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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. Th~ drag of the cylinder is computed ove r a range of 

Re = 10 to Re = 10
5

, and the validity of the results is discussed, 



. -

-iii-

TABLE OF CONTENTS 

I - Introduction . 

II - PrinCiple of the Method 

III - Working Formulae 

1- Vorticity Created at the Boundary 

2 - Random Displacement of Vortice s 

3 - Velocity Created by a Vortex Blob 

4- Potential Flow. 

5 - Method of Image s . 

6- Velocity Field 

7- Drag . 

IV - Computational Algorithm • 

. Flow Chart . 

V - Consolidation of Vortices 

VI - Additional Remarks on the Computer Program 

VII- Results and Discussion 

1- Effect of (M, k) on the Computed Drag . 

2- Drag for Different Reynolds Numbers . 

1 

2 

3 

4 

4 

5 

5 

6 

8 

· 10 

11 

12 

14 

16 

16 
3 - Results Obtained Using Alternative Potential Flow Calculation . 18 

4- Qualitative Results: Periodic Circulation. 18 

VIII~Suggested Further Work . 

IX -References 

Appendix A- Computer Program. 

Nomenclature 

Appendix B- Some Results. 

Flow Patterns 

19 
20 

· 21 

• 37 

40 

· 53 



, 
w 

, . 

-1-

1. 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 '(ref.[ 1]). 

This method has the following advantage s: 

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 computedre

sults shall be compared with the experimental data. 
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II. PRINCIPLE OF THE METHOD 

(Summary) 

Chorin assumed that, at each time, one could partition 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 
2rr log r r> " 

y.,0 (r) = 

1 r 
2'TT " + constant r < " 

-where r represents the position of the point in the plane with respect to the 

vortex blob, r = 1-; 1 ' and CJ is a cut-off length. It can be shown that one can 

take 

CJ = h/2rr 

where h is the computational element of length. 

Now, vortices are subject to 

i) convection effects 

ii) diffusion effects. 

To simulate the se 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 

at a time to approximate s the vorticity density at that time, and that if the se 

vortex blobs are displaced randomly, their displacement having Gaussian 

distribution with zero mean variance 2k/Re, then their density at a time 

to + nk will approximate the vorticity density that we would obtain by solving 

the diffusion equation: 

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 

au au 
l: _ S n 
':>- an-as 

.,+,-__ "1.1. 

x 

fig. (1). 

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

That is. 

Therefore. 

au 
n 

Ts""' = 0 on the body. 

S (boundary) = 

au 
s 

---ail 

= __ s dnds ~
au 

rboundary an 

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

at the body. 

tb d &:::..6.u·.6.s = u • h oun ary s s1 

where u is the tangential velocity at the vicinity of the body. Furthermore 
s1 

So 

u = v cos 8 - u sin 8 
s1 

r body = (v cos 8 - u sin 8) h . 

(fig. 1) 

(1 ) 



-4-

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, 111. and 112 its components. Let 

= q 
r 

1'1 - q cos e "1 - r r 

e and q are given by 
r r 

e r = 271" q2 

2 1/2 
qr = (-21J. log q1) 

1'1 - q sin e "2 - r r (2 ) 

where q1 and q2 are two uniformly distributed random numbers given by the 

generating subroutine, IJ. = 2k/Re. 

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

Suppose a vortex blob of strength -rj is placed at -r .. 
J 

The v.elocity vector -created by this vortex blob at a point r is 

-- f-t. 
y.-y 

u(r, r.) = 1 
J 71" J R~ 

J 

1 x.-x -- ---L-v(r, r.J = - 271" tj J R~ 
J 

y.-y -- 1 ....:...L..:.. 
u(r,r.) = 271" rj (] R. 

J J 

-- 2~ rj 
x.-x 

v(r, r.) = - ---L-
J (] R. 

J 

if R.::> (] 
J 

if R. <: (] 
J 

(3 ) ... 
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where R. = -;. - -;, and R. =. IR.I. It should be noted that the velocity created 
J J _ J J 

by a vortex blob (r.; f.) is continuous at R. = 0-, while the stream function as 
J ] J 

defined by 

ljJ(r, r.) 
J 

= [ iTT rj log 

1 R. -r-1. 2TT j 0-

(R.) 
J 

if R. >- 0-
J 

if R. < 0-
J 

is discontinuous at R. = 0- • 
J 

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]) 

ljJ (x, y) = - U Y (1 -
2 

a 
2 + 2 x Y 

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

v = 
p 
~= ax 

2 / 2 2 2 - U (2 a xy (x + Y ) ) . 

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

satisfied by the potential solution given above. 

5) Flow Induced by a Vortex Blob in Presence of the Cylinder; Method of 

Images 

(4) 

(5 ) 

Let there be a point vortex of strength fO at a point (x
O

' YO) outside a 

cylinder of radius~. 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 - rO at the inverse -point of (xO' YO), and 

a vortex of strength + fO at the center of the. cylinder. 

The inverse point of (x
O

' yO) has coordinates: 

I _ 2 /( 2 2) Xo - a Xo Xo + YO 

YO = a2yO/(~ + fa) 
(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 satisfie s the condition 

lrS . It = 0 

-at all points on the cylinder. Here Us 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 I. are strengths of vortex blobs outside the cylinder, and N is their 
1 

number. 

6) Computation of the Velocity Field 

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

where 

.--N, 
u(x, y) = u (x, y) + u (x, y) + \ I u. (x, y) + 

p c G 1 't u! (x, y) 
1 

v(x, y) 

i=1 

N 

= v (x, y) + v (x, y) + , 
p c L 

i=1 

v. (x, y) + 
1 

i=1 

u ,v are velocities due to the potential flow 
p p 

u ,v are due to image of the vortices at center 
c c 

u., v. are velocities/due to the vortex blob of strength S. 
111 

placed at (x., y.) 
1 1 

u~, v~ are velocitie s due to the image -vortex of strength -I. 
1 1 1 

placed at (x!, y!). 
1 1 

obtained by Equations (3) and (5). 

Difficulty arises when the velocity created at the cente~ of the vortex blob i 
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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 

(x
O

' Yo; fO) alone in presence of the cylinder, and compute its II self-induced 

velocity". Let 

and dwl 
dz 

z = 
- i v o 

where Zo denotes the position, and u
O

' vo are the velocities of the vortex. 

w is the complex velocity potential. Then 

where 
1 

Xo = '2 

is Routh's Stream Function (see [2] for details), and 

- - 1 2/ - 2/_ g(z, z;zO. zO) = - '2 log (i-a z zO) (i-a z zO) 

a is the radius of the cylinder. Therefore, 

1 C- 2 2 2 
u o = - 2'IT So a yO/ ( (xO + yO 

2 2 2 
a ) (xO + yO) ) 

ic- 2/22222 
v 0 = 2'IT So a xo «xO + yo - a ) (xO + yO) ) . 

(8) 

It follows that the velocity vector of a vortex blob (x .• y.; £. ) is given, using 
1 1 1 

Equations (7) and (8): 

-+ -+- -. -+ -+ , 
u(x., y.) = u (x.,y.) + u (x.,y.) + u

o 
(x.,y.) - u (x., y.) 

1 1 P 1 1 C 1 1 1 1 C
i 

1 1 

(ll'. (x. , y.) + 'lr. (x., y!) ) 
J 1 1 J 1 1 

(9) 

where 'lr. and ;.. are given by Equations (3). 
J J 
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7) COlnputation 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 

where 

CD = C + C v p 

C v and C
p 

the skin drag and the form drag are given by 

C = __ 1 1 
v Re 

aD 

C p =1 Pa cos e de 

aD 

are the pressure and the vorticity on the boundary aD, and 
e 

Pa - - ie ( :! ds + constant 

Jeo 

(10) 

(11 ) 

(12 ) 

whe re ~€. is approximated as is shown in Chorin's Article (ref. [ 1], page 792) . 
. un 

The constants in the above Equation are chosen as follows 

8) Remarks 

The values of U and a are normalized throughout 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 cylinder: 

Re = 1/v . 

(The Reynolds Number usually used in literature is 

, 2 
Re = - = 2 Re. v 
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This has been considered in the comparison of the computed results with ex

perimental data). 

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

at each time T 

av 

1 
= T . (13) 
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IV . COM P UT A T ION A L A L G 0 R IT H M 

(Summary) 

At each time -step: 

1) The velocity components o'n the 'cylinder are computed using the 

Equations (7). 

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(x .• y.). v(x .• y.). 
1 1 1 1 

ii) random walk of the vortex blob is computed using Equations (2). 

iii)' the new position of the vortex blob is 

{

dX, = u(x .• y.) dt+1]1 
111 

dy. == v(x .• y.) dt + 1]2 
111 

(x. + dx .• y. + dy.). where 
111 1 

(14) 

4) The average drag is computed using Equations (10) through (13). 

5) To represent completely the physical process of vorticity generation 

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 I 

Vorticity Generation on the Cylinder: 

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

r------------ -.----- ------, 
I 
I Simulation of the Convection Process: 
I Compute u, v of each vortex blob,. due to: I 
I 

its self -induced velocity, effect of other 
vortices and their images, and the poten-

I tial flow. 
I , 
I 
I Simulation of the Diffusion Process: STEP 

I 
Compute the random walk of each vortex I 

I , 
I Compute the total displacement of each vortex blob 

\ 

and its position. I 
I ____________ J L.... ___________ 

Reject vortices that cross the boundary. PURGE 
1 

Locate images of the vortices outside the cylinder, 
compute their vorticities. 

I Compute the average qrag of the cylinder I DRIP , 
I Print Results J 

t 

I Inc rement the time I 
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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, more vortices remain in the fluid. For example, the number 

of vortex blobs for Re = 10
3 

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 

R11 RZi R3i R4i 

--r---~----+-~~~--~--~--~---X 
AO Ai A Z A3 A4 

Ri2 RZ2 R32 R4 

fig. (2). 

All vortex blobs in the region R .. may be consolidated at their II center of 
1J 

gravityrr. Let (x. 'k' y. 'k; £. 'k) denote vortices whose centers fall in the region 
1J 1J 1J 

R... The position and vorticity of their II center of gravityll are given by: 
1 J 

xcg" = (!: I r" k I x"k)/(:E I took I) 
1J k 1J 1J k. 1J 

ycg" = (~ I rook I Y"k)/ (:E I rook I ) 1J k 1J 1J k 1J 

rci" = ~ took 1J k 1J 

The new vortex structure will therefore be: 

(15 ) 
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- vortex blobs with x -< AO are retained. 

vortex blobs of each region R .. are rejected 
1J 

_ a new vortex blob is added in each region R .. , its position 
1 J 

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' Ai' ...• , 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 on the values of 

A
O

' Ai" . .. . After some experimentations. the following values were picked 
3 

for Re= 10 : 

Ai = 2.5 a 

A3 = 3.5 a 

where a is the radius of the cylinder. All computations have been carried out' 

using these values of Ai' for all Reynolds Numbers. However, two additional 

computations were done at Re = 10
4

, and Re = 10
5 

without" consolidation". 

'Their results are seen to be the same as when the" consolidation" was used. 

The subroutine that consolidates the vortices is called II CONSOL" . 

The consolidation of the vortices resulted in a reduction of CPU time from 

12 minutes to 2 minutes (on CDC 7600) for Re = 10
3

. 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 fact, 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 

where 

~ (x, y) = ~ (x, y) + 
p 

N 

L 
i=1 

(~. (x, y) + ~O') 
1 1 

~p is the stream function of the potential flow, 

~. is the stream function of the vortex of strength r located 
1 1 

at (x., y.), and its 2 images, 
1 .1' 

~Oi is a constant. 

~Oi is chosen such that the stream function due to the vortex i and its images 

takes the value of 0 at a point (xOi ' YOi) on the cylinder. Figure (3) shows how 

the point (xOi ' YOi) is chosen. 

(Xi, y.;) . 
----.~-

fig. (3). 
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ljJ and ljJ. are given by 
p 1 

2 
ljJ P (x, y) - Uy (1 - a = 

2 + 2 x Y 

1 
(log (R.) + c) 2TT 1 

ljJ. (x, y) = 
1 R. '1 1 

2TT (J 

where 

2 2 1/2 
R. = [(x - x.) + (y - y.) ] 

1 1 1 

if R. >- (J 
1 

if R. -< (J 
1 

the constant c is chosen such that ljJ. becomes continuous at R. = (J. Its value 
.11 

is: 

c = 1 - log (J • 

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 

point, other flow variables (such as the pressure on the cylinder) can easily be 

evaluated at any time and position, but will contain statistical errors . 
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VII. RESULTS AND DISCUSSION 

1) Effect of (M. k) on the Computed Drag 

For a given Reynolds Number (Re = 10
3

) the average drag is computed for 

different value s of the couple (M. k). It is seen that for most value s 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. 

M k 

15 

20 

25 

Table 1 

0.15 

0.7 (OS) 

1.05 (S) 

1.35 (OS) 

0.20 

0.9 (OS) 

1.01 (S) 

1. 02 (S) 

0.25 

0.8 (OS) 

0.8 (OS) 

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 
5 

Re = 10 to Re = 10 are computed and plotted fig. (4). In all computations 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 
, 3 3 

Numbers from 10 to 10. For Re > 10 , the drag coefficient drops smoothly 

to reach a value of about 0.12 at Re = 4X 10
4

. This early occurence of the 

II Drag C,risis" compared to the experimental results (which indicate a 

II Drag Crisis" at Reynolds Number of about 4X 10
5

) may 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 



Experimental Data (Schlichting H., Boundary-Layer Theory; McGraw-Hill 1968, p.l7) 

---9--- Computed Data 

,. 2 3 4 56 89; 2 ~ 4 56 789] 2 3 4 :, 6789: ?::" ~ 1; 789J 
L!»--,o,-. "-~-T -:\",,1: --fd--·C"\ ut .:!.:.l~~"i~,hl '~I: ·1··~:::T';h~;t~;rftB=·;-::":'~:~_;.i~ :.:':~~'~J~~_~i!:~l.~'L~~~:~4-*~·';:4': 

3 5678~,. 
r--: -:'1;';- _,"':""""':"1 

-~ ....., 
.a.J 

~ 
~ 

() :.: .. , .1 .T.:: .. :.:];::$tt..:L:1 
~,.-.. , .. i··...!...;r·L.'l .. ~ ... , ... -:= 

~ /~1~~~~~E~~~f:U,;;:~:tHB~ ~ 
o 

C,) 

ClO 

~ 
~ 

Fig.(4) Reynolds Number (Re) 
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should have resulted in a larger drag at supercritical Reynolds Numbers. and 

a much smaller drop in the drag at critical Reynold.s -Number (see [3], p. 622). 

The computations show a large but smooth drop in drag taking place over a 
3 5 

range of Re = 10 to Re = 10 . 

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 

problem. The drag crisis was found to occur at Re = 10
4 

(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 

IjJ = 0, IjJ = ± 0.05, and IjJ = ± 0.1 to IjJ = ± 2. (by increments of .D.1jJ = ± 0.1). 

. . 
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VIII. SUGGESTED FURTHER WORK 

Further investigations 9f 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. [1J. 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 

3 
5 
6 

1 
11 

II 
12 
14 

-22-
~HoGHAM VORTEX(lNPUT,OUTPUT,TAPE98=101,PloT,TAPE99:PLoT) 
CUMMONIVURI AVO,AVDN,CURle,CURL(2000I,eURlIM(2000),CUT,C2,DS,DSH 

1 ,Dr,M,MB,N,PI,RAD,RAV,RE,RUNA,RUNN,SHALL,TPI,XAVD,JAM,JeON 
2 ,X 12000 I, XI"'( 20001, XX I ~O) ,YI 2000) ,YI M( 20001, YY( 40 I,UMEAN 

CI1MMIJN/D I SP I X B ( 150 I ,Y 8 ( 150 I ,P S I () I 50) ,MO IS, OXB, DYB ,K 11 , K 22, DPS 10 

PI =3. 14b926536 
TPI=l.*PI 
SMALL = 1 • F - 10 
(PR-=10 

C ••• * IPM DETERMINES THE FREQUENCY OF PRINTS 

UMEAN=l. 
M AD= 1. 

C •••• lJMFAN I S THE MAINSTREAM VEll1C I TY 
C •••• RAO=RADIUS Of THE CYLINDER 

NSTP=150 
ME =500. 
RE-l=l.*RE 

C***. HfME RE=l/l REYNOLDS NUMBER USUALLY USED IN LITERATURE 

14 1'1=20 
15 OT=0.2 
17 MB=M 
20 CM=MB 
21 CUT=I./CM 
22 Cl=CUT.CUT 
22 OS:TPI/CM 
24 USH=IOS/2.' •• 2 

C •••• OT IS THE TIME INCREMENT(CALLED K IN THE PAPER) 
C •••• M IS THE NUMBER OF POINTS DIffUSED FROM 80UNDARY 
C •••• MB IS THE NUM8ER Cf POINTS ON THE BOUNDARY 
C .... ClJT=CUT-I)FF LENGTH (CALLED SIGMA IN THE PAPER) 
C •••• OS [S ELEMENT OF LENGTH (CALLED H [N THE PAPER' 
C •••• DSH=IH/ZI •• Z 

26 OU 10 1=I,MB 
30 C[M=I-l 
31 XX(I'=RAO.COS(TPI.CIM/CM, 
40 YY(II=RAO.SIN(TPI.CIM/CM, 
47 io CUNTINUE 

C •••• XX ~ND YY ARE THE COORDINATES Of POINTS ON THE BOUNDARY 
C •••• (NOTE THAT THE RADIUS RAD OF THE CYLINDER IS 1.1 

C •• *. INITIALIZATION 

C ••• * N IS THE NUMBER Of VURTICES 



VORTEX 
51 
51 
52 
53 
53 
54 
. 54 
56 
64 
65 
65 
66 
66 
66 
66 
67 
70 

71 
74 

100 
110 
116 
122 

126 
127 
131 
132 

137 

140 
141 
142 

N-= 0 
AVD=O. 
AVON=O. 
RUNN=O. 
kUNA-=O. 
CURlC=O • 
NN-=100 
00 20 l=l,NN 
XII)=O. 
VII)=O. 
CURL I I )=0. 
XIMI I )=0. 
Y IMI 1)=0. 
CURL 1M ( 11=0. 

20 CONT I NUE 
Nll=O 
N9=0 

-23-

C**** X AND V ARE COORDINATES OF VuRTEX BLOSS 
C**** CURL = VQkTICITY OF THE BL~d (X,V)(CALlEO XI-BAR IN PAPER) 
C**** XIM,YIM AHE COORDINATES OF IMAGES Of VORTICES (INVERSE POINTS) 
C**** CURlIM IS THE VORTICITY OF (XIM,VIM) 
C**** CURLC IS SUM OF VORTICITIES OF 2NO IMAGES AT THE CENTER) 

PRINT 9004 
PI{ INT 9003 
PRINT 9001,M,OT 
PRINT 9002,RE1 
PRINT 9003 
PRINT 9005 

C·*·*************** 
c* TIME STEP * 
c****************** 

TIME=O. 
DO 80 ISTP=l,NSTP 
TIME=TIME+DT 
IVES=(tSTP/IPR'*IPR 

C**** IYES = ISTP IF ISTP=IN*IPR, IN=INTEGER 
c**** (RESULTS ARE PRINTED) 

CALL ORST 

c**** USST GENERATES VORTICES ON THE BOUNDARY 

IF(N.F.Q.O)GO TO 30 
CALL STEP 

30 CONTINUE 

c**** STEP ADVANCES THE VORTICES 



VORTEX 
142 
143 
146 
147 
147 

NlO=N 
IFIN.lE.lOO) GO TO 40 
CAll CONSOL 

40 CONTINUE 
NC}-=N9" [\10-N 

-24-

C**** CONSOl CONSOllDATESTHE VORTICES THAT LIE IN CERTAIN REGIONS 
C**** FAR ENOUGH FROM THE BODY 

151 
152 
153 

C**** ALL VORTICES CROSSING THE BoUNOARY MUST DISAPPEAR 

N8=N 
CAll PURGE 
Nl1=Nll+N8-N 

C**** COMPUTATION OF IMAGES AND THEIR VORTICITIES 

155 CURLC=O. 
156 IF(N.lE.O) GO TO 51 
157 00 50 1=I,N 
161 CIMG=RAD**2/(X«()**2+YIIJ**2) 
171 XIMII)-=CIMG*XII' 
172 YIMII)=CIMG*Y(I) 
174 CURLIMIII=-CURlCI) 
174 CURlC=CURLC+CURlII) 
176 50 CONTINUE 
177 51 CONTINUE 

177 JAM=l 
200 IF(ISTP.EQ.IYES)JAM=O 

203 CALL DRIP 

C**** DRIP COMPUTES THE PRESSURE ON THE BOUNDARY, THE SKIN URAG, THE 
C**** FORM DRAG, AND THE TOTAL DRAG (EQUATIONS21 THROUGH 24) 

204 IF(ISTP.NE.IYES) GO TO 70 

206 SUMV=O. 
207 DO 60 I=l,N 
214 SUMV=SUMV+CURl(l) 
215 60 CONTINUE 

C**** SUMV IS THE TOTAL VORTICITY 

216 PRINT 9006,TIME,RAV,XAVD,N,SUMV,N9,NIl 

C**** RAV IS THE AVERAGE OF TOTAL DRAG FROM (TIME) TO ITIME+IPR*OT) 
C**** XAVO IS THE AVERAGE OF TOTAL DRAG FROM 0 TO TIME+IPR*OT 
C**** N9 = TOTAL NUMBER OF VORTICES BY CONSOLIDATION ICONSOl) 
C**** Nil = TOTAL NUMBER Of VORTICES DISAPPEARED (IN PURGE) 

240 RUNN=O. 
241 RUNA=O. 
242 70 CONTINUE 



-' 

.. 

VORTEX 
242 
245 

80 CONTINUE 
90 CONTINUE 

-25-

900L FORMAT(1H.,48X,IH.,/,lH.,5X,*M :*,13,10X,*OT =*,F3.2,20X,lH.1 
9002 fORMAT(1H.,48X,lH.,/~1H.,5X,*REVNOLOS NUMBER = *,E9.2,16X,lH.,/, 

1. ,48X ,lH.) 
9003 FORMAT(50(lH.)) 
9004 FO~MAT(lHlI 
9005 ~ORMAT(///,11X,*TIME*,8X,*RAV*,7X,*XA~D*~8X,*N*,8X,*SUMV*,8X.*N9 

l6X,*Nll*, /I 
90U6 FORMAT(10X,F6.2,5X,F6.3,5X,F6.3,5X,I4,5X,F7.3,5X,14,5X,14) 

245 
246 

CALL EX IT 
ENIl 

PROGRAM LENGTH INCLUDING I/O BUFFERS 

02204 

FUNCTION ASSIGNMENTS 

STATEMENT ASSIGNMENTS 
30 - 000143 40 - 000150 
9001 - 000271 9002 - 000300 

BLOCK NAMES AND LENGTHS 
VOR - 021507/01 DISP - 000544/02 

VARIABLE ASSIGNMENTS 
AVO - 000000/01 AVON - 000001/01 
CURLC - 000002101 CURUM - 003723/01 
OT - 007647101 I - 000355 
M - 007650/01 MB - 007651/01 
Nil - 000360 N8 - 000366 
RAV - 007655101 RE - 007656/01 
SUMV - 000370 TIME - 000362 
XB - 000000/02 XIM - 013606101 
VV - 027436/01 

51 
9003 

CIM 
CUT 
IPR 
N 
N9 
RE 1 
TPI 
xx 

- 000200 
- 000311 

- 000356 
- 001643/01 
- 000351 
- 007652101 
- 000361 
- 000353 
- 007662101 
- 017526/01 

70 
9004 

CIMG 
C2 
ISTP 
NN 
PI 
RUNA 
UMEAN 
V 

START OF CONSTANTS-00025! TEMP S--000336 INDIRECTS-000346 

7600 COMPILATION RUN76 LEVEL 76 13/11/ L8. 

ROUTINE COMPILES IN 044500 

- 000243 
- 000314 

- 000361 
- 007644/01 
- 000363 
- 000357 
- 007653/01 
- 007657/01 
- 027506/01 
- 017576/01 



OBST -26-
SUBROUTINE OBST 
COMMON/VUR/ AVD,AVDN,CURLC,CURL(20001,CURLIM(20001,CUT,C2,DS,DSH 

1 ,D T , M, MB, N, PI, RAD, RAV , R E, RUNA, RUNN, SMA Ll , TP I ,X AV D, JAM, JCON 
2 ,K(2000),XI~(ZOOOI,XX(401,YI2000j,YIMI20001,YY(4CI,UMEAN 

C**** EVALUATION OF VORTICITY UN THE BOUNDARY 

ou 40 (=l,M 

C**** U,V DUE TO THE POTENTIAL flOW AROUND THE CYLINDER 

U=UMEAN*( 1.-(XXI I )**2-YY( I )**Zl) 
7 V=-2.*UMEAN*XXII)*YYIll 

13 
14 

C**** (NOTE THAT THE RADIUS RAD OF THE CYLINDER 

IFIN.EQ.OIGO TO 30 
DO 20 J=l,N 

C**** U,V AT XX(I),YY(I) DUE TU VORTICES OUTSIDE THE OBSTACLE 

16 CX=X(J)-XXIII 
23 CY=Y(J}-VVIII 
24 R2=CX**Z+CY**2 
26 IF(R2.LT.SMALL) GC TO 10 
31 IF(R2.LE.C2IR2=SQRT(R21*CUT 
40 U=U+CURLIJl*CY/IR2*TPll 
44 V=V-CURL(JI*CX/(R2*TPI) 
50 10 CONTINUE 

C**** U,V AT XXII),YYII) DUE TO VORTICES INSIDE THE OBSTACLE 
C**** (IMAGES OF REAL VORTICES OUTSIUE THE OBSTACLE) . 

52 CX=X(M(J'-XX(I) 
54 CY=VIMIJ)-YYII' 
56 R2=CX**2+CY**2 
60 IF(R2.LT.SMALL) GC TO ZO 
63 IF(RZ.LE.CZ)R2=SQRTIR2)*CUT 
12 U=U+CURlIM(JI*CY/IRZ*TPII 
76 V=V-CURLIM(JI*CX/(R2*TPI) 

102 20 CONTINUE 

C**** U,V DUE TO THE VORTICITY ICURlel AT THE CENTER OF THE CYLINDER 

107 CX=-XXII) 
110 CY=-YYII' 
111 R2=CX**2+CY**2 
113 U=U+CURLC*CY/(RZ*TPII 
116 V=V-CURlC*CX/(RZ*TPII 
122 30 CONTINUE 

123 
124 
127 
130 

c**** G~NERATION OF NEW VORTICES ON THE OBSTACLE 

K=N+I 
XIK)=XX(I ) 
YI KI=YYI I) 
CURlIK)=(V*XX(I'-U*YYII')*DS 



lJ BS T 
135 
140 

141 
141 

40 CONTI NUE 
N=N+M 

RETlJ~N 

END 

SUBPROGRAM LENGTH 

00200 

FUNCTION ASSIGNMENTS 

STATEMFNT ASSIGNMENTS 
10 - 000051 20 

BLOCK NAMES AND LENGIHS 
VOk - ~27507/01 

VARIABLE ASSIGNMENTS 
CUKL - 000003/01 CURLC 

'C2 - 007644/0l fJS 
N - 007652/01 Rl 
V - 000172 X 
yy - 027436/01 

START 01' CONS T ANT S- 000 H 4 

- 2 7-

- 000103 30 - 000123 

- 000002/01 CURLI M - 003723/01 CUT 
- 007645/01 1 - 000110 J 
- 000176 SMALL - 007661/ 0 1 TPI 
- 007666/01 XIM - 013606/01 XX 

H,"IPS--0IJU147 I NI)[ REC T$-000161 

7600 COMPILATION RUN16 LEVEL 71'1 73/ ll/ 18. 

ROUTINE CUMPILES IN 044100 

- 007643/01 
- 000173 
- 007662101 
- 017526/01 



STEP -28-
SUBROUTINE STEP 
COMMON/VORl AVD,AVDN,CURlC,CURL(ZOOO»,CURLIM(ZOOO),CUT,CZ,OS,DSH 

3 
6 

13 
14 
14 

15 

1 ,DT,M,MB,N,PI,RAD,RAV,RE,RUNA,RUNN,SMALl,TPI,XAVD,JAM,JCON 
2 , X( 2000), XI M(2000) ,XX(40) ,Y(ZOOOI ,YIMC20001 .YY(401 ,UMEAN 
. DIMENSION OXIZOOOI,DY(ZOOOI 

NPP=N-M 
TSIG=4.*OT/RE 
DO 10 1=1, til 
OX ( I 1=0. 
DY(I'=O. 

10 CONTINUE 

C**** EVALUATION OF THE VELOCITY AT (XCII.Y(II) 

DO 60 [=l,N 

C**** lJ,V DUE TO THE POTENTIAL fLOW AROUND THE CYLINDER 

16 R2~X(II**Z+Y(['**2 

22 CPOT=(RAO**Z'/CRZ**2) 
24 U=UMEAN*(1.-CPOT*(X(I'**2-Y(I'**ZI) 
31 V=-2.*UMEAN*CPOT*XI[I*Y(I) 
34 fF(NPP.LE.O' CO TO 50 
36 RU=R2-RAO**2 

·41 DO 40 J=l.NPP 

42 IF(I.NE.J' GC TO ZO 

C**** U,V DUE TO THE PRESENCE OF THE VORTEX BLOB (X(II,Y(I" ALONE 
C**** OUTSIDE THE CYL[NDER 
C**** NOTE THAT IF THE VORTEX BLOd [S ON THE CYLINOER, ITS INDUCED 
C**** VELOCITY ON ITSELF IS NEGLECTED 

43 IF(RU.lE.SMAlL) GC TO 40 
51 RUl=CURLI!)*RAO**Z/CRU*RZ*TPI) 
54 U=U+RUl*YII) 
51 V=V-RU1*X(I) 
61 U=U+CURLII)*Y(I)/IR2*TPI) 
64 V=V-CURLt ()*XCI )/(R2*TPJ) 
61 GO TO 40 
61 20 CONTINUE 

C**** EFFECT OF OTHER VORTICES 

71 CX=X(J,-X([) 
73 CY=YIJ)-YI() 
75 R2=CX.*Z+CY**Z 
11 IF(RZ.lE.SMAll) GO TU 30 

10Z IF(RZ.lE.C2IRZ=SQRTIR21*CUT 
111 U=U+CURLCJ)*CY/(RZ*TPI) 
115 V=V-CURlIJI*CX/IRZ*TPI' 
121 30 CONTINUE 

c**** EF~ECT Of UBSTACLE (U,V 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 

-29-

CX=XfMIJI-XCII 
C,Y =Y I M I J) -Y I 11 
R2 =C X**2+C y* *2 
(FIR2.lE.SMALLI GO TO 40 
IFIR2.LE.C2IR2:SQRTIR21*CUT 
U-U.CUMLIMIJI*CY/IR2*TPII 
V=V-CURLIM(J)*CX/IR2*TPII 

40 CONTINUE 
CX=-XIII 
CY:-YIII 
R2=CX**2.C V**2 
IFIR2.LE.SMAlLI GC TO 50 
U=U+CURlC·CY/IR2*TPI) 
V=V-CURLC*CX/IR2*TPI) 

50 CONTINUE 

C*.*. RANDOM WALK Of THE VORTEX AT (XIII,YII)I 

Ql=RGENCO.) 
Q2=RGENIO.) 

C**** kGEN GENERATES flCATING POINT NUMBERS UNIFORMLY DISTRIBUTED 
C*.*. IN THE INTERVAL (0,11 

201 QR=SQRT(-TSIG*ALOGIQl'J 

c**.* TOTAL WALK OF THE VORTEX AT (XIII,YIIII 

201 DXII)=U*OT+QR*COSITPI*QZ' 
220 DY(I'=V*OT+QR*SIN(TPI.QZ' 
230 60 CONTINUE 

232 DO 70 1=l.,N 

C**.* NEW .PUSITION Of THE VORTEX (XII),YfI', 

240 XIIJ=XfI)+OX(11 
241 YII)=Y(I)+DY(l) 
243 70 CONTINUE 

244 RETURN 
244 END 

SUBPROGRAM LENGTH 

10163 

FUNCTION ASSIGNMENTS 

STATEMfNT ASSIGNMENTS 
20 - 000070 30 - 000122 40 - 000154 50 - 000176 

BLOCK NAMES AND LENGTHS 



-30-
PURGE 

SUBROUTINE PURGE 
COMMONIVORI AVO,AVDN,CUKlC,CURl(2000),CURlIMf20001,CUT,C2,DS,OSH 

1 ,~T,M,MB,N,PI,RAO,RAV,RE,RUNA,RUNN,SMAll,TPI,XAVO,JAM,JCON 

2 , X f 2000 I, X I Ml 20001, XX (401, Y( 2000) ,VI M( 20001, VV( 40) ,UMEAN 

c**** ALL VORTICES CROSSING THE ~OUNOARY MUST DISAPPEAR 

2 
4 
6 
7 
7 

13 
15 
20 
V' 
30 
31 
32 
33 
34 
35 
36 

RAD2=RAD>O:>O:2 
NAFTER=N 
NAFN=N-1 
DO 40 1= 1, N 

10 CONTI NUE 
IF(I.GT.NAFTERI GC TO 40 
DIST=X( I) U2+Y( ()**2 
IF(DIST.GE.RAD21 CO TO 40 
[F(I.EQ.NAFTER) GO TO 30 
DO 20 J=I,NAFN 
X(JI:XlJ+lI 
YfJI=V(J+l) 
CURLlJ):CURL(J+ll 

20 CONT[ NUE 
30 CONTINUE 

NAFTER=NAFTER-l 
NAFN=NAFTER-l 

37 GO TU 10 
37 40 CONTINUE 
42 N=NAFTER 
43 RETURN 
43 END 

SUBPROGRAM LENGTH 

00063 

FUNCTION ASSIGNMENTS 

STATEMENT ASSIGNMENTS 
10 - 000010 ]0 - 000035 

BLOCK NAMES AND LENGTHS 
VOR - 027501101 

VARIABLE ASSIGNMENTS 
CURL - 000003/01 CURLIM - 003723/01 
NAFN - 000057 NAFTER - 000056 
XX - 017526/01 Y - 017576/01 

40 

DIST 
RAO 
VIM 

- 000040 

- 000061 
- 007654/01 
- 023516/01 

I 
RA02 
VV 

START OF CONSTANTS-000046 TEMPS--000047 INDIRECTS-000053 

7600 COMP itA TI ON RUN76 LEV El 7B 73/11118. 

ROUTINE COMPILES IN 044000 

- 000060 
- 000055 
- 027436/01 

.. 



DRIP 

." 

2 
10 
11 
14 
Z1 
Z2 
2Z 
23 
24 
26 
3Z 
35 
36 
37 
44 
50 
50 
51 
54 
57 
51 
61 
62 
67 
73 
73 
15 

100 
103 

-31-

SUBROUTINE DRIP 
COMMON/VORI AVD,AVDN,CURlC,CURl(ZOOO),CURlIM'ZOOO),CUT,CZ.OS,DSH 

1 ,OT,M,MB,N,PI,KAD,RAV,RE,KUNA,RUNN,SMAll,TPI,XAVD,JAM,JCON 
Z ,X, ZOOO),XI~IZOOO' ,XX(401 ,Y(2000' ,YIMIZOOO) ,YY(40) ,UMEAN 
f~EAl MU 
DIMENSION SURF(40),SURFT'401 
CM=M 

C***~ COMPUTATION OF DR~G 

C**** MU=STANDARD DEVIATION OF THE RANDOM NUMBERS USED IN STEP 
C**** OUTI DETERMINES REGION (AJI 
c**** QUTl OFTEqMINES REGION IAJ+1 

MU=SQRTI2.*DT/REI 
DUll=' 1.+MU)**Z 
OUT2=11.+Z.*MU.**2 
DO l3 J=l,M 
SURF'JI=O. 
SURFT'JJ=O. 

23 CONTINUE 
DO 20 1=1,N 
R2=XIII**2+Y'I'**2 
IFIP2.GT.OUTZIGOTOZO 
IFIRl.GT.OUT1'GOT021 
ClQSE=10. 
DU 22J=1,M 
DIST=IXII'-XX(J)I**Z+IY(I'-YY(JI)**2 
IFIOIST.GT.ClOSE)GOTOZZ 
ClOSE=OIST 
JP=J 

22 CONTINUE 
SURF'JPl=SURFIJP)+CURlIII 

Z1 CONTINUE 
ClOSE=10. 
00 24 J=1,M 
DIST=(XIII-XXIJll**Z+(VII'-VYIJI,**2 
IF(OIST.GT.ClOSE'GOT024 
JP=J 
ClOSE=OIS T 

24 CONTINUE 
SURFT(JP'=SURFT(JP'+CURl( 'I 

ZO CONTI NUE 

C**** JP DESIGNATES THE POINT IXXIJPI,YVIJPII ON THE BOUNDARY,NEAREST 
C**** TO THE POINT (XIII,VIIII 
C**** SURFIJ)= SUM OF VORTICES WHOSE CENTERS FAll WITHIN REGION IAJ' 
C**** SURFTIJI=SUM OF VORTICES WHOSE CENTEPS FAll WITHIN REGION IAJ+I 

106 CC1=PI*IOUT1-1.)/CM 
III CCZ=PI*IOUT2-0UTII/CM 
113 00 25 J=l,M 
122 SURF(J)=SURFIJI/CC1 
123 SURFTIJ)=SURFTIJI/CC2 
124 25 CONTINUE 



OIUP 

125 
121 
121 
130 

131 
132 
133 

136 
144 

150 
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c**** SUKF{JI HERE APPROXIMATES XI(QJ) 
C**** SURFTIJI HERE APPROXIMATES XICQJ)+DXICQJI 

OTETA=TPI/CM 
pp=o. 
FORM=O. 
SKIN=O. 

C**** PP IS PRESSURE 
C**** FORM IS FORM DRAG 
C**** SKIN IS SKIN DRAG 

[10 9 J=l,M 
JP=J+l 
IFIJ.EQ.M)JP=l 

c**** ISURFTIJ'-SURF{JII/~U APPROXIMATI:S D(X((QJII/DN (SEE PARAGRAPH 
C**** AFTER EQUATION 231 

c**** EQUATION 1231 

PP=PP-OS*(SURFTIJI-SUHFIJII/IMU*RE' 
IFIJ.EQ.M)PP=PP/2. 

C**** EQUATION 1221 

FORM=FORM-PP*OTETA*0.5·IXXIJ'+XXIJP)) 

C**** EQUATION 121' 

156 S~IN=SKIN-SURFCJ)*YY'J)*UTETA/KE 

162 9 CONTINUE 
165 ToT=FORM+SKIN 
167 AVO=AVO+TOT 
170 AVDN=AVDN+l. 
112 XAVO=AVO/AVON 
L13 RUNA=RUNA+TOT 
L74 RUNN=RUNN+L. 

176 

171 
171 

C**** EQUATION (24) 

RAV=RUNA/RUNN 

c**** TOT IS TOTAL DRAG 
C**** RAV (S THE AVERAGE OF TOTAL UKAG FROM (TIME) TO ITIME+IPR*DTI 
C**** XAVO IS T~E AVERAGE OF rUTAL DRAG FROM 0 TO TIME+IPR*DT 

RETURN 
END 

SUBPRUGRAM LENGTH 

00312 

". 



CONSOL -33-
SUBROUTINE CONSOL 
COMMON/VURI AVQ,AVDN,CURLC,lURlI20001,CUHlIM(ZOOOI,CUT,CZ,OS,OSH 

1 ,DT,M,MB,N,PI,RAD,RAV,RE,RUNA,RUNN,SMAlL,TPI,XAVU,JAM,JCON 
2 ,X(ZOOOI,XI~(2000).XXI401 ,Y(2000),YIM(20001,YYI40I,UMtAN ° I ME NS (ON AX I 10,10 I ,A Y ( 10, 101 ,A 0 ( 10, 10 It AC ( 10,10) , XC G ( 10,10 I 
L,YCG(10,101,XIN(10001,V[N(lOOOI,CURlIN(10001.FA~(lOI 

NI0=N 
2 N[HV=4 
3 AO=2.*RAO 
5 FAR(I'=2.5*RAO 
7 FAR(ZI=3.*RAD 

10 FA~(3)=3.5*RAD 

12 FAR(41=lu.*RAD 
13 NK=2 
14 IN=O 
15 NJ=O 
16 DO 9~ J=1,10 
20 OU 99 K=1,10 
27 AX(J,KI=O. 
30 AY(J,KI=O. 
30 AC(J,KI:O. 
31 AO(J,KI=O. 
31 XCG(J,KI=O. 
32 YCG(J,KI=O. 
32 99 CONTINUE 

35 
37 
42 
43 
45 
51 
53 
55 
56 
60 
60 
60 
62 
66 
66 
73 
77 

101 
103 
105 
110 
110 
113 

116 
117 
121 
III 
131 

flU 103 1= I,N 
ACURl=A8~ (CURL I II I 
PRX=ACURL*XI I I 
PRV=ACURl*VI (I 
IFIXIII.GT.AOIGO TO 100 
IN=IN+l 
XIN(IN)=xII) 
VINIIN)=YI[I 
CURlINIINI=CURl(l) 
GO TO 103 

100 CONTINUE 
0(1 102 J=l,NDIV 
IFIXII).GT.FARIJII GO TO 102 
K=2 
IF(YI[I.GT.O.I K=l 
AX(J,K)=AX(J.KI+PRX 
AYIJ,KI=AV(J,KI+PRV 
AD(J,KI=AU(J.KI+ACURl 
ACIJ,KI=ACIJ,KI+CURlIII 
NJ=J 
GO TO 10.3 

102 CONTI NUE 
103 CONTI NUE 

(FINJ.LE.OIGO TO 107 
00 104 J=l,NJ 
00 104 K=l,NK 
[FIAD(J,KI.LT.S~ALll GO TU 104 
XCGIJ,KI=SX(J,KI/ADIJ,KI 
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CONSOL 

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

VCGIJ,KI=~YIJ,K)/~CIJ,K) 

104 CONTINUE 
D(1 105 J=l,NJ 
DO 105 K=l,NK 
I =J+ilJJ* (K-ll 
X(I)=XCG(J,K) 
YI I )=VCGI J,K) 
CURL' I ) = A C I J • K ) 

105 CONTINUE 
NI=NK*NJ 
IFI[N.LE.O) GO TO 107 
1>0 106 L=l, IN 
X(L+NI )=X [NIL) 
V(L+NI )=Y (NILI 
CURL(L+NI )·=CURlINIU 

106 CONTI NUE 
N=NI + I N 
N9=N+l 
00 108 K=N9.NI0 

220 XIKI=O. 
2£1 Y(K)=O. 
221 CURLIK)=O. 
221 108 CONTINUE 
222 107 CONTINUE 
222 RETURN 
223 FND 

SUBPRUGRA~ LENGTH 

07320 

FUNCTION ASSIGNMFNTS 

STATEMENT ASSIGNMENTS 
100 - 000061 102 - 000111 

BLOCK NAMES AND LENGTHS 
VOR - 027507/01 

VARIABLE ASSIGNMENTS 
AC - 000723 ACURL - 007312 
CURL - 000003/01 CURLIM - 003723101 
J - 007307 K - 007310 
NJ - 007306 NK - 001304 
RAD - 007654/01 SMALL - 007661101 
XX - 017526/01 Y - 017516101 

103 - 000114 104 

AO - 000557 AX 
CURLIN - 005317 FAK 
L - 007316 N 
NIO - 007301 N9 
X - 007666/01 XCG 
veG - 001233 VIM 

START OF CONSTANTS-000226 TEMP S--OOO 2 34 I NOIREC T5-000240 

7600 COMPILATION RUN76 LEVEl 7B 13/11/18. 

ROUTINE COMPILES IN 044400 

'- 000135 

- 000247 
- 007267 
- 007652101 
- 001311 
- 001067 
- 023516/01 



01 SPL 

2 
3 
4 
5 
6 
7 

10 
11 
12 
1) 

15 
16 
20 
20 
22 
30 
31 
32 
33 
40 
41 
42 
43 
50 
51 
52 
53 
54 
55 

57 
62· 
65 
65 
70 
72 
74 
16 

101 
103 
105 
107 
113 
115 
116 
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SUBPOlJTINE DISPL 
COMMON/VORI AVD,AVON,eURlC,CURL(2000),CURLIM(20001,eUT,C2,OS,OSH 

1 ,DT,M,MB,N,PI,RAD,RAV,RE,RUNA,RUNN,SMAll,TPI,XAVO,JAM,JeON 
2 ,XIlOOOI,XIM(2000),XX(40),Y(2000),YIM(20001,YY(401,UMeAN 
COMMON/CONCOM/IMIN,IMAX,ISTOP,JMIN,JMAX,JSTOP,MAX,Kl,PPXMAX,PPYMAX 
COMMON/DISP/PSIOl501 
DIMENSION X8(1101,YB(110J,PS1(110,110J 
DIMENSION PSIC(2000) 
IMAX=lOl 
IMIN=l 
ISTOP=l 
JMAX=51 
JMAX=26 
JM.IN=l 
JSTOP=l 
MAX= 110 
Kl=31 
PPXMAX= 18. 
PPYMAX=9. 
PPYMAX.=4.5 
DXS=.2 
OYB=.2 
OPSIO=.l 
DO 502 I = 1 , 26 
01=1-13 
YBII)=OYS·OI 

502 CONTINUE 
DO 501 1=1, 101 
01=1-26 
XB It ) =OXS.OI 

501 CONT INUE 
DO 505 I = 1 ,40 
CI=I-20 
PSIo(l I:CI.OPS 10 

505 CONTINUE 
PSIO(41)=.05 
PSIO(42)=~.05 

Kl=42 

c •••• COMPUTATION OF STREAM-FUNCTIONS 

CONST=(ALOGCCUTI-CUT).CUT 
DO 4 K= I,N 
PSICCK)=O. 
R2=X(KJ**2+Y(K)**2 
Rl=SQRT(R2) 
K=R1+1. 
PS=ALOG(RI 
RIM2~XIM(KI**2+Y1MCKI·*2 
R I Ml=SQR T( RI MZI 
RIM=RIMl+1. 
PSIM=ALOG(RIM) 
PSIC(KI=(PS-PSIM).CURL(KJ 

4 CONTINUE 
DO 2 1 = 1, r MA X 
DO 2 J= 1 , J "lAX 
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DISPl 

~ Il2 
122 
125 
127 
132 
140 

PSIII,JI=O. 
R62=X6(1)··2+Y6lJJ··Z 
R61=SQRTlR6Z' 
PSCEN=C~+CONST"CUT 
If(R61.GE.CUTb PSCEN=ALOGCRB1) 
IF(N.lT.l' GO TO 5 

c •••• STRfAM FUNCTIONS OF VORTICES AND THEIR IMAGES 

143 00 3 K=1,N 
144 RK=SQRTCXCK)··Z+YCK)·.2) 
152 ~TEST=RK-l. 
153 CX=XBCI,-XCK) 
156 CY=YSlJ)-VlK' 
161 R2=CX·.Z+CY.·Z 
164 R=SQRTCRZ' 
165 IFCCRTEST.lT.CUT).ANO.CR.lT.CUT)' GO TO 3 
175 PS=CR+CONST"CUT 
177 IFCR.GE.CUTJ PSzAlOGCRI 
Z05 CX=XSCI)-XIMCKI 
210 CV=Y8CJI-VIMCK) 
213 RIM2z CX·.Z+CY··2 
216 RIM=SQRTCRIM1) 
117 PSIMzCRIM+CONST)/CUT 
222 If(RIM.GE.CUT) PSIM=ALOGCRIM) 
227 PSICI,JI=PSrII,J)+CPS-PSrM'.CU~lCK)-PSrCCK) 
237 3 CONTINUE 
242 PSICI,J)=PSIlI,J)+ PSCEN·CURtC 
247 5 CONTINUE 

c •••• STREAM FUNCTION OF POTENTIAL FLOW 

247 IFCR8Z.LE.SMAlL) RB1=SMALL 
256 ' PSIP=-UMEAN.YdCJ)·Cl.-RAO •• l/RBZ' 
263 PSIC1,J)·PSICI,J"TPI+PSIP 
265 2 CONTINUE 
272 SU~PS·O. 
273 00 10 Kz l,N 
300 10 SUMPS=SUMPS+PSICCK) 
302 PRINT 9010,CURLC,SUMPS 

9010 FORMATlZCI0X,FI0.4') 

312 CALL CONMAPCX6,YS,PSI,PSrO,JCON' 

316 
317 

c •••• GIVEN A GRID WITH NODE POINTS XSCI,J"VBCI,JI , WITH STReAM-
C •••• FUNCTION PSrlr,J) AT EACH NODE POINT, CONMAP DRA~5 STREAM-LINES 
C •••• WHOSE VALUES ARE THE PRESCRIBED PSID(K) 

RETURN 
END 

SUBPROGRAM LENGTH 
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NOM.ENCLATURE 

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 (1) 

FAR (I) 

FORM 

IPR 

lSTP 

lYES 

M 

MB 

MU 

N 

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

Number of time-steps over which the average drag is 

computed (here, AVDN = lSTP). 

a N-vector denoting the vorticities of the vortices outside 

the cylinde r placed at (xo, yo) (= rIo ). 
I I 

Cut-off length ( = (] ). 

2 
=(] 

Element of length ( = h). 

= (h/2)2. 

Time-increment ( = k). 

N -vectors denoting the total displacement of vortices 

Represents regions of consolidation of vortices ( = A.). 
1 

Form drag ( = C ). 
P 

Frequency of print of the results. 

Time -increment index. 

lYES = lSTP if lSTP = IPR X an integer (results are 

printed if lYES = lSTP). 

Number of points on the boundary where vorticity is generated 

and diffused. 

Number of points on the boundary where calculations are 

done (here, M = MB). 

Standard deviation of the Gaussianly distributed random dis

placement of vortices. (= f.L). 

Total number of vortices present in the flow (outside the 

cylinder) at t = TIME. 



NPP 

NSTP 

N11 

N9 

OUT2 

PI 

PP 

QR 

Q1,Q2 

RAD 

RAV 

RE 

REi 

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-steps. 

Total number of vortices disappeared by crossing the 

boundades (from t = 0 to t = TIME). 

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

to t = TIME). 

1 
= - (area of the circle of radius (1 + 2jJ.)) representing the 

IT + 
regions A .. 

J 

= IT ( = 3.1415926536). 

Pressure at a point on the cylinder. 

Length of the random displacement vector of each vortex blob 

due to diffusion process. 

Two random numbers uniformly distributed in the interval 

(0, 1). 

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

TIME 

1 j (total drag) dt = IPRXDT 

TIME-IPRXDT 

Reynolds Number used in this computation 

Reynolds number usually used in literature (REi = 2 X RE). 

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

Number of time-steps from (TIME - IPRXDT) to (TIME). 

An arbitrary small positive number. 

Skin drag ( = C ). v 

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

Time at which calculations are done. 

Total drag ( = CD)' 

= 2lT 

/ 



TSIG 

U.V 

UMEAN 

x (I). Y (I) 

XX (1). YY (I) 

2 = 2 jJ. • 
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Components of velocity vector at the point (x. y). 

Mainstream velocity (UMEAN = 1. in this computations). 

Coordinate s of the position of vortices outside the cylinder. 

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

XIM(I). YIM(I) Coordinates of the position of the images of vortices. 

XCG. YCG Coordinate s of the consolidated vortices in the regions R ... 
1 J 

TIME 

XAVD 1 
= TIME 1 (total drag) dt = CD· ). av 

OUT1 
1 

(area of the circle of radius (1 + tJ.) ) representing the = 
IT 

regions A .. 
J 



-40-

APPENDIX B 

- Som.e Results 

- Flow Patte rns 

(The dire ction of flow 
in all figure s is from. 
left to right) 
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b 00 
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12.00 
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20.20 
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--...... -. - .. --- 'To-;-Oo-""'- --... -'- ;794'- ... ----.---r ~ T 8'9----·------.. ·"2 '4'S' _ ...... -.... -;,;;; 5-; 1 3'3 .... -- ... -"'3lfO .--.... .. .... - 97 S .. _·- ...... ·..-.............. -.. -- . 

lS.OC 1.393 i.212 218 -3.561 481 1101 
--'70';UO--'-;-''''- · .. -1' .. ;2'0-4 .... -···----.. -r;zrr----·· '--21:6 ···· .... ---;,;;;·5~8ttS- -'" -_ .. ·550 ...... -...... T228·---· .. ···· ... -- ......... . 

22.C0 .391 i.i36 225 -3.925 630 1345 
--·------·---·-··~_;_O·O·-·--·--.. ·l;rn-··--·- .. -·-r._1_:.rc-:-.. --_· .. · .. ·_·2)7· .. ------ '=4'-;-0 6"T' -"'-'--"n's-'--"-'''l'~ 53--""- ....... - .' ~ .. __ ••• __ ... "~~,~ ... ~' ."_K ..... 4' .~ '_"-__ ' ___ '., " ..... ~, 

26.00 .028 1.051 231 -7.644 799 1570 
·-.. ·z-a·;-oo-·--· .--... -.• 7ZZ· .. ---· -- r;-o-zr'-'" .,c'2·c·J--· ';;;8. t49 . 839'-" .. '1678-·· ... · 

30.0U .• 351 .982 278 -1.628 914 1808 
-------·---rr;o-o-· .... --·--··· .. 1"';·230 .. ---.. ···---- ·;-CJ98"-··-"---Zc9";;'2 .. lt·3~·· 994-" ·1937··-·-...... -- ... --' 

34.00 .197 .986 261 -4.940 1096 2037 
~··-----·--······-':l'6-;-OU--...... --·· .. --·-;i·:;5·-·-·-"-' .. ··-·-~-q-12'· .... ---·· .... ·287···--···· .. ~7 .. .-4'9·4 ... -.. -..... 116'4' -.. ... 21:tt9 .. · .. · .. '''--'-'' -- .... --_ .. 

~8.00 1.309 .990 259 -1.917 1258 2283 
·~o.-cro-·"-·· --1.40'8 1;015 - 292 -6'~073 ·1331' 2377 

I 

I 

... ~
~ 
I 



, 
\ , 

____________ .,t, . . _____ ., __ •• ______ ._.~._ 'L -

\ J 

'1-------.-
/ 

• •••••••• ••• -~~-!-!-!-!....!....!-!...!..-.!...!...!-.!-.!....!'~.~~~.!.-'!.~! . .!-...!... •• ~ • .!-!..!...'!...!-!,--.-... --.. - .. ---.-----,---.-.--.... ------~----. ~.---- .-...... --.--- .. ------------

• • 
• M = 20 OT =.20 --- -... ~~, _____ ~_r .... ~ .. __ ....... __ ·_ .. _________ .. __ . _______ ~ 
• • 
• ___ R EYNOL OS NUMBER = _._._f_.OOE+O::..:3:...--_. • .-.. _-------------------------- .-------------------
• • 

----.. ~~,~~-~-~-!~.~~~ . ..!....!...!...!...!...!....!-~.!-! . .!-! ~ .... .!- ••••• ••• • '. -..,.! ••••••• -----.----- --------- .. _--.-_.-._--_._-----

---_._-----------_. --_ .. _.--_._-- ,------------~----

___ i_.!.!~lE _____ .. _______ .. Ft>-.Y.. _____ . .. _._~_~yD ____ ._. _____ lL_. ___ . __ . __ ._5U~1\L __ . ___ .. _J:9 __ ._. __ . __ }: i.J ---- -----------_. 

_______ •. __ ~_!_ 0_0.. __ . _______ • ,;_ 8 ~ __ ",_.__ __!} €t~ ______ U, __ 8 _.. __ .. ___ ~..!.l.~~ ______ ._. ___ _=~_c_____ __ 8J~ 

4.00 .554 .41C 119 3.333 19 202 
___ . ____ .. __ ._ ... _6. . .!.. 90 ___ . ___ . _____ •. 2 .. 9 3 .. __ .. ______ . !..?.U ___ . __ 209 __ ...... _._ ... __ ~,..!..Q ~_~. __ . ____ • __ l?_9 ___ __ 3 .31_ 

8.00 1.568 .77~ 241 5.067 113 446 
10.00 1.414 .90! 240 4.534 201 55«; .. - ----·---------·_"1-2. 0 0-------'--·;-4-SS"·--------···--·-:--sz-e----·---Tis-------·-----i. 7 09--'--"---' -3if2~------- -·--"6-73-------------.--------------------------.-.-
14.00 .418 .110 236 10.322 315 7SQ .. ·---·--I6-~OO- .. --- --------: 5-4i·-···~---.. 7":y4-r----·~ .. -24T--------·--~T:\fiY--·---------- 464---------- ·8<14------·--··-----------·-----·-.. -· .. ···---- .--- .-

_______ . ___ . __ ... ____ .. __ ._t8 .. !_g . .9 _________ .. !.~_~1 ____ "._. ___ .. ! __ 11.L _____ 12't.. _____ ~ __ .:_t.!_Qit? __ .. ____ .. ____ 2.:!~._". ___ ._._.2.~fl.. ---------.-
20.0C .• 171. .657 288 -8.062 619· 10«;3 
_?_?...! <hC> ... _ ___ ___ " • .Y I~__ _ ___ . __ ._ .. _!_~J~l __ . __ ._. _fIL _______ ::~ . .!L1 .. ~_. _____ .. ______ }_~_i! ... ___ .. -.!1§] ____ _ I 

--.-- - -- ... -----~--
24.00 1.281 .11S 266 -9.321 855 127S \JI 

26.00 .«;36 8135 277 -6.282 939 1~84 
28". ·00- -- - .- ---T ~'323----- . -. -"~f11"'--'----"f1"(;' -. -. -:-i:S1q------ --"'1(>'29 ------· .. T49-2 
~Q .• 9.0_ ... . _ .• . ~l:£ .. " .... " .. __ . ,, __ .!.:t~§ __ ~_. ____ }13___ __ __ ._.::'t!..~J_9._. ___ ...J9.~~L ..... _ .. __ J? ~5 .. ______ . __ .. ____ . ________ ._ .. __ 



•••••••••••••••••••••••••••••••••••••••••••••••••• 
_.....- ... _ ~ e. · --··'·_···"--·fi,1--;--20- "'.-" ..... "DT =.20 

• .. 
• REYNOLDS NU~BER = 4.10E+03 • 
• .-.-.'-~- ~'--' -~- -~---
•••••••••••••••••••••••••••••••••••••••••••••••••• 

_....;".,_ .... _~ _____ • _____ '"'-. _,:. ..... ~ .. ~_. __ .,._ .... _,_ _~, .... _"'"' ...... ,~ ••••• -" .. _. ___ ~_ .. _ ................... v ... _ ... _ ... • ..... 

. 
T I/"r: RAV XAVD N SU~V 1'19 Nil 

...... ----.~- -~ ... ~- - .. --~ ,.. ~ ~ ~ ..... ~-" -~~.- -- ~.-- . ~. " ,---.. ~ . 
2.00 .785 • 785 121 1.395 -6 85 

____ .. __________ 4_!.Q~1_ .. _ ...• __ .•. 4}_8 .. _ ... • ~J?,, __ _.4QJt .737 
'. 1~. 182 

6.00 .272 .499 238 -5.876 100 262 
. _. _ .. _~ ~J~J\,--._ .. _ ._. ___ -:!.)} ~ .?~r:L .... ~59 1.941 185 ~56 

1 () • 00 • 827. .390 216 5.193 263 461 
....... ..... _" _..... ! 2 -.0.9 ... ___ .... ..,!41 ! 39~. 295 6.038 340 565 

14.('1) .323 .388 294 5.995 442 66't 
.. ___ ._._ _ _. __ ._ .. J~_.Q~l. ... _.~. . .... :.!2 6 3 ., __ •. }q.7_ .... _ l4? ._. __ .. ~9 •. 843 511 764 

l8.C)!) .423 .320 327 -13.760 596 877 
.... __ .. __ ... 2Q.! .. O.O .......• 551 .3~} 287 .". -14.12) 136 977 

22.00 .525 .360 295 -6.627 834 1071 
_ .... ____ .. ~._J~~9.l!_ .............• 379 

26.0{) .156 
.• 3~1 .. _ . ~.O9 -1.172 917 1114 • ,j::. 

.345 309 -7.296 1010 1281 0-

____ .. _.'."_ ,,,._ .. ,__ .2 ~~.~_9.Q. __ .. _. • 5 1 ~_ .351 
~"" " ,c 

3~.O -6.868 l079 1361 • 
30.00 .908 .394 358 -1\8_ 309 1185 1457 

, 'I .i 



•••••••••••••••••••••••••••••••••••••••••••••••••• 
_.!... ___ , ... __ ,_,_ .. "". . __ . ~ _ .... ~~ __ . .. .~ .. _ .. ," __ ,....0->-0. ~ .,..~ - -: 

• M = 20 ~T :.20 • 
-~---.-." 

-_._-._ .. --- • 
• REYNOLDS NUMBER = 6.00E+03 • 
• • ___ • __ "._r" ____ ~~. __ 

...•..........•..........•..•.......... , ......... . 

TIME F' AV XAVO N SUMV N9 

2.00 .707 .107 135 1.236 -1 
._ ... _. __ ._ .. ___ 't.!....QQ _._._><._t!'"<.~>-~ ..... ,. .. _."." .... !_2..2.Q .. _ .. _ ... ,,_. " .. 2Z.0_....... • 30 ~ . t 1_. 

6.00 .644 .852 264 -1.124 81 
.... _._._ _"' .____ __ ._.JL~_QiL_._ .. ___ ._._~~~.Q. ___ ._ ._ ' ...• JHt?__ ..... ~ .. )! ~~_ .. _ .. _.. - 3. 1 ~!t 2 t~ ... _ .. 

10.00 .170 .678 253 -3.440 313 
.. __ ..... _._ .. _. __ ......... ~t?.!_09.......£,.2.9 ..67Q. ____ .. _ .. 2Jt6 . -:-9.727 373 

14.0~ .197 .688 306 -12.063 434 
____ . __ ... ___ . ___ ...... ,,_l.o_! . ..Q .. Q .•.. ~_. _ ....... '!]Q 5 ... _ . __ ............... (?~(L _ ... _., .~.?J . __ ... _.-: l5 .• dt9 .. 5.... _ , " .5. 3 () 

18.CO .049 .619 304 -7.803 650 
..... 2D . .!Jlf' .3.84 .59.5. 311 -4~932 754 

22.00 .627 .598 314 -5.423 860 
_._._ .. __ .... _._.~.~_!g_o. .... __ ... •. .3..1.9. _._ .. _ .. 5 ~9 311 - 3.532. 987 

26.00 -.115 .527 311 -3.439 1081 
28.00 .549 .528 ·306 -14.000 1194 · .. -·------------· .. ·----3ij:-t:cl - ···i~i)·f3-.. ~561---- ""291 -i3·~·693 1293 

~!' 1 
{"OJ J.. 400 

--
66 

_.163 
255 
343 
434 
541 
660 
749 
846 
935 

1026 
1102 
1208 
1300 
1416 

\ .~ 

I 

*'"" --J 
I 



•••••••••••••••••••••••••••••••••••••••••••••••••• 
. ---!----....... , .. "'~- .. ,-'~ .~~,--,-. _ .. ,.~ ~ ~ ...... , .. " .... ~ ~' .... , ................. , .. 

• M = 2Q DT =.::!O • 
____ .!e_._.,_ .. _. __ .,_, .. ___ ._ ..... __ .... '".... . •. _'_'_'~._y __ . ___ ... _. _.". ~ _WV_"'_~· ". 

• RfVf<'llDS Nll~A'3fR = 8.00E+03 • 
• • ,~---- -.~ .. -.,--.~-~-- .... ---- ~ .. 

••••••••••••••••••••••••••••••••••••• ••••••••••••• 

--_.--•. -.. -- - - -"'- _." . 
T T "-1£ RAV XAVD N SUMV 

2.00 .664 .664 135 1.423 
__ "_' __ ""_'_' ._ ... _ .. _ .. _~·_.q9 .. __ .. , ... ;'!.~.~.5. .... _ .. __ .• _ .. ~2~C~Q..., .'0 _._._~! 'L_ » •• ,.... ?! .. 8_4 J 

6.(1) .940 .646 213 6.273 
._ ..... JJ_!.Y.).,.o. __ ... -._,~.!..t~ ........... " ,!_6,2.'t. ........... _ .... }J.1.. .__ .~_? •. 93.2 

10.00 .776 ~686 342 -6.207 
.. ,~?!.Q9_._._ ,_~.~1_8 .6]'?._ " .. }.?.!~_ .. _ ... -:-.9.842 

14.00 .454 .643 317 -10.105 
__ . ________ .. ________ 12. 00 ...... ' ...... _".J_?',.~" ... _ ... ~.2Q J,,"_.... . 390 ......... :-:-J.l.,Q.2 7 

18.00 -.011 .528 313 -1.515 
2,/: .,{iO 
? 2. (!(\ 

.. ,_,f ,!.!.0,9 
26.1}(l 

_.,62.9 
.662 

.. _ ... _, .... 3 ~L'! 
.325 

28.0n .OQ4 -.-----,-----"" .. "3'0':'0"0 " .. "' '._,,- :":'2'15' 

..• 5,ft,!) ... . .J 10.... -11, 123 
.556 335 -10.610 

. _~.? :'-1 334 . - 7 .. 3,45 
.553 342 -16.456 

.. ,!'2lJ_, __ ,,_ .. 3,1 .. _ .. , .. , :-9.308 
.470 358 -12.132 

N9 

-1 
. _""l!t ... ,_, __ 

73 
144" ... 
221 
328 
449 
~85 . 
670 
711 
871 
968 

1071 
.. t.l.86 
1213 

Nil 

12 
1.69,._ 
254 
33 .. ~ 
437 
543 
634 
715 
81" 
919 
994 

1098 
1187 
12£>1, 
1369 

, .;) 
j 

I 
~ 
00 
I 



" . 

•••••••••••••••••••••••••••••••••••••••••••••••••• 
-~ ....... -,--... --.... ,.--.--<-..• ".,.---, .... _- ..... ~-.-.-.~..... . , ......... - -.... "- • 

• ,.., = 20 [)T =.2'" • 
---.!. '" ,--_ .. " .-.. ' • 

• ?EY~JLOS NUMBEP = 1.OOE+04 • 
_. __ .fJJ ._~_. ___ _ • 

•••••••••••••••••••••••••••••••••••••••••••••••••• 

T I ME Rf,V XA.VO N 

2.(\0 .650 i650 141 
.. ______ . ___ .. _ ........... _~_~d).D..__ _ _ ...• 3~.5. .. ' .... ___ ..• 5G8 _."_" .. 232. __ .... _. 

6.00 .201 .406 211 
..... __ ... ~.!.O.Q_ ..~J48 .. _ .. _ .. _._. . •. 3!tl ~.9.~L. 

10.00 .034 .280 318 
______ .. _ ___. ._ .. ' I.?..!" 9_0. ......... .. •. ~.o 0 • :3 'l.Q .312 

14.00 .553 .336 323 
________ ._ .. _. ___ . __ ._H~.'_.Q.Q_..... . _ •. 38~. .. ____ .3 ~2_ '''' ... _3.1.8 

Id.OO .601 .311' 323 
._ ... _ ...... 49.9Q ... ____ ..• ~8.3. • 31.2 .. _:3~.7. 

22.00 .128 .350 344 
.... ?it.dID._ .~~?l~L_._.c. .... __ .2~.~ .. ~.~5 .. _ . 

26.00 .575 .319 339 
_ .. ____ .... ___ . ____ ..... 28 .!.r.~"- ___ ._~._ .. > ._~.~?~L __ . .. • ~J.~_"" .... ~]~~. 

30.00 -.092 .288 386 

\. , 

,... --" " .. 

SUMV N9 Nll 

.412 -10 69 
-1.533 .' ...... 0. "'" 16.8 
-6.136 72 257 
-4.211 .... 1.10 333 
-3.901 279 403 
-i •. aS 7 401 AS1 
-b.l14 513 564 

... ::-.1.3. 3Q~ b25. 657 
-20.850 136 141 
-11.~95.~ 853 810 I 

,:::.. 
-13.:;}21 951 399 -.D 

-9.517 . 1051 994 I 

-5.851 1194 1067 
-] .•. 108 ..... 1216 1146 
-5.751 1384 1230 



•••••••••••••••••••••••••••••••••••••••••••••••••• 
• ,_ .. "'_~ .. __ •• __ , .. , ........ ~"'.~~ .... "._ .... ,,.-...... •• _. ~ .... ,.,_ .... ~-"" ~,. ~. '-_ .. __ .... , ............ ~"" ... ~_ , __ '.~" ..... _ >. '''' _ ......... ~_ • .s _,r",-" _~ ,.~ ..... ~ _ .. ~ ... _ ' ... _~,_" ..... ,.!., 

• H = 20 DT =.20 • 
___ --.! __ .. __ ,_e ••• " •• '_ .... __ ~ .... ~ ~."'~ __ ._, _,~ _. •• ~.~ __ ...... • '_~'" _ • 

• REYNOLDS ~U~~ED = 2.10~+04 • 
• ,_ .. _._---- .. 
•••••••••••••••••••••••••••••••••••••••••••••••••• 

- .. ~--.---~. ~ .-

TIME P II V XA.VO N SU!lW N9 Nli 

2.00 .19q .199 131 1.5&8 -12 81 
_. __ .... __ " ..•. ___ ..... _." .... ~_ •. Q.Q_ .... _ . , .. _!.f.?Jl ... __ . ...:_. ___ .... 2..2.~", .. _ ... ~ . .l5 ... __ . _.. -. 1fH .. ___ .~'" .. _lJL.~_. .. __ .l<:t.'L, ... 

6.00 -.280 .059 288 5.241 82 - 230 
_____ ._ .... _ .. _._.~.!"Q.V_. __ .. ... _. ~J .. ~L_._. ____ ~.1..1~. _ .. __ . __ .. :~~5 ~. 3.9J .... __ ._ ... _t3J~_'-._ .. ~().9 .. _. __ .. 

10.00 .108 .160 380 -2.301 230 390 
._ ....... __ ._!.?.!_Q~)._ ..... .. _ ..... =:! Q3~ .... ___ .. _ ... t~.!L._ ... _._ ... 39J~. _ .... _._. _.~.!" . .1.4 .. 9._ ...... __ .. ).iZ .. __ ....... __ ... ~.Q~ ... _. 

14.00 .085 .121 384 -3.234 488 528 
____ .. _._._ ........... H:> .. • Q.fL ... _ ..... • .. ?JH .. ___ .... __ . __ .~.l~Q __ .. ~ ._ ..... ??J._._ ..... :::10 d~.!5 I_.~ ___ . __ ",~.z..CL __ ... ~_.Q .. ZJt .. . 

18.00 .080 .169 364 -11.523 122 114 
2 {j .... (!<? ._.. .1 76 ~ 169_. . .~~~L. -12.17~ .. __ .... _.8J.1. ___ ... _ .. _ 18? 
22.0n .062 .160 421 -14.1Q2 910 869 

. ~,-~----~~-. 2.'! .• ycL...... ~ .. !' 264 _... ..124. __ ... __ '~15 -11. 712.VJ40 ._ .9.'t5 
26.0U .650 .165 389 -17.102 1189 1022 
28.00 .367 .119 393 -15.558 1301 1106 -_ .. _ ... _-,,_ .. _ ..... ·--.. 3 .. ir~-cj~(f-· ·"--·-"--~·~-334···" ... . .189 ..... -. ~-392- ........ -9'~ 92"i' "'141'ej'-'" 119'8'--' 

1 .~ 

I 
U1 
o 



'. 
\ 

---.. -"'--"- .\ ... _ .... __ .. __ .. _ ..... . 
.' 

)-------- )---... _ ....... _--_._--

_. • •. ~_I!-~.~~_.~ __ ~~~_~.~...!...~~..!._!.._! .. ~ . .!_!._! • .!. . ..!._!_!_~~!_~!...!_!_~_~!...!t_'!_.~...!-!~. • .~.;..... __ _ 

• • 
--!-__ 1-=.. 20._. __ ... _ ... _-.!?J_.~_20 . • ._--_. __ ._------_. 

• • 
.... _ ... __ AJYNOLDS NUI'-1BE8_ =_._~~_Q9E~:J!~_ .. __ _ • 
• • 
-~ .. ! ... !._!_.!._ ! __ ~._~._!_!_..!_~~!_.!.~!..~_~_.!-.!...!_!_~_.!_ .. ~!_~.:!..~. • • •• • • ~_!,..!t_.!_.4!. . .!' • •• • • ~ ----------------

--~-----------. .---------.-------~-----

.......... _ .......... _LE:L~__ ... _. __ ._.g.A\L _____ ..... _~.~.Y'L __ ._._ .. ___ .tL. ___ ._._.s.~!1..¥ ____ .... ___ . .......1!<L _______ Nll .. ____ .. _ ... _... . _____ ... _ 

__ ._~ ... _ .... _._ .. __ ...... __ .~.09_ ... ____ .J~~. _____ .• 16.§.._. ___ . ___ 144 ____ ._.?~?~p __ ... _._. ___ L. ____ 2~ __ ._._ ....... _ 
4.00 .518 .343 238 -.598 27 135 

_______ . __ .. ___ f? 0 C .~._~ _______ ~~. 2 q 1. -:L.198 ____ ,-1, 0.)... 2 08 _____ . _____ .. 

8.00 .043 .231 332 -.445 190 278 
_ ..... _ .. _ ..... _ .. _. __ ... __ .Hh~ _____ ... :: "!.1?}._ ... __ ._. __ .. !.1.9..Q ... _. _______ .. l.~_9 ___ . __ . __ .... _9.~J.Y..f. __ ... _._?~~_ .. ___ .. _3 ~? ______ ... _ .. 

12.00 .009 .135 379 2.012 400 421 
.. __ ._ .. _._. ____ . 1~.!.Q~ __ ._ ..... _-=_!.19._t . ____ ..... ___ .!.QJ!!L __ . ____ 3 8~_. __ .. ____ .. _ ..... __ .... I.~J __ ... _ ...... _?~Q.. .. ____ ._~.~~_ . ___ . _____ _ 

16.00 .093 .OSS 419 1.669 623 5~S 
_____ ........ _._. ___ .. _l§.!.QQ ____ .. ___ .! . .?_?J. ____ .. __ ._. _ ...... ~J,j)l .. _ .... _j~ .. ~._ . ___ -::1_~2.I!L_ .. ___ ~._.13 2 ___ . __ .. 6:3 5 ... ____ ... _._ ... __ ._._._. _______ ._._ 

20.00 .208 .117 445 -2.295 850 7(5 
22.00 .OG6. .115 458 -7.064 977 765 _ ...... __ .............. _ .... ____ .... _. __ .. _ ...... - ...... _ ... -- ..... " ---.-.----.... ---.... -----.--.... - .. -....... -........ -.. - ..... - ..... -._ ......... -.. - .. --... - ... ---.--.-4----... 
24.00 .276 .12€ 466 -17.292 1097 837 

_ ...... ~~ .... ~HL ...... _._.!_J .. 4_8_. _ .. _._ ... ~1~5 ____ .. _it6JL .. __ . ___ .:-.. ~~! .. !t~§ __ .... __ .l.?J·_~~ ... "._." .C;l~ __ . __ .... __ .. _ .. _ .. 
28.00 .033 .131 426 -17.798 1377 997 

-- .. ·1 .. -
V1 ...... 

.. , . ~Q.!..Q..'L _____ ,.::_!.Q}! _ .. __ .. _ ........ ,.!'! .. 4L __ .. , ... .i,~ .. __ ~. ___ .,::J_1.!.1.9.~ .. " __ ...... t4 ~ i ... _._._. ___ .JQ~l. _____ . __ ... _ .. ______ .. ___ . __ ._ ... ___ . __ ---._ ... _--

. __ .- - ....... ,---_ ... _------_.-
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r---------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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