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. program to solve rotating plasma problems

y
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\BSTRACT

It is shown that the solution of a rotating plasma problem minimizes a
wuitably chosen functional. This variational problem is solved by means of
‘he Ritz-Galerkin method using piecewise bilinear functions and applying
lewton-COtes-like quadrature. The resulting linear system with sparse non-

legative definite matrix is solved by an adaptive conjugate gradient method.
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[. INTRODUCTION

When inside a cylindrical system a radial electric current fl
an electrically conducting viscous medium in the presence of an ex
applied axial magnetic field, the resulting Lorentz force will put
lium into ah azimuthal motion. Equilibrium is achieved when the Lo
balances the opposing viscous force. This principle is applied in
plasma centrifuges for mass separation of gaseous mixtures,

A calculation model is developed for a system, in which a cur
between two cathodes and a number of anodes. The cathodes are loca
center of the two endplates closing the system and the ringshaped
a prescribed distance on the cylinderwall. The electrode configura

symmetrical in respect to the symmetry plane of the cylinder (fig.

Pl L
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currents anodes

electric

B = magnetic field
jr = radial component of electric current
v = azimuthal velocity

Figure 1., The physical model of the rotating
plasma problems
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'he result is a current distribution with a radial, axial and in p1
f an axial magnetic field also an azimuthal component. The distrit
f the coefficient of viscosity and the electrical conductivity of

)ressible medium is assumed to be uniform.

Je define
v =V, /Ups 6= 0/ (UBR);  u= s
x = r/R; y = z/L;
y = R/L; Ha = BZR(G/n)%; o /o, = 1+32;
V¢ - azimuthal velocity;
U0 - characteristic velocity;
® - electric potential;
B, - magnetic induction;
R,L - radius and half length of cylinder; el
050 - normal and tangential component; of conductivity;
n ~ dynamic viscosity;
Y - inverse aspect ratio;
Ha - Hartmann constant;
B - Hall parameter.

and ¢, the following system of partial differential equations can

:d (see VAN DEN BERG [11])

2
32u 3 3u 2 82u Ha 1 3¢y _
D Tt w2 T 2T xe T
ox oy 1+8
2 2
9 1 9 2 2 ]
) -——% + §-§%+~Y (1+8 ) ——%-— xux—Zu =0; 0<=<x,y<l1,
ox oy

>oundary conditions (see figure 2)
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» matter of fact, VAN DEN BERG [1] derives a system of PDEs for
1ce, however, the equation for v is potentially troublesome at

sems numerically preferable to work with (1.3).

(x.,1) T
y— 3 (1,1)
u=20
9 _
3y EZ(X)
Ju _
5 = 0 u=20
L _ FZ
9x 0 9X fl(y)
ou _ Ei.=
3y 9y 0
) . (1,0)
I11
X

Figure 2. Boundary conditions on T

multiply both sides of (1.3b) with x and integrate partially over
0,1], it turns out that fl(y) and fz(x) are not independent func-

atisfy the integral relation
1 1

J fl(y)dy+v2(1+82) J xf, (x)dx = 0.
0 0




ponding with the homogenity of the current from the ce
iecewise constant function, defined by
C2>O, 0 <x<x
£,(x) =

0 ’ elsewhere.

o’

JATIONAL FORMULATION OF THE PROBLEM

le define the function spaces

CO(R) = {f[f continuous on R; E-g-and 3f
oxX oy
continuous almost everywhere on R}
0 0
C.(R) = {f|f e C(R); £=0, on T, and T_}
0 2 3
le (linear and bilinear) functionals
3- 2.2 2
I(p,q) = J[ x"[p_ +v p_ldxdy
x  y
R
H2 2 2 2, 2
+ a2 [J x[(xp—qx) + v (1+87)q  1dxdy;
148 y
R
0
pe C.(R); q e (
0
2
Ha 0
b(q) = 5 J G(o)q(o)do, q e C (R);
1+8
r
OI 0 € l"lul"a;
_ 2 2
G(o) =y xf, (x) (1+87), 0 € Tys
fl(Y), o € Fz;
2
_ 3 2 Ha
al(Paq) = JJ X (pqu+Y quy + 5 Pq)dxdy;
R 1+8 ’
HZ 2
Ha
aZ(P,Q) = 5 JJ X pqxdxdy;

1+8




2.2
= dxdy.
a3(p,q) Yy Ha JJ Xquy xdy
R

M 1. If (u,¢) Zs a solution of (1.3)-(1.4), it minimizes

E(p,q) = I(p,q) - 2b(q); (p,q) € Cg(R) x CO(R);

1tisfies the relations

) a, (u,p) - a,(p,9) = 0, P e Cg(R);

I

) ma,(0,0) + a3(6,9) = b(@), g e CO®).

ver, u is unique and ¢ is unique up to an additive constant.

If we multiply (1.3a) with x3p and (1.3b) withigHg/(1+Bzﬁq, then

partial integration we obtain (2.9). By using (2.9), we also obta

E(p,)-E(u,0) = I(u=p,¢=q), = 0, b € CQR); q € CQ(R),

proves that E(u,¢) is a minimum. It is not a strong minimum, for

,6=q) = 0, if and only if u = p and ¢ - q = constant. O

{. One can make ¢ unique by introducing an additional constraint. '

ical reasons, we define ¢(0,1) = 0.
NITE ELEMENT SOLUTION

It is a standard result (see e.g. MITCHELL & WAIT [3] or COURANT &
RT [2]) that one can approximate (u,¢) by minimizing E(p,q) over a

a-dimensional subsapce S.xS of Cg(R)XCO(R). For S, we select the s

0
acewise bilinear functions, given a partition of R in rectangles

,xi]X[yj_l,yj] (see e.g. STRANG & FIX [5] or MITCHELL & WAIT [2]).
tion should be given by partitions of the x-interval and the y-int

e input record (see §7).For S., we select the subspace of S satisf

0

aro boundary conditions on Fz and F3.

The minimization of E over the finite element space results in the

n of linear equations




A1 —A2 U 0
T > >
A2 A3 (0] c

- 0 ,0yy. - 0 .
A] = (al(Bi’Bj)), A2 = (az(Bi’Bj)):
A, = (a,(B.,B.)); ¢ = (b(B;))
3 = (338005 e = (0(By)),

{Bg} and {Bi} are the basis functions of S, and S, respectively and

1’ A2 and A3 are 9-
lal, while A, and A4 are also symmetric; hence the overall matrix is

0
as 3, 2, and b are given by (2.3)-(2.7). A

ric and 27- diagonal.
w trimming of the matrix

jystem (3.1) can be made still sparser if the energy functional E is
:imated by a suitable quadrature rule.
)n any rectangle [xi_l,xijx[yj_l,yj], we define
X,y
J )
y

i-1

J :
x"F(x,y)dxdy ~ wlF(xi_l,yj_]) + wzF(xi_l,yj)

j-1
+ wBF(xi,yj_l) + w4F(Xi’yj)’

the weights WyseensW, are chosen such that (3.3) is exact, if F is
:ar on [xi_l,xi]X[yj_l,yj]. If we use (3.3) to approximate the inte-

[ defined by (2.2), it is consequently used to approximate the entries
T A2 and A3. The result is a further trimming of these
zes: Al and A3 are reduced to penta-diagonal matrices and A3 even to

> matrices A

-diagonal one. The overall reduction is from 27 to 11 diagonals. The
1ing of so many matrix entries is due to the fact that the correspond-
itegrands of (3.2) vanish on all the grid-points (Xi’yj)’ hence (3.3)

5 a zero value. It can be proved that the order of accuracy of the

w

element solution is not affected by using (3.3) (see STRANG & FIX
ch.IV).




GAMMA .2500

HARTMANN CONSTANT 23.0000

X0 .0625

X

0.0000 0.00 0.00 0.00 0.00
.0200 -.10 -.10 -.11 -.11
.0400 -.20 -.21 -.21 -.21
.0625 -.31 -.32 -.32 -.33
.0800 -.40 -.40 -.41 -.42
. 1000 -.49 -.50 =-.50 -.51
.1500 -.70 -.70 -.71 -.73
.2000 -.87 -.88 -.89 -.90
.2500 -1.00 -1.01 =-1.02 =-1.03
.3750  -1.19 =-1.20 =-1.20 -1.21
.5000 -1.20 =-1.20 =-1.21 ~-1.21
.6250 -1.06 =-1.06 -1.07 -1.07
78NN - Q1 - 9 - K2 - R9?

v

X Y 0.0000 .1000 .1500 .2000

0.0000 -20.55 =-20.50 -20.43 =-20.34
.0200 -20.57 =-20.52 -20.45 -20.36
L4000 -20.61 =-20.56 -20.50 -20.40
.0625 -20.68 =20.63 -20.57 -20.49
.0800 -20.75 =-20.71 -20.66 -20.58
.1000 -20.86 =-20.82 -20.77 -20.70
.1500 -21.19 =21.16 -21.13 -21.08
.2000 =21.57 =-21,56 -21.53 -21.50
.2500 -21.98 -21.97 -21.95 -21.93
.3750 =-22.98 -22,98 -22.97 -22.97
.5000 -23.83 -23.83 -23.83 -23.83
.6250 -24.54 =24.54 -24.54 -24.54
L7500 -25.14 =25.14 =25.14 -25.14
.8750 -25.69 =25.69 -25.68 -25.67

1 AnAAn

Nz NN nL AR _94 27Q _24 1212

0.00
=-.11
-.22
-.34
-.43
-.53
-.74
-.91

-1.05
-1.22
-1.22
-1.07

.2500

-20.21
-20.23
-20.28
-20.38
-20.47
-20.60
-21.01
-21.46
-21.91
-22.96
-23.83
-24.54
-25.13
-25.66

-4 21

0.00
-.11
-.22
-.35
-.b44
-.54
-.75
-.93
-1.06
-1.23
-1.22
-1.07

.2800

-20.11
-20.14
-20.19
-20.30
-20.40
-20.54
-20.97
-21.44
-21.90
-22.96
-23.82
-24.54
-25.13
-25.65

=26 2/

0.00
-.12
-.23
-.35
-.45
-.55
-.77
-.94

-1.07
-1.24
-1.22
-1.07
-. 81

.3125

-20.00
-20.02
-10.08
-20.19
-20.31
-20.45
-20.91
-21.40
-21.88
-22.95
-23.82
-24.54
-25.13

-25.64
—74 18

0.00
-.12
-.24
-.36
-.46
-.56
-.78
-.95

-1.08
-1.25
-1.22
-1.07

-.81

.3400

-19.88
-19.91
-19.98
-20.10
-20.22
-20.38
-20.86
-21.37
-21.86
-22.95
-23.82
-24.53
-25.13

-25.64
-72A 19

0.00
-.13
-.26
-.39
-.49
-.60
-.83
-1.00
-1.12
-1.27
-1.24

-1.07
-.79

.4200

-19.47
-19.51
-19.6"
-19.75
-19.90
-20.10
-20.69
-21.27
-21.81
-22.9
-23.82
-24.53
-25.12

-25.61
-2 NN

0.00
-.14
-.28
-.43
-.54
-.66
-.89
-1.06

-1.18
-1.31
-1.25
-1.07

-.79

.5000

-18.90
-18.95
-19.07
-19.29
-19.49
-19.75
-20.48
-21.15
-21.74
-22.92
-23.81
-24,53
-25.11

-25.58
-25.0n

0.00
-.17
-.34
-.51
-.63
~-.75
-1.00
-1.16

-1.26
-1.36
-1.28
-1.08

-.78

.6000

-17.86
-17.95
-18.15
-18.49
-18.80
-19.18
-20.17
=26.90
-21.66
-22.90
-23.81
-24.,52
-25.10

-25.54
-25.80

0.00
-.21
=.42
-.62
~-.76
-.89
-1.14
-1.28

-1.36
-1.42
-1.31
-1.09

-.78

.7000

-16.23
-16.39
-16.75
-17.34
-17.86
-18.45
-19.81

-20.82
-21.58
-22.88
-23.80
-24.52
-25.09
-25.52
-25.713

0.00
-.28
=-.54
-.79
-.94
-1.08
-1.30
-1.41

-1.44
-1.44
-1.30
-1.06

-.75

.8000

-13.52
-13.83
-14.52
-15.65
-16.59
-17.57
-19.45
-20.66
-21.52
-22.87
-23.80
-24.52
-25.08
-25.49
-25.69

0.00
-.38
-.71
-1.00
-1.14
-1.24
-1.37
-1.38

~-1.34
-1.25
-1.09
-.87
-.61

.9000

-8.75

-9.34
-10.70
-13.09
-14,95
-16.65
-19.15
-20.55
-21.47
-22.86
-23.80
-24.52
-25.08
-25.48
-25.66

[eNeoNoNoNeolNoNoNoNeleNo ool
ocNoNoNoNeolNoNoNoNoNolNoNolNo

e

1.000

0.0
-.9
-3.3
-8.9
-13.3
-16.0
-19.0
-20.5
-21.4
-22.8
-23.8
-24.5
-25.0
-25.4
-25.6






igure 4. Graph of'v(x,y)
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ton of the linear system

[he linear system is solved by means of th
sthod). This iterative method (see REID [4
: nonnegative definite systems of sparse s

ST-EXAMPLE

I[n the test—problem we solved (see table I

zonstant functions defined by

Cl’ 0.25 <y < 0.3125;
£, =

o, elsewhere;

CZ’ 0 < x < 0.0625;
£,(x) =

o, elsewhere.

the value of flfl(y)dy, it turns out that
944 and 0.67188, respectively.

For plotting the graphs of v and ¢ (see fi
LA was used. We see that near the cathodes

s. They also have boundary layers near the
OGRAM DESCRIPTION
In this chapter, we give a brief descripti

he other subprograms. For a more detailed

nt lines in the software package.

ugate
very s

re.

y) and

and 4)
v and

but 1

the su

ption,

nt method

e for sym-

are piece-

values

library
. boundary

gnificant

ne PLASMA
fer to the




/ PLASMA

Y | EVAL SCALE

CONGR ouT

Fl FATAL MATVEC INPROD

Figure 5. Hierarchical structure of subprograms

— This is the driving subroutine which reads the input data, solv

‘oblem and enables the user to manipulate the output data. See als«

e

This subroutine computes the matrix and the right hand side of pr«
5.6).

- This subroutine scales system (3.1) to

x = Dy
Sy = DADy = Db,

D is a diagonal matrix whose entries are given by

Nl

d. = a..
i ii

- This subroutine iteratively solves (4.1) by means of the CG meth

7— This subroutine computes the matrix-vector product Sv, given a
£ V.

D— This subroutine computes the inmner product of two vectors.
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FATAL- This subroutine terminates the program if inconsistencies of the

input record are discovered, or if the workspace (see §6) is not large enough.

Fl1- In this subprogram, fl is assignated its value. Only the profile is to
be given, i.e. the function value, up to a constant factor. This factor is

computed from the value of

1

(5.2) Q = [ £, (y)dy
0

which is to be given on the input record.

OUT- In this subroutine, the user is allowed to manipulate the input and

output data, as he desires. A default subroutine is given in the program.
6. WORKSPACE

PLASMA has a work-array of dimension NWORK as formal parameter. NWORK
should be at least 31 MN, where M and N are the respective lengths of the
k—grid and y-grid.

7. THE INPUT RECORD

The following parameters have to be read in

) @, B, v, Ha, x in FORMAT (F12.4);

2 M ° in FORMAT (I4);
3) Lpseeesdy in FORMAT (F12.4);
v, in FORMAT (I4);
3) y],...,yN in FORMAT (F12.4);
3) ND in FORMAT (I4);
N sy, in FORMAT (F12.4);

there §, B, Y, Ha and x, are given by (5.2), (1.2) and (1.8), respectively,
ind M, N and ND are the number of x—points, the number of y-points and the
wmber of discontinuity points of fl(y), respectively.

The user has to take care of the following
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‘he x-grid and y-grid have to be strictly monotone and, of course, )

ind Y, should be zero, while Ty, and Yy should be one. If not, the
)rogram is terminated and a message of the reason is printed)

’he array of discontinuity points yd should contain at least one point,
wwen if fl(y) is continuous. In this case, the user is advised to give
:ero or one. Furthermore, each of the discontinuity points should occur
.n the y-grid. If not, the program is terminated with a message of the
eason;

’he x-grid should contain x,, otherwise the program is terminated too;

\round the discontinuity pognts of fl(y) and fz(x), the user is advised
;0 refine the grid. This especially holds for Ly since there the jump
f 3¢/9n is generally larger than near the discontinuity points of
f](y). This may be illustrated by figure 4. However, he should take
:are that the rectangles of the partition do not become too "lean",

..e. the ratio of length and width should remain reasonable. For an

irgumentation, we refer to STRANG & FIX [5].

! COMMON BLOCKS

)MMON /PRBLM/

2
-y

v2(1+8%)

“
!

- HZ/ (148

X(NX0) = x_;

- grid number of x.: 0}

o’
2 1
- wvalue of (1+8") | £,(y)dy;
0 L

- X

0
- scaling factor of fl(y).

MMON/WKSP/

ixcept the three last members, this block contains integer pointers,

-ng the arrays within the global array WORK.




MATRIX - locates the matrix of the system

WORK (MATRIX + 3xL - 2) - L-th non-zero entry;
WORK (MATRIX + 3xL — 1) - its row number;
WORK (MATRIX + 3*L) - its column number; L = 1,...,NEL/3

NX - locates the x-grid

]

WORK (NX + L) - L~th x-point, L = 1,...,M;
NY - locates the y-grid

WORK (NY + L) - L-th y-point, L

1,...,N3

NFYD - locates the jumping points of fl(y)
WORK (NFYD + L) - L-th jumping point, L = 1,..,.,ND:

NFR, NSC, NG, NH - locate auxiliary arrays of dimension 2MN

NU - locates the approximate solution of (1.3)
WORK (NU + (J-1)*xM + TI) - approximation of v in. (x(I),y(
WORK (NU + MN + (J-1) M + I)- approximation of ¢ in (X(I),y(

NEL — three times the number of non-zero entries in the strict upg

diagonal part;
NBOUND —~ the actual dimension of workspace needed;

NWORK - the dimension of WORK.
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APPENDIX

Below, the sourcetexts of the subprograms, the test-program and its

input record are printed.

SUBROUTINE PLASMA (WORK,NWORK)
DIMENSION WORK (NWORK)

-—.———-—————-—-——————.——————---———---—-————-.-————.————._—--_—_——-——--_—-—

THIS PACKAGE CONSISTS OF THE FOLLOWING PARTS :

(1)
(2)
(3)
(4)
(5)
(o)
(7)

THE (DRIVING) SUBROUTINE PLASMA

THE SUBROUTINE
THE SUBROUTINE
THE SUBROUTINE
THE SUBROUTINE
THE SUBROUTINE

THE SUBROUTINE

EVAL
SCALE
CONGR
MATVEC
INPROD

FATAL

cccccececeecceeeeccccecceceeeecececeeecceceeccceccecccecceeecceececcceccece

THE PARTS (8) - (11) TOGETHER FORM THE TEST PROGRAM ; THEY ALSO
SERVE AS AN ILLUSTRATION OF THE USE OF THE SOFTWARE PACKAGE

CCCCCCCCCCCCCCCecceecceeceececeeceeecceeccceecccecceeeccecceececccecece

(8)

THE MAIN PROGRAM ,TO BE WRITTEN BY THE USER

THE FUNCTION Fl1 ,TO BE WRITTEN BY THE USER

THE SUBROUTINE OUT ,TO BE WRITTEN BY THE USER

AN INPUT RECORD , TO BE PROVIDED BY THE USER

.——_—_—-——_——-———..._-—_———...—-_——————.—-_-—_-——.—-—_—-_——-_---—-——.—-———.—--—_
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(1)

LASMA

1)

FIX

NING OF THE SUBROUTINE PLASMA , THE USER IS INSTRUCTE
HE PROGRAM IN THE FOLLOW1NG SEVEN SECTIONS :

CRIPTION OF THE PROBLEM IT SOLVES

HOD OF SOLVING THE BOUNDARY PROBLEM

EF DESCRIPTIONS OF THE OTHER SUBPROGRAMS
LEMENTATION OF F1l

UT PARAMETERS

LEMENTATION OF OUT

KSPACE

CRIPTION OF THE PROBLEM

ICALLY SOLVES THE ELLIPTIC BOUNDARY PROBLEM

X + VX/X = V/X*%2 + GAMMA**2*VYY -

= (HA**2/(1.4BETA**2))*(V - FIX) = 0,

IXX + FIX/X +

+ GAMMA**2* (1 + BETA**2)*FIYY - VX - V/X = 0,

<1 0 <Y XK1,

@9

ITY OF ROTATING PLASMA

X ; VXX = DVX/DX ; VY

DvV/DY ; VYY = DVY/DY
TRIC POTENTIAL WITHIN CYLINDER ;

/DX FIXX = DFIX/DX ; FIY = DFI/DY ; FIYY = DFIY/DY

wo




A P AP AP A PR PEPRPRIPREPREPEPEPEPEPREPEPEPEPEPHPEPEPEPEPESEOESPEOHNOEPEOECEPEPEPECHEONEPEOEGONE®]
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PROBLEM PARAMETERS:

HA - HARTMANN CONSTANT;
GAMMA - INVERSE ASPECT RATIO, I.E. A SCALING PARAMETER;
BETA - HALL PARAMETER ;

THE BOUNDARY CONDTIONS ARE:

X=0:V=21yU

"

FIX s

-

Y=0:VY =40 ; FIY = 0;

X=1:V =0 ; FIX =Fl(Y):
Y=1:V=40 ; FIY = F2(Y);

F2(X) AND F1(Y) SATISFY TdE INTEGRAL RELATION

INTEGRAL(VU,1,F1(Y)DY) +

+ GAMMA**2* (1 + BETA**2)*INTEGRAL(0,1,X*F2(X)DX) = 0

FOR A MORE DETAILED DESCRIPTION OF THE PROBLEM WE REFER TO
THE LONG WRITE-UP .

> > > G > > D — D D - - T S D G G . — D e G R I AT S W I D WD D €0 M e G G ORI e e A D D - - - - . = T S

(II) METHOD OF SOLVING THE BOUNDARY PROBLEM

THIS PROBLEM IS SOLVED BY THE FINITE ELEMENT METHOD;

THE USER HAS TO PROVIDE GRIDS OF THE X-INTERVAL AND

THE Y-INTERVAL IN A WAY TO BE SPECIFIED IN TdE CHAPTER

ON THE INPUT PARAMETERS ; THE PROGRAM DELIVERS APPROXIMATIONS
OF V(X(I),Y(J)) AND FI(X(I),Y(J)) ; SEE SECTION (VI);

SEE FOR A DESCRIPTION OF THE FINITE ELEMENT METHOD
THE COVERING PAPER AND FOR A DESCRIPTION OF THE OUTPUT

SECTION (VI) ;

NJNdNa N

N4

(W)
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(III) BRIEF DESCRIPTION OF THE SUB?ROGRAMS

SUBROUTINE EVAL

THIS SUBROUTINE EVALUATES THE MATRIX AND THE RIGHT HAND
SIDE OF THE LINEAR SYSTEM TO SOLVED ; THE NON-ZERO ENTRIES
OF THE SPARSE MATRIX AND THE COMPONENTS OF THE RIGHT dAND
SIDE ARE STORED IN THAE WORK-ARRAY WORK ;

SUBROUTINE SCALE

THIS SUBROUTINE SCALES THE OTHERWISE ILL-CONDITIONED PROBLEM
TO A MORE STABLE PROBLEM

SUBROUTINE CONGR

TdIS SUBROUTINE ITERATIVELY SOLVES THE SPARSE
PROBLEM BY MEANS OF THE CONJUGATE GRADIENT METHOD

SUBROUTINE MATVEC

THIS SUBROUTINE COMPUTES THE MATRIX-VECTOR PRODUCT A*P

FOR ANY GIVEN INPUT VECTOR P ; THE NON-ZERO ENTRIES OF

A PLUS THEIR LOCATIONS ARE STORED IN THE ARRAY WORK ;
SUBROUTINE FATAL

THIS SUBROUTINE TERMINATES THE PROGRAM IF AN INCONSISTENCY
ONTHE INPUT RECORD IS DISCOVERED , E.G. NON-MONOTONICITY OF
THE X-GRID ; AN EXPLAINING MESSAGE IS PRINTED

MAIN PROGRAM NAMED MCFOHM

IN THE MAIN PROGRAM THE WORK-ARRAY IS DECLARED WTH THE PROPER
BOUNDS (SEE SECTION VI) AFTER WHICH THE DRIVING SUBROUTINE
PLASMA IS CALLED

FUNCTION F1(Y)

THIS FUNCTION IS PART OF THE BOUNDARY PROBLEM AND IS TO BE
IMPLEMENTED BY THE USER ; SEE SECTION (IV)

SUBROUTINE OUT(X,Y,YDISC,V,FI,M,N,,NDISC,AA,BETA,GAMMA, HA,X0)

THIS SUBROUTINE ENABLES THE USER TO MANIPULATE THE SOLUTION OF
THE PROBLEM AS HE DESIRES ; SEE SECTION (VI)




{IV) IMPLEMENTATION OF F1

2(X) IS POSITIVE CONSTANT ON THE INTERVAL |
ND ZERO ELSEWHERE : THE VALIIR OF F2(X) IS I
[VEN BY THE NUMERIC VALUE OF INTEGRAL(0,1,F
? F1(Y) , ONLY THE PROFILE IS GIVEN , I.E.

> TO A CONSTANT FACTOR ; F1(Y) IS GIVEN BY

JBPROGRAM OF THE FORM

FUNCTION F1l(Y)
REAL Y

. ASSIGNATION OF F1l

RETURN
END

{V) INPUT PARAMETERS

{ AN INPUT RECORD , THE FOLLOWING PARAMETER
ITWEEN BRACKETS , THEIR FORMAT IS GIVEN

AA - THE NUMERIC VALUE OF INTEGRAL(
(F12.4)

BETA - THE HALL PARAMETER
(F12.4)

GAMMA - THE INVERSE ASPECT RATIO
(F12.4)

HA - THE HARTMANN CONSTANT
(F12.4)

X0 - THE JUMPING POINT OF F2(X)
(F12.4)

'TER THESE PARAMETERS , A PARTITION OF THE

.VEN THIS PARTITION IS OF THE FORM

0.0 = X(1) < X(2) < ... < X(M) = 1.0;

19

. X0 = 0.06,
CTLY
Y);

UNCTION VALUE
OF A FUNCTION

L(Y)DY)

IRVAL HAS TO BE
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AND MUST AT ANY RATE
THE PROGRAM IS TERMIN
GIVEN IN THE FOLLOWIN

M .- TdE NUMB
X(1) - THE FIRS
X(M) - THE LAST

AFTER THIS X-GRID , A
READ THIS PARTITION

0.0 = Y(1) < Y(2)

SINCE , HOWEVER , F1(
CONTAIN ANY DISCONTIN
OBLIGED TO GIVE THESE
REASONS , HE SHOULD G
SO IF F1(Y) IS CONTIN
(DUMMY) DISCONTINUITY
SUMMARILY , HE SHOULD

N - THE NUM
Y(1) - THE FIR
Y(N) - THE LAS

NDISC - THE NUM

YD(1) - THE FIR

YD (ND) - THE LAS

IN THE POINTS 0, X0 AND 1 ; OTHERWISE ,
IMMEDIATELY; THE PARTITION HAS TO BE
M:

X-=-GRIDPOINTS

D-POINT ; THIS SHOULD BE EQUAL TO ZERO
.4)

-POINT ; THIS SHOULD BE EQUAL TO ONE ;
.4)

[TION OF THE Y-INTERVAL HAS TO BE
? THE FORM :

< Y(N) = 1.0;

Y BE DISCONTINUOUS , THE Y-GRID SHOULD
POINTS ; TO THIS END , THE USER IS

[S ON THE INPUT RECORD ; FOR TECHNICAL
I LEAST ONE JUMPING POINT ;

, HE SHOULD GIVE 0.0 OR 1.0 AS

r's

THE FOLLOWING PARAMETERS :

F Y - POINTS

SRID-POINT , Y(1) = 0.0
.4)

RID-POINT , Y(N) = 1.0
.4)

F DISCONTINUITY POINTS OF F1(Y)

SCONTINUTY POINT OF F1l(Y)
.4)

CONTINUTY POINT OF F1l(Y)
-4)

> cn o o T e ws s @ an G o e e w e "D TH TD T @ Ch G G M G O S G © G G G5 G5 G A 6 G
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(VI) IMPLEMENTATION OF OUT
E PROBLEM PARAMETERS AA , BETA , GAMMA , HA , X0 AND
& ARRAYS X(M) , Y(N) , YDISC(NDISC) , V(M,N) AND FI(M,N)
E THE FORMAL PARAMETERS OF OUT , WHERE

X(1) , X(2) , «.. , X(M) ARE THE GRID-POINTS OF THE X-INTERVAL
Y(1) , ¥(2) , <.« , Y(N) ARE THE GRID-POINTS OF THE Y-INTERVAL
YDISC(l) , ... , ¥YDISC(NDISC) ARE THE JUMPING POINTS OF F1l(Y)

V(I,J) IS AN APPROXIMATION OF V(X (I),Y(J)) ,
I=l r LI ] M;J=l 7 e o o 7 N

FI(I,J) IS AN APPROXIMATION OF FI(X(I),Y(J)) .,
I=1, 006, M;J3=1, ... s N

MEANS OF THIS SUBROUTINE THE USER CAN MANIPULATE THE
PUT AND OUTPUT PARAMETERS AS HE DESIRES .

E SUBROUTINE IS OF THE FORM

SUBROUTINE OUT(X,Y,YDISC,V,FI,M,N,NDISC,AA,BETA,GAMMA,HA,X0)
DIMENSION X(M) , Y(N) , YDISC(NDISC)

DIMENSION V(M,N) , FI(M,N)

. MANIPULATION WITH THE PARAMETERS

RETURN
END

[I) WORKSPACE

E ONLY PARAMETER OF PLASMA IS A WORK—-ARRAY OF DIMENSION

ORK ; THE USER HAS TO TAKE CARE THAT NWORK SHOULD AT LEAST BE
JAL TO 31*M*N ; IF NOT , THE PROGRAM MAY BE TERMINATED WITH
MESSAGE OF THE REASON ;

B D  —  wD —-  —  — D D D D . D s . - T . D D G D T A D D T D e I . e I I e D G T G G D G .
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COMMON /PRBLM/ GAMSQ, GAMSQB, HASQ, NX0, AA
COMMON /WKSP/ MATRIX, NX, NY, NFYD, NFR,
S NSC, NU, NG, NH, NEL, NBOUND, NWRK
LOGICAL LOG
NWRK = NWORK
DO 10 I 1,NWRK
0 WORK (I) 0.0

NOW, THE INTEGRAL VALUE AA, THE HALL PARAME
THE RATIO ASPECT GAMMA, THE HARTMANN CONSTA \RE RE

READ(5,9991) AA, BETA, GAMMA, HA, X0
GAMSQ = GAMMA**2

GAMSQB = GAMSQ*(1.+BETA**2)

HASQ = HA**2/(1.+BETA**2)

AA AA* (1. + BETA**2)

NX 0

[}

THE NUMBER OF X-POINTS IS READ

READ(5,9992) M
NBOUND = M

THE X-POINTS ARE READ

DO 20 L =1,M
20 READ (5,9991) WORK(NX + L)

THE MONOTONICITY OF THE X-GRID IS CHECKED,
IS MADE IF X(1) = 0.0 AND X(M) = 1.0

-~

DO 30 L = 2,M
30 IF (WORK(NX + L) .LE. WORK(NX + L -1))
S CALL FATAL(30HX-GRID NOT STRICTLY MONOTONE
IF (WORK(NX + 1) .NE. 0.)

S CALL FATAL(30H X(1) UNEQUAL ZERO )
IF (WORK(NX + M) .NE. 1l.)
S CALL FATAL(30H X(M) UNEQUAL ONE )

THE NUMBER OF Y-POINTS IS READ AND THE NUMB
POINTS WHERE F1(Y) IS DISCONTINUOUS

READ(5,9992) N

NBOUND = NBOUND + N
NY = M
NFYD= NY + N
DO 40 L = 1,N
40 READ (5,9991) WORK(NY+L)
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EAD(5,9992) NDISC

30UND = NBOUND + NDISC

J 50 L =1,NDISC
3AD(5,9991) WORK (NFYD+L)

iE MONOTONICITY OF THE Y-GRID IS CHECKED ;
JRTHERMORE , Y (1) AND Y(N) ARE CHECKED TO BE
JUAL TO ZERO AND ONE , RESPECTIVELY.

J 60 L = 2,N
? (WORK(NY + L) .LE. WORK(NY + L =-1))

ALL FATAL(30H Y-GRID NON-MONOTONE )
? (WORK(NY + N) .NE. 1.)
CALL FATAL(30#d Y(N) UNEQUAL ONE )

? (WOKK(NY + 1) .NE. 0.)
CALL FATAL(30H Y(1) UNEQUAL ZERO )

iE X-GRID IS CHECKED TO CONTAIN X0

0 =0
5L =1,M
(ABS (X0-WORK(NX + L)) .LT. 1l.E-10) NXU =L
! (NXU .LE. 1)
CALL FATAL(30d X-GRID DOES NOT CONTAIN X0 . )

TN PN

1t Y-GRID IS CHECKED TO CONTAIN THE DISCONTNUITY POINTS OF Fl

) 80 L = 1,NDISC

JISC = WORK(L + NFYD)

JG = .FALSE.

) 701 =1,N

JG = LOG .OR. ABS(YDISC - WORK(NY+I)) .LT. 1.E-6
* (LOG) GOTO 80

RITE (0,9993) YDISC

\LL FATAL (2UH Y-GRID INCORRECT )
JNTINUE

iE SCALING FACTOR OF F1l(Y) IS COMPUTED

= 0.

) 90 L = 2,N

= S + F1((WORK(NY+L)+WORK (NY+L-1))/2.) * (WORK (NY+L) ~WORK (NY+L~1)
INTINUE

\C = AA/S

I = M*N

12 = MN*2

"R = NBOUND

3C = NFR + MN2

JOUND = NSC + MN2
" (NBOUND.GT.NWRK) CALL FATAL(30H UPPER BOUND OF WORK TOO SMALL)

JW , THE SUBROUTINE EVAL IS CALLED ; THIS SUBROUTINE




[PUTES THE NONZERO ENTRIES OF THE MATRIX A |
E VECTOR B

L EVAL(M,N,MN,MN2,WORK)
T , THE SYSTEM A*X = B IS BEING SCALED TO
X = S*y
S*A*S*Y = S*B ;
H S A DIAGONOAL MATRIX DEFINED BY
S(I) = A(I,I)**(-0.5)
L SCALE (WORK)
= NBOUND
100 L = 1,MN2
K(NFR + L) = WORK(NFR + L) *WORK (NSC + L)
K(NU + L) = 0.
TINUE
NU + MN2
NG + MN2

UND = NH + MN2
(NBOUND.GT.NWRK) CALL FATAL(30H UPPER BOUNI

= 1.E-20

SCALED SYSTEM IS BEING ITERATIVELY SOLVED
THE CONJUGATE GRADIENT METHOD

L CONGR (WORK (NU+1) ,WORK (NFR+1) ,
RK (NG+1) ,WORK (NH+1) ,MN2, TOL,RES ,WORK)

SOLUTION IS BEING RESCALED

110 I = 1,MN2

K(NU + I) = WORK(NSC + I)*WORK(NU + I)
TINUE

TR = WORK(NU + MN2 - M + 1)

VELOCITY AND THE POTENTIAL ARE NOW COMPUTE

130 L = 1,M

= WORK(NX + L)

120K =1 , N

AL = (K - 1)*M + L

K(NU + LOCAL) = WORK(NU + LOCAL ) *XL

K(NU + LOCAL + MN) = WORK(MN + NU + LOCAL )
TINUE

TINUE

I[E RIGHT HAI

[ORK TOO SM!

ANS

'INITELY

‘BTR
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NO~ , THE SUBROUTINE OUT IS CALLED , WHICH ENABLES THE USER
TO MANIPULATE THE OUTPUT DATA AS DESIRED

CALL OUT (WORK (NX+1) ,WORK (NY+1) ,WORK (NFYD+1) ,WORK (NU+1) ,
S WORK (NU+MN+1) ,M,N,NDISC,AA/(1.+BETA**2) ,BETA,GAMMA, HA,XV)

L  FORMAT (F12.4)

) FORMAT(I4)

3  FORMAT(///,4X,15d4 JUMPING POINT ,F10.4,4X,
S 304 IS NOT CONTAINED IN Y-GRID W /77)

STOP
END

SUBROUTINE EVAL (M,N,MN,MN2,WORK)

- —  — —— - — D D e e . . G D .. - — - D S K G I e W e M I TI S I G S I e e e e

THIS SUBROUTINE COMPUTES THE NON-ZERO ENTRIES OF THE MATRIX
AND THE RIGHT HAND SIDE OF THE LINEAR SYSTEM

All*V + Al2*FI Bl ;

B2

A21*V + A22*FI

WHERE All AND A22 ARE SYMMETRIC PENTA-DIAGONAL AND Al2 AND A2l
ARE TRI-DIAGONAL AND A2l IS THE TRANSPOSE OF Al2 ; ALSO ,
THE LOCATIONS OF THE NON-ZERO ENTRIES ARE COMPUTED;

> o o - —— > € b A . . . T D G I D T D D o - . G . D O D e e e I G I G S M D D G D e D D e W - e e e

COMMON /PRBLM/ GAMSQ, GAMSQB, HASQ, NXU, AA, XU, FAC
DIMENSION WORK (1)
COMMON /WKSP/ MATRIX, NX, NY, NFYD, NFR,
S NSC, NU, NG, NH, NEL, NBOUND, NWRK
AT FIRST TdE POINTERS DENOTING THE LOCATION OF THE DIAGONALS
IN THE ARRAY WORK ARE COMPUTED
All
NDIAll = 0
THE MAIN DIAGONAL OF All
NClUll = NDIAll + MN

THE FIRST CODIAGONAL OF All




:Ull = NC1lU1ll + MN - 1

» SECOND CODIAGONAL OF All

)
.L12 = NCéUll + MN - M

. LOWER CODIAGONAL OF AlZ
‘Al2 = NC1L12 + MN - 1

! MAIN DIAGONAL OF Al2
.Ul2 = NDIAl2 + MN

! UPPER CODIAGONAL OF Al2

2
[A22 = NC1lUl2 + MN - 1

E MAIN DIAGONAL OF A22

1U22 = NDIA22 + MN
E FIRST CO-DIAGONAL OF A22

2022 = NClu22 + MN - 1
E SECOND CO-DIAGONAL OF A2

TRIX NBOUND

OUND NC2U22 + MN - M + N

L = NBOUND - MATRIX

ITE(6,2) MATRIX + 3*NEL
(NBOUND.GT.NWRK) CALL FAT 1 UPPi

\CTANGLE BY RECTANGLE , THE RIBUT!
ITRIES ARE COMPUTED AND ADD

= WORK(NX + I)
. = XR = XL

5MALL)




[}
>
o

%
>
©

TXM3 VXR3 + VXL3
'R
)0
'L

[}
Sownnnnwnn
L]

N
o
[ ]

= 2,N

YR

'R WORK(NY + J)

)Y YR - YL

YL = 0.5

YM = 1.

. (J - 2)*" M + I -1
LOWL + 1

LOWL + M

LUPL + 1

13

[an]

g

[
wnnn

IR2

‘R3

(LXR2 = XL*XR2

(RXL2 = XR*XL2

ILXR XL*XR T

JR = XR - XL

TXL1 XL/3. + XR/6.

TXR1 XL/6. + XR/3.

TXM1 VXL1 + VXR1

TXL2 XL2/4.+ XLXR/6. + XR2/12.

TXR2 XR2/4 .+ XLXR/6. + XL2/12.

TXM2 VXL2 + VXR2

TXL3 XL3*.2 + XRXL2*,15 + XLXR2*.1 + XR
TXR3 XR3*.2 + XRXL2*.1 + XLXR2*,15 + XL

il LOWL, LOWR, LUPL EN LUPR ARE THE INDICES OF LOWER-LEFT,
LJOWER-RIGHT, UPPER-LEFT AND UPPER-RIGHT COR F THE
RECTANGLE [X(I-1),X(I);Y¥(J-1),Y(J)] , RESPE LY
(X(1-1) ,¥(J)) (Y (J))

% o= ow= oem

1 !
LUPL e e e —— - * LUPR

1

!

!
LOWL  emmmrrccccccc e m *  LOWR

! !
(X(1-1) ,¥(3-1)) Y (J=1))




I[ER=LEFT

.K(MATRIX + LOWL + NDI
VXM3*VYL*DY/DX
VXL3*VYM*DX/DY *GAMSQ
VXL3*VYL*DX*DY*HASQ
'K (MATRIX + LOWL + NDI
HASQ*VXL2*VYL*DY

(K (MATRIX + LOWL + NDI
VXM1*VYL*DY/DX
VXL1*VYM*DX/DY*GAMSQB
(K (MATRIX + LOWL + NC1
VXM3*VYL*DY/DX
.K(MATRIX + LOWL + NC2
VXL3*VYM*DX/DY *GAMSQ
\K (MATRIX + LOWL + NC1
HASQ*VXL2*VYL*DY
\K(MATRIX + LOWL + NC1
VXM1*VYL*DY/DX

(K (MATRIX + LOWL + NC2
VXL1*VYM*DX/DY*GAMSQB

[ER-RIGHT

)IRK (MATRIX + LOWR + ND
VXM3*VYL*DY/DX
VXR3*VYM*DX/DY *GAMSQ
VXR3*VYL*DX*DY*HASQ
IRK (MATRIX + LOWR + ND
HASQ*VXR2*VYL*DY

'K (MATRIX + LOWR + NDI
VXM1*VYL*DY/DX
VXR1*VYM*DX/DY*GAMSQB
IRK (MATRIX + LOWR + NC
VXR3*VYM*DX/DY*GAMSQ
(K (MATRIX + LOWL + NC1
HASQ*VXR2*VYL*DY

(K (MATRIX + LOWR + NC2
VXR1*VYM*DX/DY*GAMSQB

'ER-LEFT

'K (MATRIX + LUPL + NDI
VXM3*VYL*DY/DX
VXL3*VYM*DX/DY *GAMSQ
VXL3*VYL*DX*DY*HASQ
'K (MATRIX + LUPL + NDI
HASQ*VXL2*VYL*DY

JRK (MATRIX + LUPL + ND
VXM1*VYL*DY/DX
VXL1*VYM*DX/DY*GAMSQB
K (MATRIX + LUPL + NC1

WORK (MATRIX

WORK (MATRIX

WORK (MATRIX

WORK (MATRIX
WORK (MATRIX
WORK (MATRIX
WORK (MATRIX

WORK (MATRIX

LOWL

LOWL

LOWL

LOWL

LOWL

LOWL

LOWL

LOWL

NDIA1ll)

NDIAl2)

NDIA22)

NC1lU1ll)
NC2U1ll)

NC1lUl2)

- NC1U22)

NC2U22)

WORK (MATRIX + LOWR + NDIAll)

WORK (MATRIX + LOWR + NDIAl2)

WORK (MATRIX + LOWR + NDIA22)

= WORK (MATRIX + LOWR + NC20U11l)

WORK (MATRIX + LOWL + NC1L1l2)

WORK (MATRIX + LOWR + NC2U22)

WORK (MATRIX + LUPL + NDIAll)

WORK (MATRIX + LUPL + NDIAl2)

= WORK(MATRIX + LUPL + NDIA22)

WORK (MATRIX + LUPL + NC1lUll)
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VXM3*VYL*DY/DX

RK (MATRIX + LUPL + NClUl2) = WORK(MATRIX + LUPL + NC1
HASQ*VXL2*VYL*DY

ORK (MATRIX + LUPL + NClU22)
VXM1*VYL*DY/DX

[}

WORK (MATRIX + LUPL + NC

PSR=RIGHT

ORK(MATRIX + LUPR + NDIAll)
VXM3*VYL*DY/DX
VXR3*VYM*DX/DY*GAMSQ
VXR3*VYL*DX*DY*HASQ

ORK(MATRIX + LUPR + NDIAl2)
HASQ*VXRZ2*VYL*DY

RK(MATRIX + LUPR + NDIA22)
VXM1*VYL*DY/DX
VXR1*VYM*DX/DY *GAMSQB

RK(MATRIX + LUPL + NC1L1l2)
HASQ*VXR2*VYL*DY

WORK (MATRIX + LUPR + ND

WORK (MATRIX + LUPR + ND

WORK (MATRIX + LUPR + NDI

WORK (MATRIX + LUPL + NC1

ALUATION OF THE RIGHT HAND SIDE

(I .LT. M) GOTO 10
FM = DY*F1 ( (WORK (NY+J-1)+WORK (NY+J))/2.)*0.5*FAC
ORK(NFR + LOWR + MN) = WORK(NFR + LOWR + MN) + DYFM
ORK (NFR + LUPR + MN) WORK (NFR + LUPR + MN) + DYFM
(J .EQ. N .AND. I .LE. NXU ) WORK(NFR + LUPL + MN)

]

ORK (NFR + LUPL + MN) - (2.*AA/X0**2)*VXL1*DX
(J -.EQ. N .AND. I .LE. NXU ) WORK(NFR + LUPR + MN) =
ORK (NFR + LUPR + MN) - (2.*AA/X0**2) *VXR1*DX
NTINUE
NTINUE

lPUTATION OF THE ROW AND COLUMN NUMBERS OF THE
N=-ZERO ENTRIES

ow NBOUND
OL IROW + NEL
OUND = NBOUND + 2*NEL
(NBOUND.GT.NWRK) CALL FATAL(30UH UPPER BOUND OF WORK MALL)

50 L = 1,MN
'RK (IROW+L
'RK (JCOL+L
'RK (IROW+L
'RK (JCOL+L
'RK (IROW+L
'RK (JCOL+L

NDIAll)
NDIA1ll)
NDIAl12)
NDIAlZ2)
NDIA22)
NDIAZ22)

MN
MN
MN

+4+++++

W nwonnu
CEC e e
+ + 4+

RK(NFR + L+MN) = WORK(NFR + L+MN) *HASQ
'RK (MATRIX + L + NDIA22) = WORK(MATRIX + L + NDIA22)*H




"' (L .GT. MN - M) GOTO 40
JRK (IROW+L + NC2U1ll) L
)JRK (JCOL+L + NC2Ull) = L + M

[}

WORK (MATRIX

IRK (MATRIX + L + NC2022)

IRK(IROW+L + NC2022) = L + MN

KK (JCOL+L + NC2U22) = L + MN + M
" (L +EQ. MN) GOTO 50

JRK (IROW+L + NC1lUll) =L

JRK (JCOL+L + NC1lUll) = L + 1
JRK(IROW+L + NC1lL1l2) =L + 1
JRK(JCOL+L + NC1lLl2) = L + MN

JRK (IROW+L + NClUl2) =L
JRK(JCOL+L + NClUl1l2) = L + MN + 1

JRK (MATRIX + L + NClU22) = WORK(MATKRIX

JRK(IROW+L + NC1lU22) = L + MN
JRK(JCOL+L + NClU22) = L + MN + 1
INTINUE

IPLEMENTATION OF BOUNDARY CONDITIONS
=0, X =1
) 60 L = M,MN,M

JRK (MATRIX + L + NDIAll) = 1.
JRK(MATRIX + L + NDIAl2) = 0.

JRK (MATRIX + L + NC1lLl1l2 - 1) = 0.
JRK(MATRIX + L + NC1lUll - 1) = 0.
* (L .NE. M) WORK(MATRIX + L + NC2Ull

" (L .EQ. MN) GOTO 60

JRK (MATRIX + L + NC1luUll)
JRK(MATRIX + L + NC1lUl2)
JRK (MATRIX + L + NC2Ull)
INTINUE

W n

ccCcco
e o o

(ASQ

[ASQ




LOW = MN - M + 1

LUP = MN - 1

DO 70 L = LOW,LUP

WORK (MATRIX + L + NDIAll) = 1.
WORK (MATRIX + L + NDIAl2) = 0.
WORK (MATRIX + L + NC1L12 - 1) = 0.
WORK (MATRIX + L + NClUll - 1) = 0.
WORK (MATRIX + L + NC2Ull - M) = 0.
WORK (MATRIX + L + NC1lUll) = 0.
WORK (MATRIX + L + NClUl2) = 0.
CONTINUE

IN ORDER TO AVOID SUPERFLUOUS MULTIPLICATIONS IN THE
SUBROUTINE MATVEC , ALL THE ZERO ENTRIES ARE ELIMINATE

OF THE ARRAY WORK ; THIS IS DONE BY WRITING ALL THE NO 0
ENTRIES PLUS THEIR ROW AND COLUMN NUMBERS TO A SCRATCH

AND READING THEM AGAIN , THUS OVERWRITING THE ORIGINAL
WORKSPACE RESERVED FOR THE MATRIX

REWIND 4

IC = u

DO 8U L = 1l,NEL

IF (WORK (MATRIX + L) .EQ. 0.) GOTO 80

IC = IC + 1

WRITE (4) WORKL (MATRIX + L) ,WORK(IROW+L) ,WORK (JCOL+L)
CONTINUE

NEL = IC

WRITE{0,1l) WNEL

NEL = IC*3
NBOUND = MATRIX + NEL

REWIND 4
DO YU L = 3,NEL,3

READ (4) WORK (MATRIX+L-2) ,WORK (MATRIX+L-1) ,WORK (MATRIX+
CONTINUE

FORMAT (3X,40Ud NUMBER OF NON-ZERO MATRIX ENTRIES L[5
FORMAT (3X,4ud DIMENSION OF WORK SHOULD BE AT LEAST [5
RETURN

END
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SUBROUTINE SCALE (WORK)

THIS SUBROUTINE SCALES THE LINEAR PROBL
A*X = B

TO THE PROBLEM

X = S*Y

S*A*S*Yy = S*B
WHERE S IS A DIAGONAL MATRIX , WHOSE EN ARE DEFINE

S(I,I) = 1.0/SQRT(A(I,I)) , I =1 , N

DIMENSION WORK (1)

COMMON /WKSP/ MATRIX, NX, NY, NFYD, NFR
S NSC, NU, NG, NH, NEL, NBOUND, NWRK

DO 10 L= 3,NEL,3

I = IFIX(WORK(MATRIX+L-1))

J = IFIX(WORK(MATRIX+L))

IF (I.EQ.J) WORK(NSC + I) = 1./SQRT(WOK RIX+L-2))
CONTINUE

REWIND 4

IC =0

DO 20 L= 3,NEL,3

I = IFIX(WORK(MATRIX+L-1))
J = IFIX(WORK(MATRIX+L))

IF (I.EQ.J) GOTO 20
WORK (MATRIX+L-2) = WORK (MATRIX+L-2) *WOR +I) *WORK (NS
IC =1IC +1
WRITE (4) WORK (MATRIX+L-2) ,WORK (MATRIX+L JRK (MATRIX+
CONTINUE
NBOUND = MATRIX + 3*IC

NEL = IC*3

REWIND 4

DO 30 L = 3,NEL,3

READ (4) WORK(MATRIX + L-2) ,WORK (MATRIX ) ,WORK (MATR L)
RETURN

END




SUBROUTINE CONGR(X,R,P,AP,N,TOL,RP,WORK
DIMENSION X(N) ,R(N) ,P(N) ,AP(N) ,WORK(1)

THIS SUBROUTINE SOLVES THE LINEAR SYSTE
A*X = B
BY MEANS OF THE CONJUGATE GRADIENT METH

THE SUBROUTINE ONLY NEEDS INDIRECT ACCE THE MATRIX A

BY MEANS OF A SUBROUTINE MATVEC(P,AP,N, WHICH COMPUTES
VECTOR A*P FOR.ANY GIVEN VECTOR P AS IN ARAMETER
IT = 0

CALL MATVEC(X,P,N,WORK)
DO 10 I = 1,N

R(I) = R(I) - P(I)

P(I) = R(I)

CONTINUE

CALL INPROD(R,R,N,PR)
GOTO 4u

IT = IT + 1

B = RP/PR

PR = RP

DO 30 I = 1,N

P(I) = R(I) + B*P(I)

CALL MATVEC (P,AP,N,WORK)
CALL INPROD(P,AP,N,VV)
A = PR/VV
DO 50 I = 1,N
X(I) = X(I) + A*P(I)
R(I) = R(I) - A*AP(I)
U CONTINUE
CALL INPROD(R,R,N,RP)
CALL INPROD(X,X,N,XNORM)

IF (RP .GT. TOL*(XNORM+l.) .AND. IT .] GOTO 20
RETURN
END
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SUBROUTINE MATVEC (P,AP,N,WORK)

THIS SUBROUTINE COMPUTES THE MATRIX-VECTOR PRODUCT A*P ,
FOR ANY GIVEN VECTOR P

DIMENSION P (N) ,AP (N)

DIMENSION WORK (1)

COMMON /WKSP/ MATRIX, NX, NY, NFYD, NFR,
S NSC, NU, NG, NH, NEL, NBOUND, NWRK
DO 10 I = 1,N

AP(I) = P(I) ,

DO 20 L = 3,NEL,3

AA = WORK (MATRIX + L-2)

I = IFIX(WORK(MATRIX + L-1))

J = IFIX(WORK(MATRIX + L))

AP(I) = AP(I) + AA*P(J)

AP(J) = AP(J) + AA*P(I)

CONTINUE

RETURN

END

SUBROUTINE INPROD(X,Y,N,XY)

D s e - — - — ——— R D D D D e G G T T G e e . - —— - - — W SCA SR D S SIS e . . W NS GE G e G . - -

THIS SUBROUTINE COMPUTES THE INNER PRODUCT OF TWO VECTORS

DIMENSION X(N) , Y(N)
XY = 0.0

DO 10 I =1 , N

XY = XY + X(I)*Y(I)
RETURN

END

SUBROUTINE FATAL (TEXT)

THIS SUBROUTINE TERMINATES THE PROGRAM AFTER PRINTING A MESSAGE O
THE REASON

INTEGER TEXT (3)

WRITE (6,1) TEXT

FORMAT (//,254 REASON OF STOPPING : .//+3A10,//)
STOP

END



sRAM MCFOM(TAPE4, INPUT,TAPES=INPUT,OUTPUT, TAPE6=0UTPU"
INSION WORK(6905)

+» PLASMA (WORK,6905)
>

NCTION F1l(Y)
=0,
(Y.GT. 0.25 .AND. Y .LT. 0.3125) F1 = 1.0

FURN '

J

BROUTINE OUT(X,Y,¥YDISC,V,FI,M,N,NDISC,AA,BETA,GAMMA,H
MENSION X (M) ,Y(N),¥YDISC(NDLISC),V(M,N),FI(M,N)

- - > G G . G T G WG G Wb IR IR SER SR SN IR GED ESD I IS SR SIR IR I I N I SID I GHD D SRR D I D I G TR ST WD I G e e e e

ITE (6,3)AA,BETA,GAMMA ,HA,XU,¥YDISC
XT1l = 10H V :
XT2 = 10H FI :
ITE(6,1) TEXTL1,Y
101 =1,M
ITE(6,2) X(I) , (V(I,Jd),d=1,N)
ITE (6,1) TEXT2,Y
20 = 1,M
ITE(6,2) X(I) , (FI(I,J),J=1,N)

RMAT (1H1,//,44%X,A10,//,3X,88 Y ,15F8.4,/,4H X

RMAT (F7.4,4X,15F8.2)

RMAT (1H1,///.,

'H INTEGRAL VALUE F8.4,//,

'H HALL PARAMETER JFe.4,//,

IH GAMMA Fs.4,//,

)H HARTMANN CONSTANT ,F8.4,//,
IH X0 IF804I//I

JH JUMPING POINTS OF F1(Y) ,12F8.4)

'URN

)
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