNZ
Q1Q1=DOTPRO{GIX,Q1Y+QLZ+C1X4CLY,QL1Z)
Q2Q2=DOTPRO{(N2X,02Y 027 ,Q2X+Q2Y4+Q21)
Q3Q3=DOTPRE{Q3%X,Q3Y,03Z,63X,Q3Y,Q32)
Q4Q4=D0TPRO(Q4X,Q4Y,Q04Z,C4X,Q4Y+047})
Q102=00TPRO(Q1X,Q1Y,Q175,6G2X,Q2Y,Q27)
Q104=DOTPRC{QLX,Q1Y,Q01Z,04X,Q4Y,047)
Q2N3=N0TPRO(O2X,NQ2Y.027,03X%,Q3Y,0327)
Q3Q4=N0TPRO(CIX,03Y+Q3Z,04Xy,04Y,Q42)
N1=SQRT(NQIQL)
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Q2=5QRT{Q292)

03=SQRT({3Q3)

Q4=5QRPT(Q404)

Q#1X=Q4Y*Q1Z-Q47%Q1Y
041Y==(04X%Q17~Q4 %31 X}
N417=04%*%QLY-C4Y%CIX
Q41SO=NOTPROIC41X,041Y,0417,041X,Q41Y,Q417)
Q12X=Q1Y=*G2Z-C1Z%Q2Y
D12Y=~(01X*QG27Z-G1Z*G2X)
Q127=01X*Q2Y-CLY*Q2X
01250=NOTPRO{GL2X,012Y,Q12Z,012X,Q12Y,2127)
Q23X=Q2Y*N3II-Q27*QAY
Q23Y=—(02X*Q3Z-Q27*Q3X)
0232=02X*Q3Y-Q2Y*Q3X "~
Q2350=DOTPRO(C23X,023Y,Q237,G23X,Q23Y,02327)
Q34X=Q3Y%Q47-Q37%CAY
G34Y=—103X*%Q472-Q372%Q4X)
Q347=03X*%0Q4Y-Q3Y%Q4 X
2345Q=NDOTPRO{C3I4X034Y,0342,034X,034Y,Q342)

PART1=0.

IF{Q41S0.NEL, 0L ) PARTI=({Q4C4-Q1Q4)/Q4+(0101-Q104)/Q1)/041S0Q

PART2=0.,

IF(Q12S0.NE. 0. 1PART2=1{Q1GQ)1-Q1Q2)/Q1+{Q202-Q1Q2)/£2}/Q1250

DART3=0.

IF{Q235Q.NE.04) PART3={{Q2Q2-Q2Q3) /02¢(€363~Q2C3)/Q03}/Q2350Q

PART4=0.

IF(03450.NF. 0.} PARTS4=({(3C3-0304)/Q03+10404-0304)/Q4)/Q345Q
VX=Q41XxPARTLI+Q12X*PART2+(Q23X*PART3+Q34X%PART4
VY={Q41Y*PART1+QL2Y*PART2+Q23Y*PART3+Q34Y*PART4) %S IGNY
VZI=Q41Z*¥PART1I+0127%PART2+0237*PART3+Q347%PART4

FRF{INXWL.LELNUWTIGO TO 250

VXWAKE{ INXW)=VXWAKE { TNXW) +VX*SCURCE{ JNX)
VYWAKE{ INXW)=VYRWAKE{INXW) +VYXSCURCE { INX)
VZWAKE( INXW )=V ZHAKE (TNXW } +VZ*SOURCE {INX)
CONTINUE

RETURN

END
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SURROUTINE ITER
COMMON/ZZZZ1/NX4NY ¢ NZyNW,RFFLFN,SPAN,KSYMMY,KSYMMZ  NSYMMY', NSYMMZ
COMMON/ZZZ2/TAULALFA, TANGLF, TANGTR, CHORD,,NTOTAL  UMACH
COMMON/ZZZ6/XPC (250}, YPC(250),2PC(250)
COMMON/ZZZT/XP1{250}),YP1{250),ZP1(250),XP2(250),YP2(250),
12P2(250) ,XP3{250),YP3(250),ZP3{250)

COMMNN/ 2278/ AA(900) ySOURCE(250),STINABC,COSABC,ALFABC
COMMON/ZZZ9/XPP (250}, YPP[250),ZPP{250),XPM(250),YPM{250)

1y ZPM{250) 4 XMP {2503, YMP{25C) , ZMP (250}, XMM{ 25D },YMM{250),
1ZMM{250) 4 TWAKE(250) )

COMMON/Z 2210/ INXB{250) , NXWAKE ,WAKEIN

COMMON/ ZZ711/VHKX{900)}, VHKY {900} ,VHKZ{900),VKX(250),YKY{250},
VKZ{250)

COMMON/ ZZZ12/VXWAKE (2501, VYWAKE (250.)., MZHAKEL250)
COMMONSCONTR/NTTER

DIMENSION XXX(250),YYY(250),2272(250) s VXH{250),VYH{250)},VZW{250!
DIMENSION INDICA(100)

DOTPRO(X1 YL a7 1 +4X2¢Y2,22)=X1%X24Y1%EY2+Z1%72

NXWAK P=NXWAKE+1
ALFAR=ALFA%3,1415%/180.
TANALF=TAN{ALFAR)
NYP=NY+1

DO 1 IX=1,NXWAKE

DO 1 IY=1,NY

IXP=1X+1

IYP=1Y+1
TELEM=NTOTAL+IX+(IVY-1 )ENXWAKE
INONEL1=IXP+{TYP=-1}xNXWAKP.
INOREZ=TX +(IY¥YP~1)1%NXWAKP
INCDE3=TX +1{TY -1)*NXWAKP
INODE4A=IXPE{IY =-1)%NXWAKP

XXX{UINQDEL)=XPP(IELEM)
YYY{INODEL)=YPP(IELEM)
ZIZZ(INODEL)=ZPP{IELEM)

XXX {INODE2)=XMP {TELEM)
YYY{INODEZ)=Y¥® (TELEM)
277 (INODE2)=I¥P{IELEM)

XXX{INORE3)=X¥M{TELEM)
YYY{INONE3)=YMM{ [EZLEM)
Z72UINCDE3)=ZMM{TELEM)

XXX{INDDES)=XPM{TELEM)
YYY{INDDEL)=YPM[IELEM)
LZZ{INCDE4)=ZPNMIIELEM) OF THE

1Ty
REPRODUCEBIL S 00

CONTINUE (ﬁﬁ@ﬂﬂﬂiPBﬁE

DO 50 IX=1,NXWAKP

DO 50 1Y=1,NYP
INNDICA{TY}=TY=NXWAKP
INODE=IX+{1Y-1)*NXWAKP
INDEX1=INODE-{IY-1)
VXW{INONE) =VXWAKE (INNEX1)+1.
VYW{INORE)Y=VYWAKE{ INDEX1)
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VIW{INODE) =VZIRWAKE{INDEX])
TF{IXEQNXHAKP JVXW{INNDNE }=0.
TF{IX.EQ.NXKWAKPIVYH{INODEI=0.
TF{ IX.EQ.NXWAKPIVZW{INODF)=0.
IF{IX.EQ.L)VIW{INODE)=-TANALF
TF{IX.EQ.LIVYW(INGDE) =0,
IF{IX.EQ.1IVXW(INCDE)=1.
50 CONT INUE

C
c
C WRITE(6,51)
51 FORMAT(/3X,"PRINTCUT OF THE WAKE X-~-VELOCITY®/)
c CALL PRINTV(VXW ,NXWAKP,NYP)
WRITF(6452)
52 FORMAT(/3X, "PRINTCUT OF THE WAKE Y—VELDCITY ¢/}

CALL PRINTV(VYW,NXWAKP,NYP)
HWRITE{6,53) '

53 FORMAT(/3X, *PRINTOUT QOF THF WAKE Z-VELQCITY'/}
CALL PRINTY(VZW,NXWAKP,NYP)
IF{MITER.GT.1)GC TG 1000
WRITE(6,100)

100 FORMAT{/3X,*PRINTOUT OF THE WAKE CORNER COORDINATES BFFORE!Y)
WRITE(64201)

201 FORMAT(3X, *ITERATION IN THE X-DIRECTION®/)
CALL PRINTVIXXX,NXWAKP,NYP)
WRITE{65202)

202 FORMAT{/3X, PRINTOUT OF THE WAKE CORNER COORDINATES BEFQRE!)
HWRITE(6.:203)

203 FORMAT{3X,'ITERATION IN THE Y-DIRECTICN'/)
CALL PRINTV{YYY NXWAKP,NYP}
WRITF(6,2C4)

204 FORMATU(/3X,"PRINTOUT OF THE WAKE CGORNER COORNINATES BEFORE')
WRITE(6,205)

205 FORMAT(3X, F*ITERATICN IN THE Z-DIRECTION 1/}

. CALL PRINTVI{ZZZ,NXWAKP,NYP}

1000 CONTINUE

DG 3 IX=1,NXWAKP

DO 3 1Y=1,NYP

INDDE=TX+{ 1Y-1)*NXWAKP
IF{IX.EQ.NXWAKP)IGG TO 3

R=WAKEIN ‘
VELTOT=SQRT(NOTPRCIVXW(INGDE) ,VYW { INODE) ,VZW{ INODE },
LVXWIINONEY , VYW INGDEY ,VZH (INGNE)) )
IF{VELTOT.EQ.Q.1CALL DEBUGI(50)
DELX=R*VXW{ INODE) /VELTOT
DELY=R*=VYW{INCNE) /VELTQT
DELZ=R#*VZW{INODE) /VELTOT

INDDPI=INGRE+L
IF(INODP1.5Q.INRICATIY}IGC TO 2001
C XXX(INODPLI=XXX{INOOP L)} +DELX
YYY(INGRPL)Y=YYY (INORG) +DELY
c TF{IX.EQ.1.ANDIYLEQ.NYPIGD TG 2000
Z7Z7Z{INDDP1)=ZZZ(INODE)+DELZ
GO 1O 3
2000 CONTINUE
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fF(NITERfEQ.l)ZZZ(INODP1)=ZZZ{INDDE)+DE&1
BRING THE WHOLE VCRTEX IN LINE WITH THE LASY Z

INDEX1=INODRPL +1
INDFEX2=NXWAKE+ [ TY—1 }=NXWAKE

nNO 2 INPREX=TNDEXL,TNDEX2
ZZZ(INDEX}=22Z{INODP1)

GG TO 3

CONTINUE
YYY{INODPL)=YYY{INODE)
ZZZLINODP1)=ZZZ (INODE)

CONTINUE

DO 4 IX=1,NXWAKE

DO 4 IY=1,NY
TELEM=NTOTAL+IX+{IY-1)}*NXWAKE
IXP=1X+1

IYP=1Y+1

INODELI=TXP+{IYP—1 }NXWAKP
INDDE2=TX +{TYP-1}:NXWAKP
INODE3=IX +{1Y —1}%*NXWAKP
INODEL=TXP+{IY -1)%NXWAKP

XPP{IELEM)=XXX{INGDEL)}
YPP{TELEMYI=YYY{ INGDEL)-
ZPPLIELEM)=7ZZ{ INGDEL)

XPM{TELEM)=XXX{INCRE4 )
YPM{TELEM)=YYY( INDDE4)
ZPM{IELRM)=ZZZ{ INGDE4}

TRF{IX.EQ.LIGO TC 4

XKMMITELEM)=XXX{ INCDE3 )
YMMOTELEM)=YYY({ INODE3)
IMMITIELEM)I=Z7Z2(INCDE3)

XMP{TELEM)}=XXX{INCDE2)
YMP{TELEM}=YYY{INONE2)
IMP{TIELEM)=ZZZ1INQDE2)

CONTINUR

IF{NITERLLFL1I0)}GD TQ 738

WRITE{(A,400)NITFER
FURWAT(/BX;'AFTER‘,13,?X,‘ITERATIDNS, THE X-CCRNER ')
WRITE(6,401)

FORMAT(3X,'COCRDINATES 0OF THE WAKE ARE!/)

CALL PRINTV{ XXX NXWAKP,NYP)

WRITF{6.402INITER
FORMAT(/3XYAFTERY,13,2X,*ITERATIONS, THE Y-CORNER')
WRITRE(6,403)

FORMAT({3X,'CNORDINATFS COF THE WAKE ARE'/)

NO 601 TX=1,NXWAKP

DO 601 I¥=1,NYP
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INODE=TX+(IV-L YN XWAKP
YYY{INODE)={1./(SPAN/2.))%YYY (INODE}
CONTINUE

CALL PRINTVIYYY NXWAKP,NYP)
WRITE(64404INITER
FORMAT(/3Y,*AFTER Y, 13,2X, "ITERATIONS, THE Z-CGRNER?)
WRITE(6,405) .
FORMAT(3X,'COODRCINATES OF THE WAKE AREY/}
CALL PRINTVI{ZZZ,NXWAKP,NYP)

CONTINUF

RETURN-

END
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~C3, _}Bri_’ntout of ~Computer- Program ILSAWR

=

SPECIFICATIONS OF THE PROBLEM

NX= 7

NY= 7

NZ= 1

NW= 1
NTOTAL= 49
KSYMMY= 1
KSYMMZ= 0

REFERENCE LENGTH= 1.00
SPAN/REF LENGTH = 8,00
THICKNESS= 0.0

ALFA=  5.000
ALFABC= C.0

MACH NUNBER = 0.0

NXHWAKE= 11

WAKEIN= (0.500
_TANGLE= 0.0

TANGTE= 0.0

CHORD=  1.00
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PRINTAOUT OF THE WAKE CORNER CONRDINATES REFORE

TTFRATION TN THF X-NDIRECTION

=0.118756F-Ch

0.530000E 00
0. 170NGCCE 01
0.15070%€ 01
0.200002E Q1
0.2500C0F 01
0.300000E 01
0.350000F 01
0.400CG0F 01
0.450000F 01
0.500000F 01
0.550000E 03

~0,118756F-06

8.500009F 00
0.10000QF 01
0.159990C 01
0.200300E 01
0.250000F 01
0.3nNON4GNE oL
0.359000¢ 01
0.407000F 01
0.450900F 01
0.5000%0% 01
N.5500N01F 03

~0.LLBT56F-NH

0.5000008 00
0.10G000F 01
0.150000FE 01
0.200000F 01
0.2500C0E 01
0.300000F Ol
0.350000F Q1
0.470000E 01
0.450000F 01
0.570000F 01
0.5501C0E 03

“N.11B8756F-N6
0.500000F 00
0.100020% 01
0.150000F 01
0.200000E Q1
0.250000E 01
C.300000F 0l
0.350000F 01
0.4000N0NE D1
0.450000F 01
0.500000F 01
0.550000E 03

PRINTOUT OF THF WAKE COPNER COORDINATFS REFORF

TTERATION IN THF Z-NIRFCTION

0.103893E-07
N,103899F-0T7
0.103RBSRE-QT
0.103R98E-C7
0.1038%3E-07
0.10%86AF-07
0.10385RF-07
0.10389RF=-0D7
0.1038%8E-07
.103898F-07
0.103860F~07
0.103096E-07

0.103R9AF-07
0.1N3898F-N7
0.101878F=-07
0.103898L-07
0.103998E-07
0.103898F-07
0.103891C-07
0.103894F~-07
0.103393F~07
0.103898F~07
0.10389AF~-0T
0.103898E-07

0.10398F=-07
0. 103898E-07
0.1038388F-07
0. 103B9RE-OT
0.103868F-07
0.103898F=-07
0.103898F-Q7
0.103R98F-0T7
0.10389R/F~07
0. 103R98F=-0T7
0.173398F-07
0.10389RF~-07

0.103398E-07
0.1038%8F-07
0.,103B498E~07
0.103B98E~07
0.1038980~07
0.103898F-07
0.103898F-0T
0.103898E-07
0.103898E-07
0.103898F-0T7
0.103898%-07
0.103898F-07

PRINTCUT OF THE WAKF CURNFR CNORNDIMATFS RFFORF

TTFRATION IN THF Y-NIRFCTION

e % B B ® a3 3 W & &

e RekeReR=R=R~+Ro oo lwio]

GOoODCOo DO DIO

0.196172E 0Ot
0.106122F 91
0.106122F 01
0.176122F 01
0.100t22F 01
0.106122F 01
0.106122E 01
0.106122F 01
0.106122F 01
C.106122E 0}
0.136122% 01
0.106122F N1

0.195918E 01
0.195318F 01
0.19591a8F Q1
N. 1959148k 01
d. 1959185 01
0. 1959 18F Ot
0.195913F 01
0.19591RF 01
0.195918F 01
0. 195213F 01
0.195%13F 01
0.19%9185 01

0.2693R88F Q1
0.26S38A8E 31
C.269%88F 01
N.269388E 0L
0.269338E 01
0.769388F Q1
N.26938R8F 01
0.266308E 01
0.7269388F 01
0.26938%8E 01
0.7265384F 0L
N.269388E 01

~0.118756E-06

0.500000E 00
C.100000F 01
0.150000F 01
0.200000F 01
0.250000E 01
0.300000F 01
C.350000F 01
D.407000E 03
0.450000F 01
0. 500000F 01
0.55N00NE 03

0.103398E-07
0.1723898F-07
0.103R93E~07
0.173398F-07
0.103879E-07
0.1038985-07
0.103898F=07
0.103898E-07
0.103B983E~07
0.103898F-07
0.103898E-07
N0.103398E~07

0.32653LF 01
0.32653LF Il
0.7326531F 01
0.326531F n]
0.3265%1E 01
0.3265231LE 0L
0.326531F Q1
0.326531F 01
0.232653LE 01
N.3265%31F 01
0.3765%1F 01
0.374L5318 0L

-0.,118756F-06

0.500000F 00
6. 100000 01
0.1500040F 01
0.200000F 01
0.250000E 01
0.3000n0F 0L
0.350000F 01
C.400000E O1L
0.45000CE 01
0.500000E 01
0.550000E 03

0.10%898E~07
0.103898F-07
0.1038987-07
0.1N3898F-27
0.103898E-07
0.103898F-07
0.103898F~-07
0.103898E-0T7
0.103898F-07
0.103898F~07
0.1038985~07
0.103898E~07

0.367347E 01
0.3A47347TE 01
0.367347F 01

© 0.356T7T37E OL

0.367347F 01
0.36734%YE 01
0.367347F 01
0.30T7347E 0O}
0.36/7347F OL
0.3267347FE 01
0.3467347F 01
0.367347F 01

~0.118756E=-06

0.500002E 00
¢.100000E 01
0.150000r 01
0.20N000F 01
0.2500N0E 01
0.300000F 01
0.350090Ff Q1L
0.400000F Q1
0.450000F 01
0.500000E 01
0.550000F 03

0.103899F-0Q7
0.1038793F-07
0.1C03898R-07
0.103853F-07
0.103898F=07
0.103893E~-07
0.103899F=-07
0.103899F=07
0.1038980~07
0.103893F-07
0.1C389RF=07
0.103898F~07

N.391837E OL
0.391837F 0l
D.3531837< 0t
0.351837F 01
0.301837% 0L
N.391837E 01
0.391837F 0L
0.361837F 01
T.3G187%7% 0l
0.391837F 01
0.371837% 01
0.3%18471F 0l

-0.118756F~N6

0.5000008 00
0.100090E 0l
0.150000F 01
0.2020007 01
N.250000F 01
0.300060% Ol
0.350000% 01
0.40000NF 01
0.450000F 01
0.500000F 01
0.550000E 03

0. 103898F-0T7
0.103898F~-07
N103838R=07
0.10389BF~-0T
0.103898FE~-07
0.103898E-07
¢. 1038987 -07
0.103828F=07
¢.103898E-07
0.103898F=-07
0.103898E~07
0.1038785-07

0.400000F 01
Q.AINI0E 01
0.400000% 01
0.400020F 01
Q.400000F 01
0.400000E 01
0.4000000 0l
0.400000F 01
0.40000%% 01
0.407020% 01
0.400002F 01
0.4000907 0l

-c01T-



~0.15925F=02

THE DISTRIBUTINN OF THE DOUBLET STRENGTH DH
RIGHTHAND SIDE
-0.38849€-02 ~0.37125F=02 ~Q.34288R-0N2 —O.BOOOBE-Oi ~0.23927E-02
-N.63T82F-02 -0.5R863E=02 —0N.51416E~02 ~0.40764E-02 ~0.26%464E-02
1
. ,g
-0.TINGIE~-02 ~0,57133E=02 ~0.35749E-02 (f
-N.43533F-02

~“N,39589F-02
~0.7127T3E=-Q2

~0.682188-02 .~0.66766E-02
-0.91271E-02 -0.84065E-02

-0.10753E-01 ~-0.92783E-02
-0.82876E-02 -0.,49955E-02

-0.95619E-02
~0.54982E-02

~-0.91863E~-02
-0.58347E~02

-0.97730F-02
~0.12560F=01 =0.12283E-01  ~0.11710E-01
“0.15061€~01  =0.14720E-01 =0.14011E-01 -0.1281BE-01 —-0.10967E~0L
~0. 1673 7F~01 ' 0.15906E-01  -0.14404E<01  =0.12303E-01
~0.15618F~01  -0,131838~01 -0.97781E-02

-0.17136E-01
-0.171896~01

-0-{8558F-01 -0.18116F=01
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THIS IS THE ¥-WAKE VELOLITY

=3« 480406F-02
-0. 16082%F-02
-0« 843%30T0E~-03
~0.532014F-03
—-0,%1373E-03
~0,2585MN~-032
=0. 191 £73E-03
-0.145832F~03
~d.113191£~-03
=0.B74483E~04

~0s TLT442E-0%

~0e G TTAOGE=07
. 1644 GF~02
“0.4THIHL~03
~0.524415E~03
+0.35300%E-N03
=~0.250580F«03
-0 LBALL5F~03
«~3.13999%E~83
«“Be 1084810 ~03
~0.8571)3F-04
«0 W HBANTTE=0%

—{.4468118F-02
-0.1%8455F-02
=0.821968E-03
—04495505E~-03
-0.325844F-03
~0.227359F-03
=N, 165822503
=-0.125161F-03
~0.969310E-04
=0.767820F-04
=0 6L06TF=04

PRINYOUT OF THE WAKF Y-VELOCITY

QOQLOOQOILOOD
» 2 & % » 2 5
QOO oOIDLOo

» & F » oy

0.0
“DaT16022E~D4
“J. 624 T2LF~04
“0. 534890767 -04
~0.463545E~04
=0.3T33TUF~04
=0+305000F-04%
“~0.24287T5-04
-G 191 143F~04
~0.151972F~04%
“0.121347F-04%

0.0

0.0 ;
-0.175023F=03
-0.145541F~03
~0.119214F-03
~0.935147F-04
~0.728592F~04
-0.563585F—04
~0.437568F-04
~0.337323E-04
-0+ 266060604
-0.2114755-04
0.0

FRINTOUY OF YHE WAKE Z~VELOCITY

~(. 8T4BESE=01
-0, 432382F-01
-0.3530617E-01
-0.312628E-01
~0.288760E-01
-0+ 273377E-01
-0.252872E-01
~0.2553R2F-01
~0.P49849E-01
~0.2456656~01
0. 2424256-01
0.0

w3, BT4B8SE-0)
~{3+440590E=-01
~0.35633208~01
~0.324179F~01
~0.301112E-01
0. 286259E~01
~G.2TAL12F~01
(. 2AABREF~0L
~. 261593801
=) e259441F-01
=0.2562087TFr=01
0.0

~D,BT4885F~01
=G 4625 T9F-01
~0.391258E-01
—0.355478E~01
=N 334463F-01
=0.3209196-01
~0.311671F-0)
-0.3049569M=01
=3, N0 E~ O
~0.2948227F=01
=0.293274F-01
0.0

~(.454247E-02
“0.152080R~02
~0. 74844 3E~03
~0.4322218-03
~0.277185F=03
~0.191435R8-03
-1a 139445803
~0.10587486~03
~3.8249]15%~04%
-0.6594645~04
“Da336A871F=-04

0.0
=0.355480E-0%
“0.264779F-03
“0.190%376F-03
=-0.137361%-03
~0.100491F~073
~0.748018E~04
~0,5679398-04
~3. 430350504
=a33TLLRE~DS
~0.25TT66F~04

0.0

~0.874885F=01
~0.5023685-01
~0.440521E-01
~0e40958LE=01
~0.391316F=01
~0.379440E~01
~0.3712050~01
0. 365745801
~9.36N755F-01
~0.3573098-01
-0.354595E~01
0.0

=0.441279E-02
~0.132838F-02
=0.397070F=03
=0.336761E~D3
-0, 216465F-0%
-0.1%176LF-03
=0,.31126078-03
—0. B6RL3RF G4
“Q.638900E-04
-0.559298E~04
~0.461758F=04%

0.0

~0.643119E-N3
-0. 389637503
~0. 265147603
“0.164443F-03
-0.115661E-03
~0.846302E=04
=0+ A3CH60F-04
~0.4719375~04
~0.370468F—04
~0429584 LE-04
0.0

=0.8T43R858E-01
~0,5682305-01
~8.517856E~01
~0.492123F-01
~0.4T6605F=-01
—N, 4563 24E-01
~0.4 590846 E-01
-0, 453760001
~0.4497T08F=91
w04 446558 TE-01
~0.444059F-01
g.a

=0 45QAQE-Q2Z
~0.903000F-03
“Cea32285~03
~0.2405648-03
~0.1632T2F-03
~0.11924698-03
-0.931325 1E~04
~3.I23804E~04
~G.5857D1E~04
~0.483869 1E-04
=~0.405120F=04

0.0
~0.93230TE~N1
—0.451968F-n3
~0.Z254403F =03
=(.1724%1F~013
~0.1196803F~03
~ 087002 7E~04

~0 55296 8E=04 "

~C.4T920TF=D4

G, 3TETHHE-1S

-0, 30548 4F~D%
0.0

~0.874B45E~01
~0.,685203%~0}
~0.645059F=~01
=0,6235388-01
~0.610232F-01
«~0.6N1LB0F-01
~3. 504402801
~0.58084 86~01
~0.586147E~C1
~0.583240F~01
~0.580906E~01
0.0

=045 041E-02
~D. 440632503
=0 2637915 ~03
-0.1789858-03
~0.130310F-03
~0.994839F-D4
=. T8568NF~04
~3.6357336-04
=0.524LT1IE-C%
~0.4384T77E-04%
—0.37T1014%-04

0.0
~0.994R395-03
~0 G007 3F-0%
-0, 261628F~0%
~0.170783F-03
-0, 11B961F~03
-04866350E-04
“0.656978E~04
—0. 475501E-04
~0.379300%~04
<04 308213E~04
OID

~0+814885E-01
~0.119565F D0
-0, 116190F 60
~0«114302E 00
—0.111093% 00
~0.112267F QO
~0.111685F 09
-3.1112L1E Q0
-0.110961F 00
-0. 1105848 00
=0.110361E 0NQ
B.0

O 30451502
~D.27514BF~03
=Y. 2 B2DLF-03
=N+ 153966%-03
~0.1195608-03
~0.9300B9E~-0%
“}a THIIBHE~04
~0.50566985-04
~(+503959E~-n4

=0.4235T70FE~04%.

~04359T10F 0%

0.0
-B.95611385-03
-0, 640730003
~3.25TR596-03
~0.1691746%-03
=0.118194E-03
-0, 655 T6F 04
=0.554446F~D4
=3, 475683504
~0. 3RNVEDF~0 4
«0.309056E-04

0.0

~2. 874885501
0.112517F.00
0. 115683F
0.117496E
0. 1186488
0. 1104542
0.120042F
0. 120485F
0.120829E
0.121102¢
0.1213228
0-0
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ARTER 12

COORDINATES OF THE WAKE ARF
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AFTER 12

ITESATIONS,

0. 365106 00
0. 268306F 0D
0. 2A5204F 00
D.24L5299%E 00
O 2687 96F 00
B.2565295%F 00
T 26%297F 00
N.26%303F 00
DL26YILRE Q0
G, 2653230 00
0. 2603388 QN
8.265330% 00

CNOADINATES OF THE WAXF ARE

. 103993607
~Q. 435773701
~N.651601F-01
~-D.8278396F~01
~0.9083937F~01
~0. 1128145 an
~Oe 126446F 00
«3. 1398938 00
~04152344E 00
~3. 1648178 OO0
~0.177079E 0D
~3«17TQ72E Q0

2,103898F-07
=ZA35T770F 01
~.6R0T04T—01
-3, 83707980}
~0.99589340-061
~3.114927F 0O
—8.1292197 A0
=04 1%303LF 40
—D. 1564197 COQ
-3.159555F 00
-0, 1R825058F Q0
-0,1825058 ©Q

ITERATINONG, THE YuCORNER

G.4007ORE DO
0-4897946F 00
D.483731E 0O
9.489782F 00
0.48S78LF 00
H.489T9LF 00
5.480812F 0O
0.489R45F 00
0.489888E 00
0.430942F 5O
0-490004E 00
0.490004F 00

THE I-CORNER

0. L103ROEE~0T
~(e 4357 TRF=01
~0.666694F-01
~0 .85 1989E-01
-0.10%939F 00
~0.120624F 00
~0. 136625F 00
~0.i521%2F 09
~0.167333E 00
-0, 182754F 00
~3.196972F 00
~0,196572E 00

2.6 734648 OO
0.673469F 00
D.6T3462F 00
DL.6TRAGEE
0.673485F 00
0.673363% 00
0. 4T36BLT Q8
0.67T3843% 0O
D.6T404TE OO0
0.6T4239R 00
0.6 T4565F 0O
0. 6745658 00

Q. 103898F-07
~GA3ETTRF~OY
—0.886542F-01
~0.9082526-01
=0.111024E 20
-0.130476F 00
=0.149292% Q¢
=P, 167647 00
~0.18565%F 00
-0.2033718 00
-0, 2208528 00
-0.2208528 00

0.8156328F 00
0.816326E 00
0.816316F 00
5.8163908 00
0.81662LE 0O
0. BL7064E 00
0.81T7712E QO
0.518561LE 00
0., 819605F 00
0.020839E 0O
0.822255E 00
0.622255E6 00

8. 113898F=07
-3 4557 78E=01
~0aT192625~0L
-0, 676425701
~0.121868E 0O
~0. 1450685 00
~0. 1A T490F 00
~9.189275% 00
~0.210503€ 00
~0.231220€ 00
~0.25146%E 00
~0,2514556 00

GL.18367F GO
C.o1876 7% 0D
D.2183547F 00
G0919041F 00
N.F20893E Q0
0.523838%8 0C
Q.827%95588 0@
0.9330L2F GO
C.339014F 00
D.94B859F NG
CLUR340TE G0
Q.953407E 00

2.10385A08-07
=0.435778E-01
~5WTT5837F~01
-0.1004622F 00
~.135728F Q0
~0u160042E 00
-0, 1315248 00
—0.72004%488 00
~0.216208F 0O
~0.220352F 00
~0.2352038 00
-0.235202F 00

Q. G10592F Q0
0.979997F 00
0.979583% 00
0. 3885322 00
G. 99R0%4F 037
0.1006178 O1
0.101 1808 01
0. 1014758 0t
C. 1015308 01
0, 1013868 GO}
0.1019858% 01
0.101088E OX

0. 10369AF-07
~C.435TTAE~01
~3. LHZ42SE 08
=0, 11435 2F 00
-0.106455F 030
~0.%38R76%~01
~0, 5702 28F~01
=~ 1597776~01

G.206309F-01

0.556%186-01

T.878766F~01

0.8787646E~01

0. 1000008 O}
., 1000098 61
0.99999%5¢ 00
V49931138 00
2., u85769E 0D
0.977684F 00
0.271098F A3
0.906566%E 00
G.9612232F QO
N1, 95715646F OO
D+934468E L0
0.9544688 00

D.103878%-07
=0.435T78F 0L
Da LLA539F-0L
0.3T7TA512F-01
(e ATOTTEE=GL
0.514905F-01
CutH2482E-01L
G.3TLSTHE-OL
D.2629R3%~01
0.146913E-01
D 265451E~02
Ou265461E-02
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