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NUMERICAL STUDIES OF STEADY, VISCOUS, INCOMPRESSIBLE FLOW
IN A CHANNEL WITH A STEP*

by

Donald Greenspan

1. INTRODUCTION.

In this paper we will apply a new digital computer technique to the
study of two dimensional, steady, viscous, incompressible flow through
a channel with a step. The method is vastly more economical and accurate
than time dependent, step-ahead techniques., The power of the method is
contained in the structure of the difference equations, which, for all
Reynolds numbers f , yield diagonally dominant systems of linear algebraic

equations [1]-[3].

2, THE GENERAL PROBLEM.

The initial problem to be considered will be formulated analytically
as follows. Consider the channel with a step which is shown in Figure 2.1.
Let S be the polygon ABCDEFGH and let R be the interiorof S . On R
the equations of motion to be satisfied are the two dimensional, Navier-

Stokes equations, that is,

(2.1) Ay =-w
, QY dw_av dw, _
(2.2) A¢>+R(ax S 3y ax) 0,

>ﬂPunds for the computations described in this paper were made avallable
by the Research Committee of the Graduate School of the University of Wisconsin.
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where ¢ is the stream function, ® 1is the vorticity, and R® is the

Reynolds number. On S the boundary conditions to be satisfied are

oy
2.3 =1, = 0, ;
(2.3) Y e on HG
(2.4) ¥ =0 % _ o, on AB, CD, EF;
’ Y
(2.5) ¥ =0 U _ o, on BC, DE
.- 3 aX 2 b
2 3 6
(2.6) w=3y -2y ,w= l2y-%, on AH;
and
oy _ oW v ., %, .
(2.7) aX—O, aX+6%ay(oai-ayz)—O, on FG .

Conditions (2.6) are those of Poiseuille flow [4], while conditions
(2.7), formulated by R. E. Meyer and communicated privately, make the

flow horizontal and the pressure constant on FG .

3. THE NUMERICAL METHOD.

In this section we will describe in complete generality a numerical
method for approximating solutions of boundary value problem (2.1) - (2.7).
In the discussion, a reference appearing with a difference equation indicates
where a derivation of the equation can be found. Particular examples and

actual computations will be described in the next section.
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) 1
For n a fixed positive integer, determine grid size h from h = —,

o}

Next, on and within polygon ABCDEFGH , construct and number in the usual
way [1] the set of interior grid points Rh and the set of boundary grid points
Sh . With regard to Rh and Sh » 1t will be assumed, with very little loss
of generality, that h can be selected so that Apr Qs B, vy and & are
integral multiples of h .

We will aim at constructing on Rh + Sh a pair of finite sequences of

discrete functions

(k+1)

(3.1) v e 8y

(3.2) w(o),w(l),w(z), ....,a)(k),w(kH)

with the properties that, for some given tolerance €,

(k)

(k+l)‘ P

(3.3) v -y

(k) _ (k+ l)l

(3.4) [ = w <e

at each point of Rh + Sh' All the functions in sequences (3.1) and (3.2) will

be called outer iterates and the particular functions z/z(k) and w(k) will be

taken to be approximations on R}1 + Sh to Y(x,y) and w(x,y), respectively.
(0)

0
For the above purpose, we begin by defining ¥ and 1>( ) as follows.

At each grid point in HG, set 1,0(0) = 1; at each grid point in ABCDEF set
(0)

1//(0) = 0 ; at each grid point in AH determine ¥ from (2.6); and on the

remaining grid points of + 8, determine (0) by linear interpolation along
h
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(0)

the vertical grid lines. At each grid point in AH determine w

(0)

from

(2.6) and on the remaining grid points of Rh + Sh set W =0,

The second element of sequence (3.1) is now determined as follows.

1
At each grid point in HG set ?,1/( )

= 1; at each grid point in ABCDEF set
1 1
2//( ) = 0; and at each grid point in AH , determine 1,0( ) from (2.6). Next,

at each grid point (x,y) in Rh’ write down the difference analogue [ 1]

a5 - W g+ v eern, v + 9 e v + oM e+ 9 ey

= -n2 ol %%,v)

of differential equation (2.1), while at each point (X,y) of Sh which

is interior to FG , write down the difference analogue

(1) (1)

(3.6) v lix,y) = ¥ T(x-h,y)

of the first condition in (2.7). One then solves the linear algebraic system

generated by (3.5) and (3.6) by the generalized Newton's method [1] with
(1)

over-relaxation factor rw and denotes the solution by ¥' ‘, which is of course

defined only on R'h and on those points of Sh which are interior to TG .

The function 1,1/(1) is then defined on this point set by the weighted average

(1)

(3.7) TS R

1-p)5p“), 0sps=1,

(1) onallof R +5 .

thus completing the definition of ¥ h h

The second element of sequence (3.2) is now determined as follows,

At each grid point in AH , determine w(l) from (2.6). At each grid point
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(x,y) which is interior to HG approximate w(l) by [3]

(3.8) Uo(l)(x, y) = h‘% - k‘lgz‘ ?P(l)(x,y-h);

at each grid point (x,y) which is interior to AB, CD and EF approximate

W,

(3.9) ?0(1)(-‘&, y) = —f‘z‘ 2I/(l)(x, y+h) ;

at each grid point (x,y) interior to BC approximate w by

(1)

(3.10) o= -gzz 4

(x-h, y) ;

at each grid point (x,y) interior to DE approximate w(l) by

—(1) (1)

(3.11) 570, y) = - 5 1 W,y

At the stagnation points B and E, merely set

(3.12) w = 0,

while at F and G, which will never enter into the computations, we do

(1)

not define = at all,

At the points C and D, assume that (3.5) is valid with ‘D(O) replaced

by w(l) , so that at C we approximate :n(l) by
(3.13) Y = - W v + 9P en, v ]

while at D we approximate w(l) by




(3.14) - ——h'lz [w(l)(XJrh,Y)H//(l)(x, y+h) ]

Next, at each point (x,y) of R.h , proceed as follows [2]. Determine

the values
(3.15) ¥ o=y y) - oM xn, v
(3.16) % = M, yrn) - o e vh)

and write down, as is appropriate, the following difference analogues of

differential equation (2.2):

(3.17a) (-4 - AR _ u1m)w(l)(x, v) + as(l)(x+h, v) + (1 + %ﬁ) w(l)(x, v+h)

2 2
20+ 9 0O, vy + 0P y-my =0, (20, Xz 0),
.a7p) (-4 - K2 BB D gy s - BB, v+ 0 + 800 (o, yom)

y oM n, y) + oW, y-h)y =0, (H=z0, ¥ <o),

(1) (1) (1)

(3.17¢) (—4+%@- &2@)@ (x,v) +® (x+h, y) + © (%, y+h)
P+ B 6P,y + 0 - BN e yn =0, (1 <o, %z o),
(3.17d) (-4+ Hé@’ + M“"f’) w(l)(x, y) + (1 - %@)w(l)(x-i-h, v) +£D(l)(x, y+h)

+w(l)(x-—h, y) + (1 - %@')w(l)(x, y-h) =0, (H <0, X <0).

In applying (3.17a)-(3.17d), the values of ® at boundary grid points

not in GF are to be determined from (3.8)-(3.14). Finally, at each grid




point (x,y) interior to FG, we write down the difference analogue

(1) (H (1)

P (X: Y) - D
h

(x, y+h) - 'Y
2h .

(X—hs Y)

(3.18) ) [¥ %, ¥)

vV vy - 29W e )+ W%, yoh)
hZ

+ I=0

of the second condition in (2.7) .
One then solves the linear algebraic system generated by (3.17a)-(3.17d)

and (3.18) by the generalized Newton's method with over-relaxation factor rc0

(1)

This solution is denoted by @ .

(1) (1)

has

To determine ™ at those points of R+ 8§, at which only W

been defined, we use the averaging formula

(1 (0 ,

(3.19) o=y _03(1)

(L-p) , 0sys1,

thus completing the definition of (D(l) on all of Rh + Sh .

2
The numerical method then proceeds by generating ’(//( ) from w(l) just

as w(l) was generated from w(o) and by generating m(z) from z/./(z) just
as w(l) was generated from ?,0(1) . The indicated iteration is continued until,
for some k, (3.3) and (3.4) are valid. Substitution of z,l/(k) and m(k) into

the difference approximations of (2.1) and (2.2) to assure that these are the

desired solutions terminates the method.




4, EXAMPLES.
We shall now try to organize in a comprehensive way the large number

of examples run on the CDC 3600 at the University of Wisconsin. Convergent

-4 1
results were obtained readily for & =10 °, h = —ll-o—, g=1, 6=1,7v = >
=1.8, r = 1.0 as indicated in Table 4.1 . All stream curves are plotted

ry o

in Figures 4.1 - 4.6, while typical equivorticity curves are shown in Figures
4.7 - 4.9. A variety of checks were run to determine the validity of the results
shown in Figures 4.1 - 4.9. For example, for ® = 100 the case a, = 4,
a, = 20, p=0.04, y = 0.7 was run to verify that the channel length to the
right had no effect on the size of the vortex; for & = 200 a more accurate
solution was obtained with € = 10—6 to verify the existence of the vortex on
the left; and for R = 200 Poiseuille conditions were assumed on FG in place
of (2.7), the result being essentially the same as that obtained with (2.7).
Other selected results have been organized in Table 4.2.

From Table 4.1 it can be seen that as the right vortex was increasing in
size, the amount of computing time required for ® > 1000 would have been

exorbitant. Thus, for economy purposes and in order to study better the growth

of the left vortex, a modified problem was studied as follows.

5. FLOW UP A STEP.

The channel shown in Figure 2.1 was modified by eliminating the down-
stream step, as shown in Figure 5.0, The analytical problem formulated in

Section 2 was modified by asking that (2.7) now be satisfied on ED in




Figure 5.0 . The numerical approach to this new problem was essentially

the same as that described in Section 3 . Convergent results were obtained

readily for ¢ =10_4, a = 5, r¢=l.8 and rmzl.o . In the case R = 2000
. 1 , , .
with h =l'6 , convergence was achieved with p = 0,03, pw =0.3 in 100

outer iterations in only 2 minutes 31 seconds of running time. In the case

1
® = 5000 with h =To @ convergence was achieved with p = 0,03, p =0.3

in 100 iterations in only 2 minutes 26 seconds of running time. In the case
1
® = 10000 with h = 10" convergence was achieved with p =0.05, y = 0.7

in 230 iterations in 5 minutes of running time. The streamlines and equivorticity

curves for these cases are shown in Figures 5.1 - 5.6 .
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Approximate

number of outer Approximate

® a, o 1w iterates running time
10 4 0.04 | 0.7 ’30 6 minutes
50 4 0.04 | 0.7 60 8 minutes
100 4 0.04 0.7 100 10 minutes
200 4 0.04 | 0.7 150 12 minutes
500 10 0.03 | 0.85 470 50 minutes
1000 10 0.03 | 0.9 650 91 minutes

Table 4.1
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Table 4.2

Convergent
f a h P r T or
1 K
v @ Divergent
L
10 4 —4— 0 0 1.8 1.0 Divergent
1
10 4 " 0.1 0.5 1.8 1.0 Convergent
1
10 4 " 0.1 | 0.5 | 1.8 1.0 | Divergent
1
10 4 g 0.1 0.1 1.8 1.0 Divergent
10 4 é— 0.7 0.1 1.8 1.0 Divergent
10 4 'é‘ 0.7 0.7 1.8 1.0 Divergent
10° 4 % 0.1 | 0.7 | 1.8 1.0 | Divergent
5 1 .
10 4 3 0.1 0.3 1.8 1.0 Divergent
5 1
10 4 é‘ 0.1 0.3 1.8 0.7 Divergent
105 4 é— 0.1 0.7 1.8 0.7 Divergent
10 4 '115 0.1 0.7 1.8 1.6 Divergent
10 4 _l%)_ 0.1 0.4 1.9 1.0 Divergent
10 4 %6- 0.2 0.7 1.8 1.0 Divergent
100 4 ;— 0.1 0.1 1.8 1.3 Divergent
100 4 1_1()— 0.1 0.7 1.8 1.0 Convergent
500 4 l—lo" 0.07 | 0.7 1.8 1.0 Divergent
500 4 .l_l(_)- 0.03 0.451 1.8 1.0 Divergent
. 500 4 —1_16 0.04 | 0.6 1.8 1.0 Divergent
10° 4 'fla 0.02 | 0.5 | 1.8 1.0 | Divergent
103 4 1'16 0.1 | o0.5 | 1.8 1.0 | Divergent
lO3 4 —1-12)— 0.5 0.5 1.8 1.0 Divergent
103 4 I% 0.5 0.9 1.8 1.0 Divergent
1
103 4 l“(')* 0.1 0.9 1.8 1.0 Convergent
4 1
10 4 —1.6- 0.05 0.8 1.8 1.0 Divergent
4 1
10 4 o 0.051 0.6 1.8 1.0 Divergent
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APPENDIX

PROGRAMMING FLOWS IN A CHANNEL WITH A STEP
M. McClellan

Definitions of Main Program Variables and Parameters

PSI, W = sgtream function and vorticity vectors,resp:

XL < XSL < XSR < XR = left end of channel, left end of step, right end of
step, right end of channel, resp.

D

width of channel at step (D < 1.0, max width).

H

i

grid size.

M, N = number of vertical and horizontal lines in grid, resp.

H

OMEGAP relaxation factor for PSI inner-iterations.

OMEGAW

il

relaxation factor for W inner-iterations.

RHO, MU = weights for PSI and W, resp.

TOLP = tolerance for PSI inner- and outer-iterations.

TOLW = tolerance for W inner- and outer-iterations.

TOLTEST = number of outer-iterations between tests for problem convergence.
TOLTESTP = number of PSI inner-iterations between tests for convergence.
TOLTESTW = number of W inner-iterations between tests for convergence.
ITERMAX = maximum number of outer-iterations for both PSI and W .
ITERMAXP = maximum number of inner-iterations for PSI .

ITERMAXW = maximum number of inner-iterations for W .

Program switches

PCONV = 1, if PSI outer-iterations have converged.
TAPEUSE = 1 , if PSI and W are to be saved on tape.
INPTAPE = | , if PSI and W are to be initialized from tape.

RET = return address from W relaxation-coefficients block.




c

C
c

c

901

904

906

21 03704768
PROGRAM NSZ2AB

DIMENSION PSI(241,11),W(241, 11);PSISAV(241 11).NSAV(241:11)
CUMMON/PARAMS/ MsN2M3L,MSL,MSK, MR, MSLP1.NB2NST.MP,NP,XSL s+ XSR, XL,

1 H.M3

TYPE REAL MU.MU1L

TYPE INTEGER TOLTEST,TOLTESTR, TOLTESTN RET
TYPE LOGICAL PCONV.TAPEUSE,INPTAFE

REAL INPUT. S o

READ 901, NPROBS

FORMAT(15)

N0 70 IPROB=1,NPROBS

READ 904, XLsXSLsXSR,XR,D,H,CMEGAP, OMEGAW,RHO,MU, TOLP,TOLH.R

FORMAT(10F5,2E5,E10)

READ. 9062 MPsNP, ITERMAX.TOLTEST .1 TERMAXP,TOLTESTP,.
ITERMAXW, TOLTESTW, TAPEUSE, INPTAPE

FORMAT(815,2L5)

1

COMRUTE INITIAL PARAMETERS. N
XCHEXR=~XL,
XCHL=XSL=XL..
XCHR=XR=XSR
X5=XSR-XSL
M;XCH/H*1.5
MSL=XCHL/ZH*1.5 .
MSRS(XSR=XL)/H+*1,5
ME=XS/H+1.5. . N .

MREXCHR/H+1.5
MELP1=MSL.+1
M5L.1=MSL=1
MSRP1=MSR#*1
MGR1=MSR=1

N31.0/H®1,5 e e . e

NR=(1,0~ D)/H*l 5
NHP1lsNB+1

NH1=NB-1
NST=sD/H+1,5.
Mi=M=1
 Ni=N=1

NPTS= M*NF(MS 2)*N81
HZ2zHeH
CP1=1.0~-0OMEGAP
CP2=0.,25+0MEGAP
CW00=1.0=0MEGAW
CuBs2,/H2_.
CWe=1,0/H2
CH7=HZ2%0OMEGAW
R2=0.5+R

Cw=1.0

RHO1=1.~RHKO
MUl=1.-MU . -
RMAX= RMAXPSV 1. E+5
ITER=]TOL=0

PRINT INITIAL PARAMETERS.,

PRINT 909,

XCHs XCHL » XCHR»XS»CW,DsH,NsM,NPTS,OMEGAP, OMEGAW,
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22 03/04/68

1 TOLP.TOLW.TOLTEST,ITERMAX. N — -
FORMAT(1H1,10X,13HPROBLEM NO. e;iOX 82HNAVIER STOKFS EQUATIONS FOR
-1 FLOW IN A _CHANNEL. WITH STEP. (LPSTREAM=DOWNSTREAM.CASE) // _

2 20X,19HLENGTH QF CHANNEL =,FR,4,31H WITH LENGTH TO LEFT OF STEP

. 23,F8.4 / 49X,29HAND LENGTH TC FIGWT OF STEP =.F8.4 /7 . . . .

58X, 20HAND LENGTH OF STEP =z,F8.4 /
20X, 22HWIDE PART OF CHANNEL =,Fg.4 /
20X, 24HNARROW PART OF CHANNEL =,FR,4 /
20X, 15HGRID SIZE (H) =,F10.6 /

2,15 / 20X, 19HTOTAL GRID PCINTS =,17 7/ B IS o
20X, 39HRELAXATION FACTOR FOR STREAM FUNCTION =, F6.2 /

20X, S3HRELAXATION FACTOR FOR VORTICITY =.F6.2 /.

20X,19HTOLERANCE FOR PSI =,E10.1 /7 20X, 17HTOLERANCE FOR W -»ElU 1

/ 20X,43HTOLERANCE TEST CYCLE.FCR OQUTER-ITERATIONS =15 /. R
20X, SOHMAXIMUM NUMBER OF ITERATIONS =,16 )
PRINT 9091, [TERMAXP,TOLTESTF,ITERMAXW,TOLTESTW,R,RHOSMU

VEONNOUN D BN

9091 FORMAT(20X,43HMAXIMUM ITERATIONS FOR PSI-INNER- ITERATIONS, 16 /

[ N

C
8
c
9
91

912.

c
c
c
c
c

10
100

100

20X, 47HTOLERANCE TEST CYCLE FCR PS!1 INNER-ITERATIONS =,16 /4 _
20X, 41HMAXIMUM ITERATIONS FCR W~-INNER-ITERATIONS,16 /

20X:45HTAQLERANCE TEST CYCLE FCR W. INNER-ITERATIONS =.[6 /

20X, 17HREYNOLDS NUMRER =,F10,2 /

20X, 25HWEIGRTING (RHO) FQR FSI =F6.2 /.. . .

20X, 22HWEIGHTING (MU) FOR W =,Fé6,2 //)

[s BRI N AN\

INITIALIZE VECTORS W AND PSI,
IFCINPTAPE)Y 5,8
INITYALIZE FROM INPUT TAPE.
REWIND 5 .
DG 6 J=1sN
READ (5) (PSI(I,J)sIl=1,M)
DO 7 J=1sN
READ (5) (W(l.J)o151.M)
GO Tn 9
INITIALIZE BY STANDARD PROCEDURE.
CALL INIT2AB(W,PS])
PRINT INITIAL VECTORS W AND PSI.
PRINT 911, ITER,RMAX
1 FORMAT(///10X,16HAT ITERATION NO,,16,20H MAXIMUM RESIDUAL =,E12.4.
1 /20%,15HSTREAM FUNCTION)
CALL PRTMAT(PSI) . . .
PRINT 912
FORMAT(//20X. 9HVORTICITY ) .
CALL PRTMAT (W)

REGIN MAIN LOOF.

TEST.IF VECTORS .T0 BE SAVED ON_TAPE,
IF(TAPEUSE) 1003,101
I.PisITERZL00.
P2=1TER/100,
IFE(P1 . NE. P2) GO TO 101 . .
REWIND 5
D0 1005 dsi.N S
6 WRITE (5) (PSIC(I, J).! 1 M)

20X,25HNO. OF HOROZONTAL LINES =,15,28H AND NO. OF VERTICAL LINES
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00 1006 J=1,N

1004 WRITE (5) (W(I JYs1=1,M)
U oS U
101 ITER ITER*l

102
105

106

12

15
17

20

22...

23

25

(e Ne]

26

27

29
30
c

§WEFP STREAM FUNCTION IN REGION ABCVE STEP,

ITOL=1TOL+1
ng 102 J=2,N1

DO 102 1=2.M -
PSISAV(I,J)=PSI(I,J)
RMAXP=1,E94 e e
ITERP=0
ITOLP=0
ITERP=ITERP+1
ITOLP=ITOLP+1
TFECITOLP LT,

TOLTESTP) 15,25

SWEEP STREAM FUNGTION IN REGIONS T€ LEFT AND RIGHT BELOW STEP,

DO 20 J=2.NB
D0 17 [=2,MS8L1
PSI(1,J)sCP1*PSI(I,J) #CP2w(FSI(1+1, )+PSICI,J*+1)+PS1(1-1.,J)
1 + PSICI,J=1)+H2*W(],U))
Do 20 1=MSRP1.ML . . .
PSI(1,J)=CP1»PSI(1,J)
1 » PSICIad=1)+H2*W(],J))
SWEEP STREAM FUNCTION IN REGIOMN ABCVE STEP.
DO 22 J=NBP1l,N1
DN 22 1=2,M1

PSI(1,J)=CPL*PSI(l.d) +CP22(FS1(1+1,J)+PSICI,J+1)+PSIC(LI1,d)

1 » PSIC(I,J=1)+H2#W(],U))
COMPUTE STREAM FUNCTION ON RIGHT BCUNDARY.
DO 23 J=2,N1
PSI(M,J)sPSI(ML,J)
Gg TH 12

FG.

RMAX1P=0.0
SWEEP STREAM FUNCTION IN REGIOMNS TC LEFT AND RIGHT BELOW STEP.
AND COMPUTE RESIDUALS.

DO 30 J=2.NB

DQ 27 1=2,MS8L1

PSI0LO=PSILI.J) S

PSINEW=CPL{*PS]I ([, J) *CPZ*(PSI(I*i J)*PSI(I J+1)+PSI(I-1:J)
1 +« PSICL,J=1)+H2%uW(].J))

PSI(1,J)=PSINEW

RES=ABSF(PSINEW=PSIQLD)

IF(RES GT. RMAXiP) 26,27

RMAX1LP=sRES .. . ... ...

CONTINUE

DO 30 IsMSRP1,M1i

R310LD=PSIC(I,J)

PSINEW=CPL*PSI(]sJ) #CP2%(PSI(1+1,J)+PSI(I,J+1)+PSI(1=1,)
1« PSICI,dm1)+H2%W(],J))

PSI(LeJ)=PSINEW

RES=ABSF(PSINEW~ PSIOLD)

IF(RES .GT. RMAX1P) 29,30

RMAX1P=RES

CONTINUE

«CP2(PST(1+1,J)+PSI(],J+1)+PSI(1=1,J)

AND COMPUTE RESIDUALS.
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c
c

c

c

305
31

c
315
T

32
9017

9009
9050

T
35
40
915

W

. 401

c

402

403

405

. 443

414

d
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DO 31 JaNBPL,N1
nO 31 1=2,M1

PSIOLD=PSICI.J)_ e e

PSINEHZCPL#PSI(1sJ) +CP2%(PSI (144, )+PSICI,J+1)4PSI(1=1s)
1 + PSI(I.J=1)+H2*W(1,d)) | , o
PSI1(1,J)=PSINEW
RESZABSF(PSINEW-PSIOLD)
IF(RES .GT. RMAX1P) 305,31
RMAX1P=zRES
CONT INUE
RMAXP=RMAX1P
OMPUTE STREAM FUNCTION ON RIGKT BEUNDARY WITHOUT RESIDUALS,
DO 315 J=2.N1 | | A
PST(M,J)=PSI(ML,J)

EST PS] INNER-ITERATIONS FOR LIVERGENCE,
1F (RMAXP.GT« 1.E%5 ) 32,35
PRINT 9017, RMAXP,1TERP

FORMAT(//77H %#%w%x DIVERGENCE I[N PSI-INNER~-ITERATIONS. PROBLEM
1ANDONED, MAX RESIDUAL =E15,6,8k AT ITER,16 )

MP=NPs1. - , o

PRINT 9009

FORMAT(/ 20X:20HSTREAM FUNCTIOM, PSI ). . .

CALL PRTMAT(PSI)

PRINT 9050 . S - .
FORMAT (/ 20X 12HVORTICITY. W)

CALL PRTMAT (W)

GO TOo 70
EST PSI INNER-ITERATIONS FOR CONVERGENCE,

IF(RMAXP.LE, TOLP) 40,45

_PRINT 915, [TERP,TOLP,RMAXP,ITER

FORMAT( 26H wwew® AT INNER=ITERATION,16,10H TOLERANCE,E10.1,

_AB .

1 34H SATISFIED WITH MAXIMUM RESITCUAL =.,E15.6,10H FOR PSI(,»1521H))

EIGHT STREAM FUNCTION IN INTERICR AND ON RIGHT BOUNDARY.
DO 402 J=2.NB
DO 401 [=2,MSL1
PSI(1.,J)sRHO*PSISAV(I,J)+RHO1#FSTI(1,J)
DY 402 1=MSRP1,M
PSI(12J)sRHO*PSISAV(I,J)+RHOL1*FSI(1,J)
B0 403 J=NBP1,N1
N0 403 . 122.M
PSI(I:J)oRHO*PSISAV(I J)*RHOi*FSY(I J)
IFCITOL.LT. TOLTEST) 50.405
170L=0
IF(ITER .EQ.1) GO TO 50
RMAX1=0,0

OMPUTF OUTER=-ITERATION RESIDUALS FQR STREAM FUNCTIQN,
No 42Js2.NB. I
DO 414 1s2,MSL1
RES=ABSF(PSI(I)=PSISAV(I,d))
IF(RES .GT. RMAX1) 443,414
RMAX1=RES = .
CONTINUE
D042 1sMSRP1.M »
RES=ABSF(PSI (1. J)-PSISAV(I J))
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IF(RES .GT. RMAX1) 416,42
416 R4AX1=RES

.42 . CONTINUE.. _ O N U U U O

DO 423 J= NRPI,Nl
DO 423 [=2.M
RES=ABSF(PSI(],J)~ PSISAV(I N
IF(RES .GT. RMAXL) 422,423

422 RMAX1=RES

423  CONTINUE. L o R , R

RMAX=RMAXPSY= RMAX1

TEST PS! QUTER~ITERATIONS FOR LIVERGENCE.
432 PRINT 9432, I[TER,RMAX

9432 FORMAT(//S6H #wew+ DIVERGENCE [N STREAM FUNCTION AT QUTER-ITERATL

10N, 16,204 MAXIMUM RESIDUAL =,E12.4 )

MP=ENP=1

PRINT 9009

CALL PRTMAT(PSI) S e -
PRINT 9050

CALL PRTMAT(W). S — e e e e e e e =

GO TOo 70
TEST PS] QUTER=ITERATIONS FQR CONVERGENCE.,

tF CONVERGENCE. GQ TO COMPUTE ANC TEST VORTICITY.
435 PCONV=D
1F(RMAX LE. TOLP) 440,448

440 PRINT 9440, ITER:TQLP,RMAX . e

944n FORMAT( 26H www AT OUTER ITERATION:Ié 14H PSI »TOLERANCE,E10.1
1 ;34H SATISFIED WITH MAXIMUM RES!DUAL =.E15.6 /)
PCONVEL
GO To 50

FOR VORTICLTY . -
COMPUTF OUTER~- ITERATION RESIDUALq EVERYWHERE BUT LEFT 'BOUNDARY, AH.
4402 RMAX1=0.0 :
DO 442 J=1.NB
DO 441 [=2.MSL. - }
RES=ABSF(W(I, J)'WSAV(I;J))

~ 1F(RES .GT. RMAX1) 4405.,441 : e e

4405 RMAX1=RES

441 CONTINUE
N0 442 1=MSR, M
RES=ABSF(W(I,J)=WSAV(1.Jd))
IF(RES +GT. RMAX1) 4415,442

4418 RMAX1sRES . .. .. L e e e

442 CONTINUE
DO 443 JsNBP1,N
DO 443 [=2,M
RES=ABSF(W(I,J)=-WSAV(I,J))
IF(RES .GT. RMAX1) 4425,443

4428 RMAXLERES

443 CONTINUE
RMAX=RMAX]

TEST VORTICITY QUTER-ITERATIONS FOR DIVERGENCE.
1F(RMAX .GT.1,E+5) 4432,4435
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4432 PRINT 9532, ITER,RMAX —
9532 FORMAT(//50H *+*** DIVERGENCE I[N VORTICITY AT OUTER=- ITERATION, 16,
.1 20H._ MAXIMUM RESIDUAL 3:FE12.4.) . _ . . e
MPaNP=1
PRINT 9009 e _ , o , R
CALL PRTMAT(PS!)
PRINT 9050 . o - , , o
CALL PRTMAT(W)
. Ga. To 70 R
c TEST VORTICITY QUTER=ITERATIONS FOR CONVERGENCE.
c 1F CONVERGENCE:s AND IF. PSI HAS CCNVERGED., SOLUTION ORTAINED. .
4435 1F(RMAX .LE, TOLW) 4439,445
4439 PRINT 9443, ITER.TOLW,RMAX
9443 FORMAT( 26H wew AT OUTER-1TERATION,16,12H W-TOLERANCE,E10.1
1 .34H SATISFIED WITH MAXIMUM RES!IDUAL =,F15.6 /) . ,
IF(PCONV) 444,48
444 MP=NP=1 L e S L
PRINT 9009
CALL PRTMAT(PSI)Y .. .
PRINT 9050
; CALL PRIMAT(W)
o SAVE SOLUTION ON TAPE, IF REQUIRED.
4444 IF(TAPEUSE) 4442,70 ...
4442 REWIND 5
N0 4444 Jsi,N. . .
4444 WRITE (5) (PSI(I,J),1=1,M)
. DO 4445 Jsi.N | ,
4445 WRITE (5) (W(l,J),1=1,M)
L 6o To 70 . o ; o
c TEST IF MAXIMUM OUTER ITERATIONS EXCEEDED,
445 PRINT 9445, ITER,RMAX - . o
9445 FORMAT(26H wwx AT OUTER=ITERATION,16,34H MAXIMUM RESIDUAL FOR
_1VORTICLITY =,E15,6 /). . , . B
IF(ITER .GE. ITERMAX) 447,48
447 PRINT 913. . o
913 FORMAT(//65H *%wesx MAXIMUM NUMBER OF OUTER-ITERATIONS USED, ARAND
10N PROBLEM. ) o , _ .
MR=NP=z1
CPRINT 9009 .
CALL PRTMAT(PSI)
... PRINT 9050 .
CALL PRTMAT(W)
... B0.TO 4441 . .. o
c
448_ PRINT 9448: ITER.RMAXPSY . B
9448 FORMAT(26H wew AT QUTER=ITERATION,I16,40H MAXIMUM RESIDUAL FOR

_-1STREAM_FUNCTION =.E15.6 /). : e e

GO To 50
c TEST [F MAXIMUM PS1 INNER-ITERATIOANS EXCEEDED.

45 IFC(ITERP.GE. ITERMAXP) 47,106

47 . PRINT 9013, RMAXPLITERP . = .. —

9013 FORMAT(// BBH *#www MAXIMUM NLMPEP OF INNER-ITERATIONS USED FOR S
- 1TREAM _FUNCTION. . MAXIMUM RESIDLAL =E12.4,8H AT ITER,16 ) -
MP=NP=1
— S PRINT. Q009 .
CALL PRTMAT(PSI)
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PRINT 9050

CALL PRTMAT (W)
e GRT0 70 e e e

48 PRINT 9009
CALL PRTMAT(PSI)
PRINT 9050
CALL PRTMAT(HW)
- . PRINT 9480 T . e S
948n FORMAT(///)
GO TOo 10

C
" ALOCK TO COMPUTE CW-COEFFICIENTS FER VORTICITY.

4800 A=PSI(l+1,0)=PSI(]=1,J)

] C REPSI(laJ+1)=PSI(]l,d=1) i e - e
R2A=R2*A
R2BR=R2*8
IF(R2A .GE. 0,) 4851,4855

4851 1F(R2B .GE. 0.,) 4852,4853

4852 CWU0=4.,0+R2A+R28B

_CWlscWdas1,0 .. . L O

CW2s1.+R2A
CW3=1,0+R2B
60 TO 48640

4853 LW0s4,0+R2A~R2R
Ca3=CW4=1,0
CW2=1.0+R2A e e et et e e e e
fWi=1.0=R2H
69 To 48640

4855 [F(R2B .GE. 0.,) 4856,4857

4B56 Cw0=4.0-R2A+R2R
CWwi=CW2=1,0

CCW3s1.0¢R28B. . . . o ) . R e e

CwWwaz1,0-R2A
GO TO 48640

4857 CWl=4,0-R2A-R2B
CW2=CH3=1,0
CWwi=1.,0~-R2R
c iy il,a. Q'R 2 A e e+ e e e e e o [

4860 CWO=QMEGAW/CW]
G0 TO (525,53,54,639,6403,648), RET
C
590 RMAXW=1,E91
C _ SAVE_VORTICITY OF PREVIQUS QUTER=ITERATION. e
D) 502 J=1,N
N 502 I=1.M
502 WSAV(I,J)=W(l,d)
c COMPUTE VORTICITY ON TOP AND BCTTOM ROUNDARIES FOR THIS OUTER-ITER.
C THE LINE AB,
o . ...Dp.5%021 l=2.MSL1 . . . L e
5021 W(I1,1)==CWS=2PSI1(1,2)
c THE LINE CD.
no 5022 I=MSLPL,MSR1
5022 W(l1.NB)==mCW5*PSI(].NBPL)
C THE LINE EF.
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... DQ 5023 1=MSRP1,M1
5023 W(i,1)=-CWB*P3I(!,2)
€. THE LINES CB AND ED. .. . . . —— e e e e o e e
DO 5024 J=2,NB1
.. _W{MSR.J)z=CWS*PSI(MSRP1.,J) = . e _— : B S
5024 W(MSL,J)==«CW5«PSI(MSL1.J)
c THE LINE HG, .
DO 5025 1=2,M1
5025 W(lsN)zCW5*(1,0-PSIC(I,N1)) ...
¢ THE CORNER POINTS C AND D.
W(MSRsNB)s=CWa* (PSI(MSRP1,NB)+FS1(MSR,NBPL1))
W(MSLsNB)=-CW6* (PST(MSL,NBPL)+FSI(MSRL1,NB))

c REGIN VORTICITY INNER-ITERATIONS,
ITERW=D ,
505 ITOLW=D
506 ITERWSITERW*Y
ITOLWSITOLW+L
IFCITOLW JLT. TOLTESTW) 507,63 e
C THE RECTANGULAR REGION BELOW THE STEP ON THE LEFT.
507 RET=1 o R
D 525 U= 2 NB
Do 525 1=2,MSL1
GO TO 4800
525 W(lsJ)=CWOQ®W (I, J)+*CWO*(CWL*k (1%, J)+CW2*¥W(],J+1)+CWIwW(TI=1,J)
1 + CWa=W([,J"1))
C  THE RECTANGULAR REGION BELOW TkRE STEP ON THE RIGHT.
RET=2
N 53 J=2.NB
DO 53 1=MSRPI1, ML
GO TO 4800 .
53 WL, J)=CWODRW(T,J)+CWOr(CUWliwh(]+1,J)«CW2%W (T, J+1)*rw3tw(x-1.J)
o 1 + CWaeW((Tadml)) .
C THE RECTANGUL AR REGION ABOVE ThkEg STEP
RET=3
ng 54 Js NaPl.mi
DO 54 1=:2.M1
GO T0 4800
54 W(Tad)=CWOORW (T, J)*CWOR(CWIwW (I+1,J)*CU2¥ W], J+1)+CWIoW(I~-1,J)
1 & CWawW(I,d=1))
» COMPUTE. VORTICITY ON RIGHT. BOQUNDARY.
N0 56 J=2,N1
BePSI(MyJ+1)-PSI(M,J=1)
CWBR=R2«H
56 . W(MaJ)=CWOOxW (M, J)+(OMEGAW/ (1, +ChBY I (WML, )~ (CWB/H2)*(PST(MJ+1)
1=2.%PSTI(M,J)+PST(M,J=1)))
G0 7O 506 . .

63 . RMAX1W=0.0.
c COMPUTE ONE SWFEP OF VORTICITY IN INTERIOR, AND RESIDUALS,
~.C. _THE RECTANGULAR REGION BELOW.THE STEP ON THE LEFT.
RET=4
AAAAAA DNQ 640 Js=2.NB .
NO 640 1=2,MSL1
e B0 TO 4800 - e
639 WOLDsW(I.J)
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WNEW =cw00*w(1.4)*cwot(cw1fh(!*1,J)+cw2*w<1,J+Lz+cw3~wcl-1.J)
1 & CW4+W(],Jm1))
R WL J)=WNEW. e . B e e s e
RES ABSF(NNEWHWOLD)
IF(RES .GT.RMAX1W) 6395.640
6398 RMAX1W=RES
640 CONTINUE
C THE RECTANGULAR REGION BELOW ThE STEP ON THE RIGHT.
... RET=S8 : . e
00 643 J=2., NR
DO 641 [=MSRP1.M1
GO TO 4800
6403 WOLD=W(I,J)
WNEW =CWOO®W(I,J)+CWOe(CWLiwh(1+4,J)+CH2*W(],J+1)+CHI*W(T-1, J)
1 ¢ CWA*W(l.Jd=1)) ; R ; o , , e
WY, J)=WNEW
RES=ABSF(WNEW-WQLD)
IF(RES GT.RMAX1W) 6405, 641
6408 RMAXLW=RES
641 CONTINUE
C THE RECTANGULAR REGION ABOVE TKHE. STEP, . . ; — S
RET=6
DO 650 J=NRP1,N1
no 650 I[=2.,M1
60 TO 4800
648 WOLD=W(I.,J)
WNEW =CWOO0*W(!,J)2CWO» (CHLek(1+1, ) +CU2%W (], J+1)+CHI®W(I-1,J)
1 » CW4deW(l,J=1))
W(l,J)=WNEWHW
RESSABSF{WNEW=WQOLD)
1F(RES .GT.RMAX1W) 649,650
649 RAAX1IW=RES
650.. CONTINUE . S
C COMPUTE VORT!CITY ON RIGHT BOUADARY WITH RFSIDLALS.
nQ 652 J=2:N1
BsPS1 (M, J+1)~ PSI(M,J 1)
CW8=R2+B
WOLD=W(I,J)
NNENWW;Cﬂﬂ0*ﬂLnLiliLﬂMEﬁAﬂ/&1@*Ck8))*(W(erJ)‘(CWB/HZ)*(PSI(MLJfllﬁ
1=2.%PST1(M, )*PST(MsJ=1)))
W{lasaJ)=WNEW .
RES=ABSF (WNEW™ WOLD)
1F(RES +GT.RMAX1W) 6515,652
6515 RMAX1iW=RES
652 . CONTINUE .
RMAXWERMAX1W

c TEST VORTICITY INNER-ITERATIONS FOR DIVERGENCE,
IF(RMAXW.GT. 1.E*5 ) 665,666
665 PRINT 9665, RMAXW, ITERMW
9665 FORMAT(// 55H_ wwwws DIVERGENCE IN W=ONLY ITERATIONS, MAX RESIDUAL ..
1 3,E12.4.8H AT ITER,16 )
MPENP=1
PRINT 9009
CALL PRTMAT(PSI) .
PRINT 9050




SO o S

¢

1F CONVERGENCE,

e B666.

c.

67

6715

672

I v
- 877

L
¢
70
STOP

6725

675

END OF MAIN LOOP
CCONTINUE

CCALL PRTMAT(W)

GO TO 70

IF(RMAXMK.

PRINT 9067,
9067 FORMAT( 26H **www

wLE..

TEST VORTICITY INNER-ITERATIONS FQR _CONVERGENCE.
THEN WEIGHT ANT GO T0 TEST OUTER~ITERATIONS,
TJOLW) 67,6785 .
ITERW, TOLW.RMAXW,ITER

AT INNER=ITERATION.16s10H TOLERANCEE10.1,

03/04768

1 34H SATISFIED WITH MAXIMUM RESIrUAL =,E15.6,8H

D0 672 J=

1,NB

DO 6715 I=2,MSL. __

W(TeJ)=MURWSAV (], J)+MU1*W(I:J)

no.672..1=

DO 6725

W(laJ)=MUPKSAV (T J)+MULRW (T ,d)

IFCITOL

IFCITERW

MPR=NP=1

PRINT 9009

PRINY. 9677 1.
9677 FORMAT(// BOH #wwww

MSRaM..

[1=2,M

«EQ. 0)

4402,10

CALL PRTMAT(PSI)
PRINT. 9050 __

CALL PRTMAT(W)

WC1sJ)=MUSKSAV (], J)*MUi*W(I-J) A
DO 6725 JsNBPIsN. . .

FOR W(,15,1H) /)

WEIGHT YORTICITY EVERYWHERE EXCEFT.LEFT BQUNDARY. . ...

_TESY IF _MAXIMUM VORTIC!ITY INNER«]TERATIONS EXCEEDED, .
+GE.ITERMAXW) 677,505
RMAXW, ITERW_

MAXIMUM NLMRER OF ITERATIONS USED FOR W-INNER
_ 1+ITERATIONS, MAX RESIDUAL 2,E1Z.,4.84 AT ITER,I6 )

j- - ‘







