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ABSTRACT

A. J. Chorin's Method of numerical solution of the Navier Stokes Equations
for slightly viscous flows is applied to the problem of an impulsively started
circular cylinder. The drag of the cylinder is computed over a range of

Re = 10 to Re = 105, and the validity of the results is discussed.
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I. INTRODUCTION

The theoretical investigation of viscous flow past a circular cylinder,
especially at high values of Reynolds Numbers has always been interesting be-

cause it could be extended (by conformal mapping) to the flow-past an airfoil.

The analytical solutions of the Navier Stokes Equations are only available
for special cases. Hence, it has always been desirable to find methods of

solving these Equations numerically. But all the numerical methods

presently available for solving.the Navier Stokes Equations require grids of

smaller mesh size and bigger computational effort as Reynolds Number in-

creases.

A. J. Chorin (1973) presented a numerical method of solving the Navier
Stokes Equations for slightly viscous flows in two-space dimensions ‘(réf.[.i]).
This method has the folloWing advantages: ' | |

1) It is grid free, therefore it could be used at high values of Reynolds

Number. ‘ '
2) It simulates, numerically, the physical process of vorticity generation

and dispersal.

In the present report, Chorin's Method shall be applied to the calculation of the
flow past an impulsively started circular cylinder. The drag of the cylinder -
for different Reynolds Numbers shall also be computed, and the computed re-"

sults shall be compared with the experimental data.



1. PRINCIPLE OF THE METHOD
(Summary)

Chorin assumed that, at each time, one could par_tifi'on the vorticity of the
flow into sum of a finite number of blobs with the property that the stream .

function of a vortex blob of strength unity is:

'1 - Y
5 logr r=0
Yo (r) =
~ Iy tant r<
> o constan g

where T represents the position of the point in the plane with respect to the

vortex blob, r = |; I , and ¢ is a cut-off length. It can be shown that one can

take
o =h/2n

where h is the computational element of length.

Now, vortices are subject to
1) convection effects

i) diffusion effects.

To simulate these two effects, We allow vortices to move. The displacement
of each vortex blob due to convection effects may be obtained by computing the
velocity of the vortex blob. The latter will be the sum of the following:

a) Velocity due to the potential flow,

b) Velocity created by the vortices present in the flow.

The diffusion effects may be approximated by random walk of the vortex blobs.

~ In fact, one can show that if the density and the structure of the vortex blobs ‘ R
at a time tO approximates the vorticity density at that time, and that if these

vortex blobs are displaced randomly, their displacement having Gaussian e
distribution with zero mean variance 2k/Re, then their density at a time

t, + nk will appfoximate the vorticity density that we would obtain by solving

0
the diffusion equation:

9t _ 1
3t ~ Re ag

where k is the time increment. Vorticity must be created at boundaries in

order to satisfy the boundary conditions there.
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III. WORKING FORMULAE

1) Calculation of the Vorticity Created at the Boundary

The vorticity created at each time-step, at M points on the boundary is

computed using the equation

ou ou
£ = LS. _B
~ 8n Os
y
<1
n
u
U -
e /1'\3 -—
0 X
fig. (1).

The condition of zero-tangential velocity on the body states:

-a—s-l-l-. =0 on the body.
aus
That is, g(boundary) ~ “on
' Bus
Therefore, Eboundary = o5 dnds

where the integration is carried over an element of surface and since u, = 0

at the body,
E-bounda.ry & Au - As = l151 ©h

where usi is the tangentjal velocity at the vicinity of the .body. Furthermore
uS'1 =v cosf - u sin 0 : (fig. 1)

So _
=(vcosb -usinB) h. (1)

%

ody
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2) Random Displacement of a Vortex Blob

A random number generator subroutine exists in the computer's ' System
Library' . It generates floating point random numbers uniformly distributed
in the interval (0,1). To obtain the required Gaussianly distributed random

walk, the following equations were used:

Let E be the vector displacement, ny and n, its components. Let

El =q,
ny =49, cos Gr m, =4, sin Gr R (2)

61_ and q, are given by

61_ =2m q,

2 1/2
(-2p” log q) /

9r

where q, and g, are two ﬁniformly distributed random numbers given by the

generating subroutine, p = 2k/Re.

3) Velocity at a Given Point Created by a Vortex Blob

Suppose a vortex blob of strength E.J- is placed at ?J The velocity vector

created by this vortex blob at a point T is

uf{r, r.) = Zi RS
j ™7 Rré ,
J if R.= ¢
).
- 1 X,-X
VEE - E T
]
. (3)
Y.-Y
(7)== € R
u ’r_] T 27 j o j .
. % -x ) if Rj =0




where R, =T, - T, and R, =. I-ﬁj | It should be noted that the velocity created

- J

- by a vortex blob (rj; Ej) is continuous at Rj =0, while the stream function as

defined by
1 ) .
= t. log (R, - if R, = ¢
| 5 & log (R) i
Y(r, r.) =
J ( R. : . v
— —l i
2m E_] (o if Rj < O

is discontinuous at Rj =Q. However, the latter may be made continuous by

adding a constant whenever it is needed.

4) Potential Flow

The stream function of the inviscid flow past a circular cylinder with

uniform velocity U at infinity upstream is given by ([ 2])

L2 |
Y y) = - Uy (1 - ——2msm—) (4)
x +vy .

where a is the radius of the cylinder. The velocity components are

u, = - g’;p_, = U1 - aZ(XZ - YZ)/(XZ + YZ)Z) |
2 (5)
Vp = %% = - U(Za,zxy/(x2 + Y.Z) ) -

Note that the condition of zero-normal velocity at the body is readily

satisfied by the potential solution given above.
5) Flovs} Induced by a Vortex Blob in Presence of the Cylinder; Method of

Images
Let there be a point vortex of strength EO at a point (xo, yo) outside a .

cylinder of radius a. The motion due solely to the vortex can be modeled by

replacing the cylinder by the images of the vortex (see [2]). The image system
consists of a point vortex of strength - EO at the invérse-point of (xO,yo), and

a vortex of strength + EO at the center of the cylinder.
The inverse point of (xo,yo) has coordinates:
2 2 2
! =
xb = a“xy/(xg + y5)
3 2
Vo = @ Yo/(x%)'*‘Y%))

(6)
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Now, the flow induced by all vortex blobs in presence of the cylinder will be

approximated by the flow induced by the vortex blobs and their images which

shall be considered to be vortex Blobs themselves. The advantage of this type

of modeling is that it automatically satisfies the condition

— -—

ug-n=0

-

at all points on the cylinder. Here ug represents the velocity due to the effect
of vortex blobs and their images. The image at the center of the cylinder will

be a vortex of strength

where Ei are strengths of vortex blobs outside the cylinder, and N is their

number.

6) Computation of the Velocity Field

The velocity components at a given point (x,y) in the flow are given by

u(x,y) = up(x,y) + uc(x,y) + L ui(x,y) + >_’J u'i (x,v)

i=1 i=1
= '
vix,y) vp(x,y) t v (x,y) + 5 v.(x,y) + i vi(x,y)
i=1 i=1
where u_, v_ are velocities due to the potential flow

u , v_ are due to image of the vortices at center

u, v, are velocities/due to the vortex blob of s’crengthzi

placed at (xi,yi)

u'i’ vi are velocities due to the image-vortex of strength —Ei

~ placed at (x'i, y'i).

obtained by Equations (3) and (5).

Difficulty arises when the velocity created at the center of the vortex blob i



due to the presence of this vortex blob itself ('’ self-induced" velocity), is to
be computed. To overcome this difficulty, we consider the vortex blob

(xo, Yo’ E_O) alone in presence of the cylinder, and compute its ' self-induced

velocity''. Let

z. =x,.+1i and dw =u, ~iv
0o *oT'Yp dz|l _ " Y 0
z =z,

. where Zq denotes the position, and Uy, vy are the velocities of the vortex.

w is the complex velocity potential. Then
Gxo
9 Zq

u —iv0=-Zi

where ' .
o1 EO - -
Xo =z zw & (2gr 23 g0 2Zp)
is Routh's Stream Function (see[2] for details), and
- — 1 2/ — 2 /—
g(z,z;zo,zo) = -5 log (1-a"/z zo) (1-a /Z zo)

a is the radius of the cylinder. Therefore,

[=]
1

gt [ azyo/((x(z) + Yg - a%) (x(Z) + Yg)) .
vo = 3= By atxp/(0e 4yl - a%) (<l +y2)). |

It follows that the velocity vector of a vortex blob (xi, L Ei) is given, using

Equations (7) and (8):

- - -~ - ' -
. u(xi, Yl) - up(xi’ Yl) + uc(xi’ Yl) + uo (Xi’ Yl) —_uCi(Xi, Yl)

N .
+ Z (€5 e y;) + 9 60 y})) | - (9)

j=1

i#i

where 1_13 and 1?3 are given by Equations (3).



7) Computation of the Drag

To compute the drag, Equations (21) through (24) of [1] (restated below)

"are used. 'Drag coefficient on a cylinder can be written

C

p=Cy*C,

where C and Cp the skin drag and the form drag are given by

-4 ; o
Cv = - R j §a sin 6 d6 | (10)
oD
Cp =j Py cos 6 d6 (11)
oD
Py and ga are the pressure and the vorticity on the boundary 9D, and
6
- 1 8¢ .
p8 = Re/ e ds + constént (12)
6O

where %1% is approximated as is shown in Chorin's Article (ref. [1], page 792).

The constants in the above Equation are chosen as follows
90 =0
Pa (90) = 0 °

8) Remarks

The values of U and a are normalized throughouf the computations:

U =1 uniform velocity at infinity upstream,

a =1 radius of the cylinder,

and the Reynolds'number is based on the radius of the cylihder:
Re = 1/v.

(The Reynolds Number usually used in literature is

1 2-
Re = -;—ZRe.
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{

This has been considered in the comparison of the computed results with ex-

perimehtal data).

- Because of the randomness of the solution, the average drag is computed

at each time T

1 | |
Cp =7 [ Cplt) at - 3)
0
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1V. COMPUTATIONAL ALGORITHM

(Summary)

At each time-step:

1) The velocity components on the cylinder are computed using the
Equations (7). v _

2) The vorticity created at the points on the cylinder is computed by
Equation (1). |

3) The motion of each vortex blob is computed as follows:

i) velocity components of the vortex blob are computed using
Equations (9); call them u(xi,yi), v(xi,yi).
ii) random walk of the vortex blob is computed using Equations (2).

iii)" the new position of the vortex blob is (xi + dxi, A + dyi), where

dxi u(xi,yi) dt +ny (14)

dy.

i v(xi,yi) dt + n,

4) The.average drag is computed using Equations (10) through (13).
5) To represent completely the physical process of vorticity geﬁeration
and dispersal, one must simulate the disappearance of those vortices that

cross the boundary. .
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Summarized Flow-Chart

Given Data, Preliminary Computations, Initialization -

r-——~"~"~"~"""7"77/77=7777

Vorticity Generation on the Cylinder:

Compute u and v on the cylinder,
Create new vortices.

Simulation of the Convection Process:

Compute u, v of each vortex blob, due to:
its self-induced velocity, effect of other

vortices and their images, and the poten-
tial flow.

Simulation of the Diffusion Process:

Compute the random walk of each vortex

Compute the total displacement of each vortex blob
and its position.

;
|
|
{
|
|
|

! |
|
|
|
|
(
(

Jd

— — —— — —— w— ——— o — oy | — mm— o o— —— —— —  wttvv— m—— - ——

' Reject vortices that cross the boundary.

1

Locate images of the vortices outside the cylinder,

compute their vorticities.

Compute the average drag of the cylinder

[ ]
Print Results
[}

Increment the time

}

OBST

STEP

PURGE

DRIP
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V. CONSOLIDATION OF VORTICES

As the Reynolds'Number increases, fewer vortex blobs disappear by
crossing the cylinder (the standard deviation of the random walk is smaller),
and therefore, ;hore vortices remain in the fluid. For example, the number
of vortex blobs for Re = 103 after 150 time-steps could attain the value of
1800 or 2000. For this value of Reynolds Number, the computing time needed
for calculation of the flow until 150 time-steps (when the average drag is
stabilized) is about 12 minutes of CPU time on the CDC 7600 of the LBL. It is,
therefore, needed to reduce the number of vortex blobs in the flow, and hence,
to reduce the computing time (while trying not to violate the principle of the

method). This would allow further computations to be done more economically.

A simple way of reducing the number of vortices is to consolidate those
vortices which are far enough from the cylinder. Since one expects the forma-
tion of an asymmetric vortex street behind the cylinder, a reasonable way of

reducing the number of vortices is as follows. Consider the grid shown in

fig. (2).

y
U ’ /\ Ryg|Rog|Raq|Ryy|
— ) ! = A A o= X

Ryo|Ron| R3] Ryl

fig. (2).
All vortex blobs in the region R.j may be consolidated at their ''center of
gravity''. Let (x1 2 Vi Jk,_gl Jk) denote vortices whose centers fall in the region
Rij' The pos1t1on and vorticity of their ' center of grav1ty" are given by
Z E
xegyy = 1Tl xipd/ @ 18 D)

yegs; = 1 Bl vind/ G 155D (15)

Begy; = F B

The new vortex structure will therefore be:



-13-

- vortex blobs with x = AO are retained.
vortex blobs of each region Rij are rejected

a new vortex blob is added in each region Rij’ its position

and vorticity given by Equations (15).

At low Reynolds Numbers, the computed drag was found to be rather in-
sensitive to the values of AO’A1' .-+, perhaps because the diffusion effects
are dominant, and the vortices (whose number is rather small) move very far
in the flow, and their effects become negligible as time goes on. At high
Reynolds Numbers, however, the results were seen to depend oﬁ the values of

AO’A1’ ««++ . After some experimentations, the following values were picked

for Re = 103.

A0=Za, A1=25a
A2=3a., A3=35a
A4=10a

where a is the radius of the cylinder. All computations have been carried out’
using these values of Ai’ for all Riynolds Numbe;s. However, two additional
computations were done at Re = 10", and Re = 10~ without ' consolidation''.
'Their results are seen to be the same as when the ' consolidation' was used.

The subroutine that consolidates the vortices is called '-'.CONSOL” .

The consolidation of the vortices resulted in a reduction of CPU time from
12 minutes to 2 minutes (on CDC 7600) for Re = 103. Now, the question arises

whether the consolidation violates the principle of the method. As mentioned

in Chapter II, the density and the structure of the vortex blobs are shown to
approximate those of the flow at a given time before the consolidation was intro-
duced. The consolidation may violate this faét, and since it reduces the num -
ber of vortices, the results sometimes yield larger oscillations. Nevertheless,

on the average, the drag is not affected too much by the fact that the consoli-

dation is introduced since the vorticity structure near the body is unaltered.
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Vi. ADDITIONAL REMARKS ON THE COMPUTER PROGRAM

1) The results, for the very first time-steps, are very sensitive to the
random number generator used. However, as could be expected, this effect

dies out at larger time-steps.

2) To display the flow pattern, a grid is chosen and at each mesh-point
of this grid, the value of the stream function is computed. A contour mapping
subroutine readily available in the CDC 7600's library is used to draw the

streamlines of prescribed values.

The stream function § at a point (x,y) in the plane is given by

N
Y(x,y) = ¢p(x,y) ) (b, o, y) +450)
i=1
where y_ is the stream function of the potential flow,

. is the stream function of the vortex of strength E’i located
at (xi,yi), and its 2 images,

\JJOi is a constant.
4’01 is chosen such that the stream function due to the vortex i and its images
takes the value of 0 at a point (in, in) on the cylinder. Figure (3) shows how
the point (in, in) is chosen.

L

X2 Y1)
S0} g

(%17 Yoi)

Ix

fig. (3).
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tlJp and llJi are given by

2

b (x,y)=-Uy (I - 55 )
p x2 N YZ

~

1 .

> (log (Ri) + c) if Ri = 0

qu(x’ Y) =< . ‘ *
S Ri . . .
L,Z-TF —OT- if Rl ¢

where

1/2

_ 2 2
R, =[x -x)"+(y -y)7]
the constant c is chosen such that q"i becomes continuous at Ri'= o . Its value

is:

c=1-loggo

Some flow patterns are shown fig. (5) through fig. (12). The regions of
high vorticity density are apparaent in these figures. This is where the solution

is most reliable. -

Note the imaginary streamlines present inside the cylinder, since the method

of images replaces the real cylinder by the images of the vortices.

3) Since the velocity components at a given time, can be computed for each
pbint, other flow variables (such as the pressure on the cylinder) can easily be

evaluated at any time and position, but will contain statistical errors.

1
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VII. RESULTS AND DISCUSSION

1) Effect of (M,k) on the Computéd Drag

For a given Reynolds Number (Re = 1’03) the average drag is computed for
different values of the couple (M, k). It is seen that for most values of (M, k)
the average drag reaches a stabilized value (1.00 * 0.05) in excellent agree-
ment with the experimental data (1.00). However, for certain values of (M, k)
the average drag does not attain a stabilized value (even within 300 time-steps),
and fluctuates between 0.7 and 1.30 (Table 1). Nevertheless, it may be said that
for a given Re, the results are independent of the number of points on the

boundary M, from which the vorticity diffuses, and of the time-increment k.

Table 1
M k 0.15 . 0.20 0.25
15 0.7 (08) 0.9 (OS) 0.8 (OS)
20 1.05 (S) 1.01 (S) 0.8 (0S)
25 135 (08) 1.02 (S) 0.96 (S)

(S = Stabilized Value; OS = Oscillatory Value, last value

given by computer is taken)

2) Drag Coefficient for Different Reynolds Numbers

The stabilized average drag for different values of Reynolds Number from
~Re =10 to Re = 105 are computed and plotted fig. (4). In all computatiéns the
values of M and k are taken as M = 20 and k = 0.20. The computed results are
in excellent agreement with experimental data over the whole range of Reynolds
Numbers from 10 to 103. For Re > 103, the drag coefficient drops smoothly
to reach a value of about 0.12 at Re = 4X 104. This early occurence of the
"Drag Crisis'" compared to the experimental results (which indicate a .
"Drag Crisis'' at Reynolds Number of about 4X 105) m‘ay be attributed to the
""roughness'' of the body. In fact, the effect of roughness on the value of

critical Reynolds Number of a circular cylinder is significant (see[3], p.622).

The present Method produces a'' computational roughness' on the cylinder

because it allows vortices to walk randomly. The transition from a laminar

to a turbulent boundary layer, therefore, occurs at a lower Reynolds number

than for an ideal zero-roughness cylinder. On the other hand, the roughness
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should have resulted iﬁ a larger drag at supercritical Reynolds Numbers, and
a much smaller drop in the drag at critical Reynolds Number (see[3], p. 622).
The computations show a large but smooth drop in drag taking place over a

range of Re = 103 to Re = 105.

The reason for this discrepancy is that the validity of the Method after the
transition occurs is questionable. Also, there is no assurance that this method
is capable of simulating the flow with a turbulent boundary layer. Furthermore,
three-dimensional effects have not been taken into consideration in the present

calculations, and their effect should be substantial.

- Remark: In all the above-mentioned computations, the consolidation of

vortices was used.

3) There is a general method of finding the flow induced by vortices outside a
body of any shape which satisfies the zero-normal velocity condition on the body.
This method, as presented in [1], consists of distributing a single layer source
.-on the surface of the body and finding the strengths of the sources by solving

an integral equation. The latter may be approximated by a system of linear
algebraic equations which can be solved by usual numerical methods. This way
of finding the flow induced by vortices outside the body was applied to the present
problerri. The drag crisis was found to occur at Re = 104 (later than that of the
present method, and still sooner the experimental drag crisis). However, the

results were found to depend very much on the values of M and k.

4) The flow patterns presented in figures (7) to (22)‘ (Appendix B) show an in-
teresting feature of the flow past an impulsively started circular cylinder. As
can be seen in these figures, a periodic circulation is formed on the cylinder
which corresponds to the periodic lift often observed during experimentations.
The streamlines presented are those corresponding to the stream functions

$ =0, y=%0.05, and ¢ = £ 0.1 to =+ 2. (by increments of AY = * 0.1).
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VIII. SUGGESTED FURTHER WORK

Further investi‘gationvs of the following topics may be interesting.

1) The effect of changes in M and k at different Reynolds Numbers (more
detailed investigation).

2) It can be shown (ref. [1], page 791) that error increases as Reynolds
Number decreases. But, it has been seen that even at low enough Reynolds
Numbers (Re = 10, for example), the computed drag is in excellent agreement
With' the experiment. The problem is to find the exact'pattern of the error as
function of Re (and other parameters of the computational scheme, eventually).

3) The computer program can easily be adapted to the problem of flow
past an impulsively started spinning cylinder.

4) The method may also be applied to the flow past a thin or thick airfoil,

at any angle of attack.
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APPENDIX A

The Computer Program



VORTEX

oW oW

Covxe

Co®kx%
Coesx

Chess

Cress
Ckees
CEexn
CrEnx
Cekox
Credx

10
Cheke
Crexs

Coesn

Chhk®

.22-
PROGRAM VORTEX(INPUT,QUTPUT ,TAPES8=101,PLOY,TAPE99=PLOT)
COMMON/VUR/ AVD,AVONeCURLC,CURL (2000),CURLIM(2000) ,CUT (C2,DS,DSH
eDT sMoMByNePI ,RADyRAV yREo RUNA, RUNN,SMALL TP, XAVD,JAM,JCON
+X(2000),XIM(2000) ¢ XX{420) ,Y(2000),YIM(2000),YY(40) ,UMEAN
COMMUON/DI SP/XB(L150),YBL150)4PSID(50) 4MDIS,DXB,DYB+KL1,K22,DPSID

Pl=3.141%926536
TPI=2.%P]
SMALL=1.E-10
{PR=10

IPR DETERMINES THE FREQUENCY OF PRINTS

UMEAN=1.
RAD=1}.

UMEAN IS THE MAINSTREAM VELUCITY
RAD=RADIUS OF THE CYLINDER

NSTP=150
RE=500.
RELl=2.*RE

HERE RE=1/2 REYNOLDS NUMBER USUALLY USED IN LITERATURE

M=20

0T=0e2

MB =M

CM=MB
CuT=1./CM
C2=CuT=Cur
DS=TP1/CM
DSH=(DS/2.)%%2

DT IS THE TIME INCREMENT(CALLED K IN THE PAPER)
M IS THE NUMBER OF POINTS DIFFUSED FROM BOUNDARY
MB IS THE NUMBER CF POINTS ON THE BOUNDARY
CUT=CUT-OFF LENGTH (CALLED SIGMA IN THE PAPER)
DS IS ELEMENT OF LENGTH (CALLED H [N THE PAPER)
OSH=(H/2)**2

DU 10 1=1,M8B

CiM=1-1
XX(1)=RAD*COS(TPI*CIM/CM)
YY (1 )=RAD*SIN(TPI*CIM/CM)
CUNTINUE

XX AND YY ARE THE COORDINATES OF POINTS ON THE BOUNDARY
(NOTE THAT THE RADIUS RAD OF THE CYLINDER 1S 1l.)

INITIAL IZATION

N IS THE NUMBER OF VDRTICES



vy

VORTEX

71
14
100
110
116
122

126
127
131
132

137

140
141
142

_23-
N=0 .
AVD=0.
AVDN=0.
RUNN=0,
RUNA=O.
CURLC=0.
NN=100
DD 20 I=14NN
X{1)=0.
Y{1)=0.
CURL (1)=0.
XIM(I)=0.
YIM(I)=0.
CURL IM(I)=0.
20 CONTINUE
Nil=0
N9=0

C&k%x X AND Y ARE COORDINATES OF VORTEX BLOBS .

Cxest CURL = VORTICITY OF THE BLOB (X,Y)(CALLED XI-BAR IN PAPER)
C*xxx XIM,¥IM ARE COORDINATES OF IMAGES OF VORTICES (INVERSE POINTS)
Cxsx¥ CURLIM IS THE VORTICITY OF (XIM,YIM)

Cxk%& CURLC IS SUM CF VORTICITIES OF 2ND IMAGES AT THE CENTER)

PRINT 9004
PRINT 9003
PRINT 9001,M,DT
PRINT S9002,REL
PRINY 9003
PRINT 9005

(2222222232222 2228

Cx TIME STEP *
CrratkftdkpRaddan

TIME=0.
DO 80 ISTP=1,NSTP
TIME=TIME+DT
IYES=(ISTP/IPR)}*IPR
Cxx%* [YES = ISTP IFf ISTP=IN*IPR , IN=INTEGER
Cextx (RESULTS ARE PRINTED)
CALL 08ST
C %k UBST GENERATES VORTICES ON THE BOUNDARY
IF(N.EQ.0)GO TO 30
CALL STEP
30 CONTINUE

C*%%& STEP AUVANCES THE VORTICES



VORTEX
142
143
146
L47
147

151
152
153

155
156
157
167
171
172
174
174
176
177

177
200

203

204

206
207
214
215

216

240

241
242

40

C s
C kst

Cvkk

Codkk
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N1 O=N

[F{N.LE.LOO) GO YO 40
CALL CONSOL

CONTINUE

N9=N9+N1O-N

CONSOL CONSOLIDATESTHE VORTICES THAT LIE IN CERTAIN REGIONS
FAR ENOUGH FROM THE 80DY

ALL VORTICES CROSSING THE BOUNDARY MUST DISAPPEAR

N8B =N

CALL PURGE

N11=N11+N8-N

COMPUTATION OF IMAGES AND THEIR VORTICITIES

" CURLC=0.

IF{N.LE.O) GO TG 51

DO 50 [=1N
CIMG=RAD* 2/ (X{T1)**2+Y (] )*%2)
XIM(L)=CIMG*X(1)
YIM{I)=CIMG*Y (1)

CCURLIM(T) =—~CURL(I)

" CURLC=CURLC+CURL ()

50
51

Chedx

Coskx

60

Cxx%k

Cokwe
Chuns
CHmtx
Chs s

70

CONT INUE
CONTINUE

JAM=]
IF{ISTPLEQ.IYES)JAM=0

CALL DRIP

DRIP COMPUTES THE PRESSURE ON THE BOUNDARYq THE SKIN URAGy THE
FORM ORAG, AND THE TOTAL DRAG (EQUATIONS21 THROUGH 24)

IF(ISTP.NELIYES) GO TO 70

SUMV=0,

DO 60 I=1,N
SUMV=SUMV+CURLI(T)
CONTINUE

SUMV IS THE TOTAL VORTICITY

PRINT 9006, TIMEJRAV,XAVDINySUMV yNI,NI1

RAV IS THE AVERAGE OF TOTAL DRAG FROM (TIME) TO (TIME+IPR*DT)

XAVD IS THE AVERAGE OF TOTAL DRAG FROM O TO TIME+IPR*DT *
NS = TOTAL NUMBER OF VORTICES BY CONSOULIDATION (CONSOL)

N1l = TOTAL NUMBER OF VORTICES DISAPPEARED (IN PURGE)

RUNN=0.
RUNA=Q.
CONT INUE



5
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- 9001 FORMAT(1He 48Xy LlHos/¢lHa 95X 4¥M =¢,13,10X,#DT =%,F3.2,20X,1H.)
9002 FORMAT(1H 948X 91Hay/ o1Ha s 5X, #REYNOLDS NUMBER = *,E9.2416Xs1lHey/

9005'FORMAT(///yllx,*TlME‘.BX.*RAV*,7Xp*XAVD*,8X.*N*,8X'*SUMV*98Xv*NQ

G006 FORMAT(LOXsF6e295X9F00395XKeF6a395Xe14,5X9FT43+45X%, 14"5)(' [4)

VORTEX
242 80 CONTINUE
245 90 CONTINUE
Lo 148X,1Ha)
9003 FORMAT(50(1H.)})
9004 FURMAT(1HL)
16X %N11%, /)
245 CALL EXIT
246 END

TEMPS--000336

PROGRAM LENGTH INCLUDING 1/0 BUFFERS
02204
FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS
30 - 000143 40 - 000150
9001 - 000271 9002 - 000300
BLOCK NAMES AND LENGTHS

.. VOR - 0271507701 DISP - 000544/02
VARTABLE ASSIGNMENTS
AVD - 000000701 AVDN - 000C01/01
CURLC ~ 000002/01 CURLIM - 003723/01
oTY - 007647/01 1 - 000355
M - 007650701 MB | - 007651/01
N1l ~ 000360 N8 - 000366
RAV - 007655701 RE - 007656/01
SUMY - 000370 TIME - 000362
X8 - 000000/02 XIM - 013606/01
Yy - 027436/01
START OF CONSTANTS-OOOZS[
7600 COMPILATION —— RUN76 LEVEL 78

ROUTINE COMPILES IN 044500

51
9003

CIM
curt
IPR
N
N9
RE1
TP1
XX

000200
000311

000356
007643/01
000351
007652/01
000361
000353

007662701

017526701

70
9004

INDIRECTS-000346

73/11/18.

i

000243
000314

000367
007644/01
000363
000357
007653/01
007657701
027506701
017576/01



0BsT

13
14

16
23
24
26

40
44
50

107
110
111
113
116
122

123
124
127
130

CHmdes

CHxk

Cedss

CHXE%

10

Crakk
CRxdk

20

Cexbx

30

Caxnx
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SUBROUTINE UBST :
COMMON/VUR/ AVD,AVDN,CURLC,CURL (2000),CURLIM(2000),CUT,C2,0S,DSH

1 1DT My MBy Ny Pl ¢RADSRAV 4 RE RUNA, RUNN,SMALL ,TP1 (XAVD, JAM, JCON
2 » X(2000) 4 XIM(2000) 4 XX (40),¥(2000),YIM(2000),YY{4C) ,UMEAN
EVALUATION OF VORTICITY ON THE BOUNDARY -

00 40 [=1,M
UsvV DUE TO THE POTENTIAL FLOW AROUND THE. CYLINDER

U=UMEAN®{ La=(XX{T)%%2-YY([)%%2))
=-2.¥UMEAN®XX (T ) *YY(]) .
(NOTE THAT THE RADIUS RAD OF THE CYLINDER = 1.)

IF{N.EQ.0)GO TO 30
DO 20 J=1,N

UyV AT XX(I),YY{I) DUE TU VORTICES OUTSIDE THE OBSTACLE

CX=X{J)=-XX{1)

Cy=Y(J)l=-YY(I)
R2=CX¥%2+LYE%2
IF{R2.LT.SMALL) GC TO 10
TF(R2.LE.C2)R2=SQRT{R2)*CUT
U=U4+CURL{J)*CY/(R2*TP])
V=V=CURL (JI*CX/(R2%TP])
CONTINUE

U,V AT XX(I),YY(l) DUE TO VORTICES INSIDE THE OBSTACLE
(IMAGES OF REAL VORTICES OUTSIDE THE OBSTACLE) '

Cx=XIM{J)-XX(T)
CY=YIM(J)-YY(I)}
R2=CX*¥2+CY*%2
IF(R2.LT.SMALL) GC TO 20
IF(R2.LE.C2)R2=SQRT(R2)*CuT
U=U+CURLIM(JI=CY/ (R2%¥TP] )
V=V-CURLIM{J)*CX/ (R2*TPI)
CONTINUE

UsV DUE TO THE VORTICITY (CURLC) AT THE CENTER OF THE CYLINDER

CX==XX{1)

CY=-YY(1)
R2=CX*¥%2+LY*%2
U=U+CURLC*CY/(R2*TPI)
V=V-CURLC*CX/(R2*TPI)
CONTINUE

GENERATION OFf NEW VORTICES ON THE QBSTACLE

K=N+1I

XIK)=XX{1)}

Y{K)=YY(I)
CURL(K)=(VvEXX{I)-U*YY(1))*DS



~*

0BST
135
140

141
la4l

40 CONTINUE

N=N+M

RETURN

END

SUBPROGRAM LENGTH

00200

FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS

ROUT INE CUMPILES IN 044100

30

CURL M
i
SMALL
XM

TEMPS--0U0L47

10 - 000051 20 - 000103
BLOCK NAMES AND LENGTHS

VOR - 027507/01

VARTABLE ASSIGNMENTS

CURL - 000003/01 CURLC - 000002/01¢
2 - 007644/01 DS - 007645/01
N © - 007652/01 RZ2 - 000176

v - 000172 X - 007666701
YY - 027436/01

START OF CONSTANTS-0001l44

7600 COMPILAT!ON'-— RUNT6 LEVEL 78

73/711/18.

000123

003723/01
000170

007661/01L
013606/01

INDIRECTS-000161

Cur

TPH
XX

007643/01
000173

007662/01
017526/01



STEP -28-
SUBROUTINE STEP
COMMON/VOR/ AVD,AVDN,CURLCsCURL (2000) 4CURLIM{2000),CUT,C2,DS5,05H
1 ¢ OT ¢yMyMByNyPI+RADyRAVRE)RUNAy RUNN, SMALL »TPT 4 XAVD, JAM,JCON
2 + X1 2000) » XIM(2000) 4 XX(40) ,¥(2000),YIM(2000),YY(40),UMEAN
. DIMENSION DX{(2000),DY(2000)

NPP=N-M
3 ] TSIG=4.%DT/RE
) DO 10 I=1,N
13 ’ DX{i)=0.
14 DY(1)=0.
L4 10 CONTINUE

Ck%%x EVALUATION OF THE VELOCITY AT (X(I),Y(1))
15 DO 60 I=1,N

Cx%¥% U,V DUE TO THE POTENTIAL FLOW AROUND THE CYLINDER

16 RZ=X{I)%%2+Y (1) %%2

22 CPOT=(RAD**2)/ (R2%¥%2)

24 T USUMEAN®(L.~CPOT*(X(1)#%2-Y(])*%2)})
31 V==2 ¢ *UME AN®CPOTEX (1 )*v( )

34 [F{NPP.LE.O) GO TO 50 ‘

36 RU=R2-RAD*%2
" 41 © DO 40 J=1.NPP

42 If{I.NE.J) GC TO 20

C*%+% U,V OUE TO THE PRESENCE OF THE VORTEX BLOB (X(I),Y(I)) ALONE

C*&x% OQUTSIDE THE CYLINDER
Cxsxx NOTE THAT IF THE VORTEX BLOB IS ON THE CYLINDER, [TS INDUCED

Cxxx%x VELOCITY ON ITSELF IS NEGLECTED

43 IF(RU.LE.SMALL) GC TO 40 ' i .

51 RUL=CURL (1) #*RAD**2/(RU*R2*TP[)
54 U=U+RUL*Y (]}
57 V=V=-RUL*X (1)
61 U=U+CURL(TI*Y(I)/(R2%TPI)
64 V=V-CURLU L )2X(I}/ (R2%TPI) :
- 67 GO TO 40 . .
67 20 CONTINUE

Cxxex EFFECT OF OTHER VORTICES

71 CX=X{J)=XL1) i
73 CY=Y(J)-Y (1)

75 RZ=CX¥%24CY*E2

77 "IF{R2.LE.SMALL) GO TU 30
102 [F(R2.LE.C2)R2=SQRT{R2) *CUT

111 U=U+CURL(J)*CY/ (R2%TP1)

115 V=V-CURL(J)#CX/ (R2%TPI)

121 30 CONTINUE

" C*x%* EFFECT OF UBSTACLE (UyV DUE TU IMAGES)
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STEP

123
125
127
131
134
143
147
153
157
160
161
163
170
173
175

175
177

201

201

220
230

232

240
241
243

244

244

40

50

Coenk

Cexd®
Crxax

Cauks

60

CHee

T0
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CX=XTM{J)=X(1)
CY=YIM(J)=-Y(I)
R2=CX%&2+C Y% %2
[F(R2.LE.SMALL) GG TO 40
IF{R2.LE.C2)R2=SQRT(R2) #CUT
U=U+CURLIM(J)*CY/ (R2%TP1)
V=V=CURLIM(JI*CX/ (R2*TPI)

CONTINUE
CX==X{1)
CYy=-yY(I)

R2=CX¥*%2+L Y* %2
IF(R2.LE.SMALL) GC TO 50
U=U+CURLC*CY/ (R2*TPI)
V=V-CURLC*CX/(R2%TPI)
CONTINUE

RANDOM WALK OF THE VORTEX AT (X(I)l,Y(L))

Q1=RGEN{0.}
Q2=RGEN(O.}

RGEN GENERATES FLCATING PUOINT NUMBERS UNIFORMLY DISTRIBUTED
IN THE INTERVAL (0,1) '

QR=SQRT (- TSIG*ALOC(QL))

TOTAL WALK OF THE VORTEX AT (X(L)yY(I))
DX(I)=U%DT+QR&COS(TPI*Q2) '
DY (1)=V#DT+QR®S IN(TPI#Q2)

CONTINUE

DO 70 I=1,N

NEW PUSITION OF THE VORTEX (X(I),Y(1))
X(I)=X(1)+DX(1)

Y(I)=Y(I)+DY(I)

CONT INUE

RETURN
END

SUBPROGRAM LENGTH

10163

FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS
- 000070

20

30 - 000122 40 - 000154 50 - 000176

BLOCK NAMES AND LENGTHS
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PURGE
SUBROUT INE PURGE
COMMON/VOR/ AVD,AVON, CURLC,CURL {2000),CURLIM(2000),CUT,C2,0S5,DSH
1 DT yMyMBy Ny PI,RAD KAV yREy RUNA, RUNNy SMALL 9 TP 1 ,XAVD,JAM, JCON
2 2 X(2000) ¢ XIM{2000) 4 XX{40) ,Y(2000) ,YIM{2000) ,YY(40) ,UMEAN
Cxe*x¢ ALL VORTICES CROSSING THE BOUNDARY MUST DISAPPEAR -
RAD2=RAD® %2
2 NAFTER=N . v .
4 NAFN=N-1 )
& DO 40 I=14N
7 .10 CONTINUE
7 IF(1.GT.NAFTER) GC TO 40
13 DIST=X{1)*%24Y([)#%%2
15 - - IF(DIST.GE.RAD2) GO TO 40
20 IF(l.EQ.NAFTER) GO TO 30
27 DO 20 J=I,NAFN
30 X(I)=X(J+1)
31 Y(J)=Y{JI+1)
32 CURL(J)=CURL(J+1)
33 20 CONTINUE
34 . 30 CONTINUE _
35 NAFTER=NAFTER~-1
36 NAFN=NAFTER~]
37 GO TO 10
37 40 CONTINUE
42 N=NAFTER
43 RE TURN
43 END

SUBPROGRAM LENGTH
00063
FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS

10 - 000010 30 - 000035 40 - 000040
BLOCK NAMES AND LENGTHS

VOR - 027507/01

VARTABLE ASSIGNMENTS

CURL - 000003/0L CURLIM - 003723/01 DIST - 000061 I - 000060

NAEN - 000057 NAFTER - 000056 RAD - 007654/01 RAD2 - 000055

XX - 017526/01 Y - 017576/01L YIM - 023516/01 YV - 027436701 .
START OF CONSTANTS-000046 TEMPS--000047 INDIRECTS-000053

7600 COMPILATION -- RUNT6 LEVEL 78 73711718,

ROUT INE COMPILES IN 044000



NDRIP

&

: 106

- 111
113

122

123

124

otk
CEkxk

CHksk
CHxx®

23

22

21

24
20
Croex
Cekk

CExxx
Coxns

25
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SUBROUTINE DRIP

COMMON/VOR/ AVD.AVDN,CURLCy CURL(2000),CURLIM(2000),CUT,C2,05,DSH
1 sDT yMyMB, No P14 RADyRAV 4 REy RUNA, RUNNy SMALL » TP 1 4 XAV Dy JAM, JCON
2 2 X(2000) s XIM(2000) 4 XX(40) +Y(2000) ,YIM{2000),YY{40) UMEAN
REAL MU

DIMENSION SURF(40)sSURFT(40)

CM=M v

COMPUTATION OF ORAG

MU=STANDARD DEVIATION UF THE RANDUM NUMBERS USED IN STEP
QUTL DETERMINES REGION (AJ) ’
QUT2 DETERMINES REGION (AJ+)

MU=SQRT(2.*DT/RE)
OUTL={(1.+MU) *%2
OUT2={1l.+2.%MU) *#%2

DO 23 J=1,M

sng(J)=0.

SURFT(J)=0a

CONTINUE

DO 20 I=1,N ,
R2=X( 1) :x24Y (] ) %%2
IF(R2.GT.OUT2)GATC20
[F(R2.6T.0UTL)GOTC21
CLUSE=10.

N0 22 J=1.M
DIST=AX{I)=XX(J))*%x2¢(YLL)-YY(J)})*22
[FIDIST.GT.CLOSE)GOTO22
CLOSE=DIST

JP=J

CONTINUE
SURFI{JP)=SURF(JP)}+CURLI( )
CONT INUE

CLOSE=10.

DO 24 J=1,M
DIST=(X{I)=XX{J) )22+ (Y {L)-YY(J))*%2
IF(DIST.GT.CLOSE)GOTO24
JpP=J

CLOSE=DIST

CUONTINUE
SURFT(JP)=SURFT(JPI+CURL(I)
CONTINUE

JP DESIGNATES THE POINT (XX{JP),YY(JP)) ON THE BOUUNDARY,NEAREST
TO THE POINT (X(L),Y(I))

SURF(J)= SUM OF VORTICES WHOSE CENTERS FALL WITHIN REGIGON (AJ)
SURFT(J)=SUM OF VCRTICES WHOSE CENTERS FALL WITHIN REGION (AJ+)

CCl=PI*(0UT1-1.)/CM
CC2=PI*(QUT2-0UT1)/CM
D0 25 J=1,M
SURF{J)}=SURF{J)/CCl
SURFT(J)=SURFT(J)/CC2
CONTINUE
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125
127
127
130

131
132
133

136
144

150

156
162
165
167
170
172
173
174

176

177
177

Cotsd
Creitd

Cx%dx
C% &k
CxEkk

Coxtw

Coxsx
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CHsts
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SURF({J) HERE APPROXIMATES X1(QJ)
SURFT{J) HERE APPROXIMATES XI(QU)+DXI(QJ}

DTETA=TP[ /CM
PP=0.
FORM=0.
SKIN=0.

pp IS PRESSURE
FORM IS FORM DRAG
SKIN IS SKIN DRAG

DO 9 J=1,M
JP=J+1
IF(J.EQ.M)JP=]

(SURFT(J)I=-SURF(J))I/MU APPROXIMATES D(XI(QJ))/DN (SEE PARAGRAPH
AFTER EQUATION 23) )

EQUATION (23)

PP=PP-DS* (SURFT(J)-SURF(J)}/ (MU%RE)
IF(J.EQeM)PP=PP/2,

EQUATION (22)
FORM=FORM-PPAIDTETA0.5&( XX(J)+XX(JP))
EQUATION (21)

SKIN=SKIN-SURF(J}*YY(J)*UTETA/RE
CONTINUE

TOT=FCRM+SKIN

AVO=AVD+TOT

AVDON=AVON+1.

XAVD=AVD/AVDN

RUNA=RUNA+TOT

RUNN=RUNN+1.

EQUATION (24)
RAV=RUNA/ RUNN
TOT 1S TOTAL DRAG

RAV IS THE AVERAGE OF TOTAL DRAG FROM (TIME) TQ (TIME+IPR*DT)
XAVD IS THE AVERAGE OF TUTAL DRAG FROM O TO TIME+IPR#DT

RETURN
END

SUBPRUGRAM LENGTH

00372



CONSOL -33-
SUBROUTINE CONSOL
COGMMON/VOR/ AVD,AVDN, CURLC o CURL {2000) yCURLIM(2000)4CUT,C24DS,DSH
1 s DT yMyMBy Ny PI1,RADyRAV yREy RUNAyRUNNySMALL ¢ TP 4 XAVD, JAM, JCON
2 'X(2000)1XIN(2000)¢XX(40)qY(ZOOO)leM(ZOOO),YY(40)'UMEAN
DIMENSION AX{(10410)AY(10410),AD(10,10)+AC(10+10)+XCG(10,10)
1,YCG(L10,10) 4 XIN(LOOO),YIN(L000) 4CURLIN(1000),FAR(10)

N1O=N
2 NDIV=4
3 AO0=2.%RAD
5 FAR({1)=2.5%RAD
7 FAR(2)=3.%RAD
10 FAR(3)=3,5%RAD
12 FAR(4)=10.%RAD
13 NK=2
14 IN=0
15 NJ=0
16 , DO 99 J=1,10
20 DO 99 K=1,10
27 AX{JyK)=0.
30 AY(JeK)=0.
30 AC{JK)I=0.
31 AD(JeK}=0.
31 XCGlJI4K)=0.
32 YCGlJeKI=0.
32 99 CONTINUE
35 DO 103 I=1,N
37 ACURL=ABS (CURL(I))
42 PRX=ACURL*X(1)
43 PRY=ACURL*Y(I)
45 IF{X(1).6T.AC)GO TO 100 -
51 IN=IN+1
53 XINCINY=X (1)
5% YINCIN)=Y(I)
56 ‘CURLINCIN)=CURLC(I)
60 GO TO 103
60 100 CONTINUE
60 D0 102 J= LeNDIV
62 IF{X{1).GT.FAR(J)}) GO TO 102
66 K=2 .
66 COIF(Y(I1)aGTa0.) K=1
13 AX{J9pK)=AX{J 1K) +PRX
77 AY (J s K) =AY {J4K) +PRY
101 AD(JyK)=AD(JI,K)+ACURL
103 AC({J,K)= AC(JvK)#CURL(I)
105 NJd=J
110 GO TO 103
110 102 CONTINUE
113 103 CONTINUE
116 1F(NJ.LE.O) GO YO 107
117 DO 104 J=1,NJ
121 DO 104 K=1,NK
122 -~ IF(AD{JsK).LT4SMALL) GO TO 104

131 XCG(JeK)=AX(JyK)/AD(J oK)



CONSOL
132
134
141
143
153
156
157
161
162
166
170
172
203
204
205
206
207
211
213

220
221
221
221
222
222
223

104

105
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108
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YCG(JyK) =AY (J,K)/ACLJI,K)
CONTINUE

DO 105 J=1,NJ

DO 105 K=1,NK
[=J+NJ*(K~1)
X{1)=XCGLJyK)
Y{I)=YCG(JsK)
CURL(1)=AC{J,K)

CONT INUE

NI=NK*NJ

IF(IN.LE.O) GO TC 107
DO 106 L=1,IN
X{L#ND)=X IN(L)
Y(L+NI)=Y IN(L)
CURL{L4NI)=CURLIN(L)
CONTINUE '
N=NI +IN

Ng=N+1

DO 108 K=N9,N10

X(K)=0,
Y(K)=0.
CURL (K)=0.
CONT INUE
CONT INUE
RE TURN

END

SUBPRUGRAM LENGTH

07320

FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS

100 - 000061 102 - 000111
BLOCK NAMES AND LENGTHS

VOR = 027507/01

VARTABLE ASSIGNMENTS

AC - 000723 ACURL - 007312
CURL - 000003/01 CURLIM - 003723701
J ~ 007307 K - 007310

NJ - 007306 NK ~ 007304
RAD - 007654701 SMALL - 007661701
XX - 017526/01 Y - 017576/01
START OF CONSTANTS-000226

7600 COMPILATION —~— RUNT6 LEVEL 78

ROUTINE COMPILES IN 044400

103

AD
CURLIN
L
NLO
X
YCG

TEMPS--000234

13/711/18.

000114

000557
005317
007316
007301

007666/01

001233

INOIRECTS-000240

104

AX
FAR
N
N9
XCG
YIM

000135

000247

007267

007652/01

007317

oQloev

023516/ 01 : -
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DISPL
SUBROUTINE DISPL
COMMON/VOR/ AVD,AVDN,CURLC »CURL (2000) 4CURL IM(2000) 4CUT4C2,DS4DSH
1 WDTyMoMB,NoPIsRADIRAV,RE yRUNA s RUNN¢ SMALL o TP ¢ XAVD ¢ JAMy JCUN
2 ¢ X(2000) yXIM(2000) ¢XX(40) ¢ ¥Y(2000),YIM{2000)sYY(40),UMEAN
COMMON/CONCOM/ IMIN, IMAX s ISTOP ¢ JMIN¢ JMAX ¢ JSTOP y MAXe K1¢ PP XMAX, PPYMAX
COMMON/DISP/PSID(S0)
DIMENSION XB(110),YB(110),PSI(110s110)
DIMENSION PSIC(2000)
IMAX=101
2 IMIN=L
3 1sToP=1
4 JMAX=51]
5 IJMAX=26
6 JMIN=1
7 JsTap=1
10 MAX=110
11 Kl=31
12 PPXMAX=18.
13 PPYMAX=9.
15 PPYMAX=4.5
16 DXB=.2 :
20 DYB=.2
20 0PSID=.1
22 DO 502 1=1,26
30 , 01=1-13
31 YB(1)=0YB*DI
32 502 CONTINUE
33 DO 501 I=1,101
40 DI=1-26
41 XB (1 )=DXB8%D}
42 501 CONTINUE
43 D0 505 1=1,40
50, Cl=1-20
51 PSID(I)=CI*DPSID
52 505 CONTINUE
53 PSID(41)=.05
54 PSID(42)==.05
55 K1=42
C#%%% COMPUTATION OF STREAM=-FUNCTIONS
57 CONST=(ALOG(CUTI~-CUT) *CUT
62 - DO 4 K=1,N
65 PSICI(K)=0.
65 RZ=X{K) %2+ Y(K)%%2
70 R1=SQRT(R2)
12 R=R1+1.
74 PS=ALOG(R)
76 RIM2=XIM(K)I®®24Y IM{K ) %%2
101 RIM1=SQRT(RIMZ2)
103 RIM=RIML+1.
105 PSIM=ALOG(RIM)
107 PSIC(K)=(PS-PSIM)*CURL(K)
113 4 CONTINUE
115 DO 2 T=1,1MAX

116 00 2 J=1,yJMAX



DISPL
122
122
125
127

132

140

143

146

152
153
156
161
164
165
175
177
205
210
213
216
217
222
227
237
242
247

247
256
263
265
272
2713
300
302

312

316
17
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PSI(I,+J1=0.

" RB2=XB(1)*%2+¢YB(J)*¢2

Coeux

RB1=SQRT(RB2)
PSCEN=(R+CONST)/CUT
IF(RBl.GE.CUT) PSCEN=ALOG(RBll
IF(N.LT.1) GO TO 5

STREAM FUNCTIONS OF VORTICES AND THEIR IMAGES

D3 3 K=1,N

RK=SQRT(X(K)*$2+Y(K)*%2)

RTEST=RK~-1,

CX=XB(I)=-X(K)}

Cy=Y8(J)-Y(K)

R2Z=CX*%2+CY¥¥2

R=SQRT(R2)
IF((RTEST.LT.CUT)AND.tR.LT.CUT)) GG TO 3
PS=(R¢CONST)/CUT .
IF(R.GE.CUT) PS=ALOG(R)

CX=XB(1)-XIM{K)

CY=YB(J)-YIM(K)

RIM2=CXe#2+CY*&2

RIM=SQRT(RIM2)

- PSIM=(RIM+CONST)/CUT

ChE¥k

10

9010

Cesex

Crexs

Ceres

IF{RIM.GELCUT) PSIM=ALOG(RIM)
PSI(I1+J)=PSI(Isd)+(PS- PSIH)*CURL(K) PSIC(K)
CONTINUE

PSI(1,J)=PSI{I4J)¢ PSCEN*CURLC

CONTINUE

STREAM FUNCTION OF POTENTIAL FLOW .

IF{RB2.LE.SMALL) RB2=SMALL
PSIP=—UMEAN®*Y3(J}*(1l.~RAD®*2/RB2)
PSI(1+J)=PSI(I+J)/TPI+PSIP
CONTINUE

SUMPS=0,

00 10 K=14N

SUMPS=SUMPS+PSIC(K)

PRINT 9010,CURLC,SUMPS
FORMAT(2(10Xx,F10.4))

catL CONMAp(xs.vs;pSI.ps[D.JCON)
GIVEN A GRID WITH NODE POINTS XB(I,J)oVB(IsJ) o WITH STREAM-

FUNCTION PSI(I,J4) AT EACH NODE POINT, CONMAP DRAWS STREAM~L INES
WHOSE VALUES ARE. .THE PRESCRIBED PSID(K])

RE TURN

- END

SUBPROGRAM LENGTH
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NOMENCLATURE.

The definitions of some variables used in the computer program are given

below. Variables not mentioned below, are defined in the program immediately

before they are used.

AVD

AVDN
CURL(I)

CUT

c2

DS

DSH

DT

© DX(I), DY (I)
FAR(I)
FORM

IPR

ISTP

IYES

MB-

MU

Sum of total drag fromt =0 to t= TIME.

" Number of time-steps over which the average drag is

computed (here, AVDN = ISTP).

a N-vector denoting the vorticities of the vortices outside

the cylinder placed at (xi, yi) (= E_i )e

.Cut-off length ( = ¢).

2
=0

Element of length ( = h).v

= (b/2)".

»Time-increment ( = k).

N-vectors denoting the total dis.placement of vortices
Represents regions of consolidation of vo_rtices (= Ai)'
Form drag ( = Cp).

Frequency of print of the results.

Time-increment index.

IYES = ISTP if ISTP = IPR X an integer (results are
printed if IYES = ISTP).

- Number of points on the boundary where vorticity is generated

and diffused.

Number of points on the boundary where "c_alculations are
done (here, M = MB).

Standard deviation of the Gaussianly distributed random dis-

placement of vortices. ( = ).

Total number of vortices present in the flow (outside the

cylinder) at t = TIME.



NPP

NSTP

N1
N9
ouT?2

PI
PP

QR
01,02

RAD
RAV

RE
RE1
RUNA
»RUNN'
SMALL
SKIN
SUMV
TIME
TOT

TPI
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. Number of vortices outside the cylinder, -excluding the vortices

just created on the cylinder ( = N-M)..
Total number of time-stéps.

Total number of vortices disappeared by crossing the

boundaries (fromt =0 to t = TIME).

Reduction of number of vortices by consolidation (from t. =0

to t = TIME).

= % (area of the circle of radius (1 + 2#)) representihg the
regions. A; ’

= w (= 3.1415926536).

Pressure at a point oﬁ the cylinder.

Length of the random displacement vector of each vortex blob

due to diffusion process.

‘Two random numbers uniformly distributed in the interval

©,1).

Radius of the cylinder ( = a). In this program, RAD = 1.

TIME

1

PRXDT (total drag)dt

TIME-IPRXDT

-Reynolds Number used in this cbmputation

. Reynolds number usually used ih-literature-(RE1 = 2XRE).

Total drag from (TIME - IPRXDT) to (TIME).

Number of time-steps from - (TIME - IPRX DT) to (TIME).

An arbitrary small positive number.

. Skin drag ( = Ci}).‘

Total vorticity in the flow (at each time-step).

Time at _which calculations are done,

Total drag ( = CD).

= 2m



TSIG
U, v.

UMEAN
X1, Y (1)
XX(I), YY(I)
XIM(I), YIM(I)

XCG,YCG

XAVD

OouT1

-39.

=2|J,2.

Components of velocity vector at the point (x, y).

Mainstream velocity (UMEAN = 4. in this computations).

Coordinates of the position of vortices outside the cylinder.

Coordinates of the points on the cylinder (a MB-vector).

Coordinates of the position of the images of vortices.

- Coordinates of the consolidated vortices in the regions Rij°

TIME
o1 .
= TIVE J (total drag)dt ( = CDav)'
A .

= 1—17- (area of the circle of radius (1 + p) ) representing the

regions Aj°
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APPENDIX B

- Some Results

- Flow Patterns

(The direction of flow -
in all figures is from.

left to right)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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