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- ABSTRACT

A time dependent two-dimen51onal MHD calculation for
M pinch experiments. prev1ously developed at Columbial, is
~improved and modified so that very long calculations (until
the plasmaireaches a quasi;equilihrium state) are possihle.
; The calculation method is presented, and the simulation results
- of the Jutphaas screw pinch SP-1 and the Los Alamos reverse-'
field pinches ZT-I, ZT-S and ZT—40 are studied.

' A set of single fluid resistive MHD equations are solved
using standard alternate direction imp11c1t.method in an
Eulerian difference scheme. Initial conditions correspond
to the start of the main discharge in the experiment, w1th a
homogeneous fully 1onized plasma at rest. .The equations are
driven by time dependent boundary conditions : the toroidal

_ magnetic field and the p0101da1 flux at the wall 'The poloidal
flux is 1nd1rectly'extrapolated-zrrom the prescribed total
toroidal plasma current. ﬂost of other boundary values both

" at the wall and at the coordinate.originiare obtained from -

'the conservation laws. ) n |

: The anomality of the electric res1st1v1ty is studied
by comparing the experimental results with the calculated
results of different resistivity coefficients. The lnltlal
setting up phase of ZT-I and ZT-S are well'simulated using

. a semi-empirical anomalous resistivity algorithm due to

R. Chodura.  In :the later quasi-equilibrium phase however,




the'resistirity abpears to be eiasSical.:

The toroidal.curvatureveffects are eutomaticallyrobteined‘
in this twe-dimensionai calculation. The calcﬁlatien shows a
strong toroidal plasma floﬁ with ah antisymmetrie-toroidal'
velocity profile against the midplane of the torus. In the
later phase, this toroidal flow isvbalaneed and sustaihed.by
the azimuthal asymmetry of the dissipative effects due to
toroidal curvature, thus resulting in a steady—state qguasi-
eéuilibrium. The physical origin and the consequences of‘this
teroidal flow are discussed‘(e.g., the toroidal shift of the
magnetic axis is nearly doubled dueAto this.flbw).

| A simulation predicting 2T-40 behavier.is.presenfed.'

The basic differences of ZT=40 froﬁ smalier 2T-1 and ZT-S ere» -
discussed from both physical and numerical view points;e
The.scalihg law of the dissipative MHD equatiohs‘is derived.
The importaﬁt timerscales, i;e., Alfven, field diffusioﬁ;v |
lthermal diffusion?'&iscous diésipation and:numerieéi yiscbus:
‘dissipation time scales, are studied. =

The overall.good agreement beﬁween experiment and
calculation presented assures that ﬁhe plasma medelgﬁsed (i.e.,
single fluid dissipative MHD) gives a geod representation of
the physieai phenomena, at least in the parémeter4regi@elof the

smaller experiments SP-1l, ZT-I and z2T-S.
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I. INTRODUCTION

It is well known that the efficiency of a magneticAfuéion
reactor'will largely depend on the plasma B, since fusion power
density goes as 32. Thus, much effort has beenvconcentrated on
the attainment of high-B plasma-épnfinement. For. tokamaks,
which enrrently opcrate al B X l%; there are plans to incréase
the plasma 8 by a fést auxiliary_heating (e.g., neutral beam.
injection, rf heating, etc.) as in the flux conserving tokamak3
concept, of by elongation of the poloidal cross section.

Meanwhile, stable high B (7v50%) plasmas have already been

attained in various toroidal pinch experiments(e.g.,-reverse-field

pinch, screw pinch, belt pinch, etc.). But the current pinch

machines are generally Quite small devices of short duration

and thus,'the obtained plasma parameters are quite low in view

of the ignition temperature and the Lawson criterion. Therefore,

larger pinch experiments are planned in several laboratories

. around the world to scale ﬁp'the plasma parameters. The scaling

character of the pinch discharges is one of the crucial-quastions to
be investigated by these larger devices.

In this thesis, we study the plasma behavior of the toroidal

.pinch experiments using a two~dimensional resistive magneto-
- hydrodynamic (MHD) calculation. Lui and Chul reported a two-

"~ dimensional MHD simulation of the initial phase of the Jutphaas

SP-1 screw pinch.u In this, the single-fluid MHD equations

"with finite electrical and thermal conductivities were solved .

'by an Eulerian finite difference scheme in a toroidally o




axisymmetric geometry. The plasma Qas initially af rest, and
it was driven by currents and fields prescribed as fuﬁctions

of time. . The gross motions of the plasma, namely pinching,
bouncing and toroidal shift, were all obtained as part of the
solution. In the preseﬁt study, this‘code has been modified,
so that very long calculations beyond the initial phase are
possible.zA An initially gquiet homogeneous plasma, driven by .
rising.external currents which are then crowbarred, can be fol¥
Jowed through manf pinching and bouncing motions ﬁntil a qﬁasi—
eqqi;ibrium dissipation state is reached. The plasma behavior
during this process is discusséd in Section (4.1). The method

of the calculation is described in Chapters (II and ITI). (In

l_)

Sections (2.1, 3.1, and 3.2.D), we follow Lui and Chu
The. same code is also used to simulate the Eta-Beta
reverse-field pinch at the University of Padua.and'ZT—I, ZT-S,
and ZT-40 reverse—field pinches5 aP Los Alamos. (The Eta-Beta
results have been reported in ref. (6).) The ZT-40 device which is
currently being constructed, is a larger device compared'to«
tﬁe others mentioned here. Comparing the ZT-40 results with
others, the scaling behavior of the pinch discharge is studiéd
'in Section (4.4). For this, the scaling law of the MHD eéuatiéns
is derived in Section (4.4.A). In Section (4.4.C), we discuss
sbme general confinement characteristics of large pinch
experiments. |

A strong toroidal flow is seen in the calculation. This

flow is sustained while the poloidal flow is damped until it becomes




R

a diffusion velocity. In other words, the quasi-equilibrium_
state reached is a steady state rather than a static quasi-
equilibrium state. This and other toroidal curvature effects
are discussed in Sectlon (4.3.B).

The question of the anomality of the electric resistivity
is also studied. For this, the observed field profiles are
'compared using two separate Simulation results, one using the
classical resistivity and the other using an anomalous resis-
tivity algorithm (the Chodura algorithm described in Section
(2.3)). 1In the setting-up phase of the discharge, the anoma-

‘ lous algorithm gives.somewhat better results than the classical
resistivity does. But the difference of the two results is not
very significant and both results compare witﬁ the experiment
quite well.; In the later dissipation phase however, the ano-
malous resistivity algorithm is found not valid and the experimental
re51st1v1ty seems to be quite close to the claSSical one.,

These are discussed in Sections (u 2 and 4.3.7).

We now briefly describe the toroidal reverse-field pinch.
‘The reverse-field pinch (RFP) relies on wall and magnetic shear
stabilization for-its stabilitv. The reversal of the toroidal |
‘magnetic field at the wall is necessary to have nonzero magne-
tic shear everywhere, when a vacuum region or a low current region exists
: out51de the PlnCh Due to shear stabilization, RFP operates-

with the safety factor q < l.7 ‘Thus, stable high B plesmas can
"doe produced with an arbitraryiaspect ratio device. (cf. The
B-values of the tokamaks are limited byithe two conditions,

. aB;
poloidal beta B < aspect ratio B,and g = —& >'nl.) Due to
p " a : RBp .




the large toroidal current allowed, it may be also pos51ble.
to heat the plasma to ignition by Joule heating alone. 8
Figure 1 shows the basic geometry of the torus and the .
coordinate systems. The highly conducting copper shell is
slotted poloidally and toroidally to perﬁit field penetration. - .
Inside, there is a dielectric discharge tube usually made of
quartz or alumina. The imposed exterqal toroidal (I¢).and
poloidal (Ie) currents drive the plasma implosion. Figure 2(a)
shows time traces of the driving boundary conditions of RFP
in the calculation, i.e., the total toroidal plasma current
Izpfand the toroidal field at the wall, Bzw° These fuﬁctions
are directly related to the external currents (cf. Sections
3.2.B and 3.2.C). The plasma current IZp is not strictly a
boundary cendition of the calculation, but rather it is used as a
‘constraint for an actual boundary value, volt-seconds around
the torus (cf. Section 3.2.B). Figure 2(b) shows typical
toroidal (Bz) and poloidal'field (Be) profiles.. The direction
of Bz is reversed at the wall.
There are two different methods of producing the RFP
configuration, i.e.,. one by a fast field programming; the
other from self reversal. The self reversal'9 occurs due
to a helical instability which relaxes the dlscharge to a
minimum energy state as can be explained by Taylor's theory
41n ref. (10). Thus, to study the self-reversal'mode, a three—/
dimensional calculation9 is necessary. Oﬁ the other hand, . ‘. -

the driven reversal mode is an axisymmetric process and thus,

will be studied in the present thesis. .

+ Subscript z represents ¢ direction, not Z direction.
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The screw pinch is similar to RFP in geometry. Bﬁt in-
stead of the magnetlc shear, screw pinch relies on the Stabl-
1121ng effect of g > %l, and on force free currents.u Due to
force-free currents, some reduction of g-value is possible.u
Figure 2'(e) shows fhe driving-boundary‘conditions of screw
plnch in the calculatlon,‘and should be compared to Flgure 2(a)
of the RFP case. Typlcal fleld profiles are shown in Figure
m2'(b). Unlike in the_RFP cese,.the toroidal field contributes
to plasma confinement. But this contribution will be only
cemparanle to the poleidai field contribution (i.e., Bp 1),
even when B >> Be, espec1ally in a large experiment, as ex-

plalned in Sectlon (4 4.Cc).




II. FORMULATION OF THE PROBLEM

The calculation will follow plasma behav1or starting
from its 1n1t1al state at rest, through many pinching and
bouncing motions until it reaches a quas1—equ111brium dlSSlpa-‘
tion state (where the plasma oscillation has been" damped away

and thus, diffusion mechanisms determine the radial plasma.

velocity). The equations to be solved are derived in the fol- L

lowing section.4 We adopt the 'single fluid resistive magneto-
hydrodynamic (MHD) model of the plasma.} The usual criteriallA
- for the applicability of the MHD equations are well - satisfiedi>
in the smaller experiments, sp-1, 2T-1, and ZT -S, due to. high
density and low temperature-in the discharges.  In fact,-the
calculation results agree well mith the experimental measure;p
ments as will be shown in Chapter lV. For the larger‘ZT 40
Aexperiment, however, the mean free path will become comparable'
to the torus dimen51on and much larger than the ion gyroradius}
4due to higher temperature, and thus, the applicability of the
MHD equations is questiohable. Therefore, the "present model of
.the plasma should be regarded as a crude approx1mation in the
ZT-40 case. (e. g.) The neoclass1cal effect might become
important.)_

Toroidal symmetry is assumed. The implication and the
validity of this assumption are discussed in Section (2. 2)
Finite electrical and thermal conduct1v1t1es are included
but the viscosity is neglected. These transport coefficients :‘

are explained in Section (2.3).




Accordingvto the geometry bf tﬁe boundary (Figuré 1),
tqroidal polar coordinates (r, 8, ¢) afe-uéed throughout, |
rather than cylindrical coordinates (R, Z, ¢). The distance
R from the major axis, R = Ro + rcosf, is often used in thé
equation for bfevity. The units afe Gaussian gnless otherwise
specified. | .

2.1 Derivation of the Basic Equations

The differential equations of single fluid magnetohydro-

dynamics with finite electrical and thermal conductivities

are
3¢ T V-(Pw) = o, . (1a)

_g__z_g. +A v. (pﬂ) = -Vp + l X E/c , | ‘ (1b)

3T - .2 : |
pcv(-aT:' + u-VT) = -pV-u + j“/o + V- (KVT) , (lc)

1388 _ a)
¢ 58 - ~Curl E | ‘ (14)

. _ C . ' |
i=g-curl B, . - : (le)
‘div B'= 0, ' N : | (1£)
E = J/0 - ue x B/ec

= _J_/U - ux _B_/c + J;x B/c * ' ‘ (lg)A
ne —

where ¢ and K are electric and thermal conductivities, C, is

. the specific heat at constant volume, n is the electron number

" ‘density (n = p/Matom' for a hydrogen or deuterium filiing gas) ,
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and u_ = u - 1 is the electron fluid velocity. (u -will be
—€ - ne ’ i J e o
used in the equations for brevity'instead of using (u - iy ) .)

ne

The Hall term is included in the Ohm's law (lg), because the

drift velocity, Vq = 3/ne, is often of the same order of mag-

nitude as the fluid velocity u. (In other words, the condition't
Lwée Vo ‘
—— — >> 1 for neglecting the Hall term is not satisfied.)
w C2
ce - ‘
We now derive the equations. to be solved in (r, 6, ¢)

. . . 3 .
coordinates, assuming toroidal axisymmetry (56-= 0). Since
'div B = 0, we define as usual a poloidal flux function ¢ as

_ 1 J
= —. |B-ds
w(r,e) C2m )T (2)
F(r,9)

where F represents any open surface bounded by a large circle
around the torus at (r, 8). Differentiating each side of
equation (2), and using axisymmetry, we obtain the usual rep-

resentation for B,

o e >

x VY + B 5 .

B=- 6

The toroidal field B¢ is more‘conveniently represented by in-
troducing a variable y = RB¢. Then each component of B is

represented by w, X, and their derivatives, as

-1 = - 13y - X '
Pr “Rr3o’ By~ "Ry By TR - (3)

The -current density components are also so expressed from

Ampere's Law (le),
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= (o ix o = - C ax
Jr T TTRE g0 © 0 TR 3r ¢
jo=-CL3 (r 3y L 13 (1 3, (4)
¢ UT'r 3F R ar r 96 'Rr 36

Integrating the induétion eqﬁation (1d) over the surface .

F(r, 6), we obtain

_1 oy | |
R 5~ By - | (5)

Substituting equations (3, 4, and 5) into Ohm's Law (lg), we

obtain the differential equation for y,

(6a)

Substituting equations (3 and 4) first into Ohm's Law (1lg)
and then into the induction equation (1d), we obtain the equa-

tion for x

X _ciR B xr 3y +R 3 1 3y
5t ~ Om'r.3r oR 3¢’ r 36(oRr 36)
R 3 .r .Ra'l
r 3r (& YerX) - 735 (§ UepX)
+ R 3 R 9 ' .
* T ar (FBrugy) + ¢ 35 (Bgugy) | (6b)

The energy equation (lc) gives the equation for temperature T

which is of the same form in these coordinates,
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oT oT

9T | A
°Cyl3E * Ur 5 * Y zap) =

2, .2, .2 T - | '
oo+ 3 + 3 1 2 (grr 3T, .
r 0 ¢ + Ry Br_(KRr or o . B :
o ' )
1 3 3T - : - o -
* Rr 30 (KR r3g) . o | -
oy 19 18 |
(y=1)pC T{g= s (Rrou ) + a7 (Rge)}, . (6c)

where the raﬁio'of specific heats y is 5/3 for three degrees

of freedom for each particle. Equations (6&, 6b, and 6¢), which
govern the time evolution of'w,'x and T form a'group éf three
parabolic equations. On the other hand, the mass and momentum
equations, (la) and (lb), form an essentialiy hyperbolic system*

‘of four equations. These ‘are in (r, 6, ¢) cobrdinates

a 1 3 ] :
3T+ T 3r (Tour) + ggp (pug)

~

p{u cosb - uesine) _ . _
- E _ , , o (7a)
R . } ‘

., L3 o oL |

5¢ (puy) + 7 3¢ rlpug + (y=1)pCoT) + & & (pu_u,)
pu, o pug pqiiine

=~ "R (urcose - ueSan) +‘ " + R

1 . 7b
o GeBy - 39Be) , e

-

<

* Although in actuality, these U4 equations together with the

3 parabolic equations (6) form a parabolic system of 7 equations
since they are coupled together, we will refer to these 4 equa-
tions as a hyperbolic system for convenience.
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d 1l 3 1l 3 2
3t lpug) + T 3t (prurue) + - 38 (_pue = (y=1) pCyT)

v . | u ol
| == Eﬁﬁ (u.cos® - ugsing) - PPrfg - p;¢ sing
b + 1. .
c (J¢Br - 3rBy) -, ‘ (7c)

13 L
3t (%) * I 3% (Prupuy) + ¢ 35 (Puguy)

2pu : . . - 3
- g ¥ (ucose - ugsing) + 7 (3 By = 3gB) (74)

For convenience in later explanatlon, we represent these four-

hyperbollc equatlons as a vector equation,

oz

s 2 (AW, D) W) + = (BW,T) .W)

S (W, T, r, 8 +F (i, B), (e

where W = (p, pu_, pué; pué),_A‘and B are 4 x 4 matrices,

(o 1, o, o) [ o o, 1, o)
(y-1)Cc,T, u., 0, 0 | 0, u,, 0, 0

i 0, 0, u, 0 ‘B Cloenegr, o, ug, o
0 0, 0, uw |, | o0, S0, 0, uy |,

-and S contains all the undifferentiated terms involving W,
T, and the coordinate variables and represents the curvature

effects, while.F represents j x B/c term.
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2.2 A Remark on the Toroidal Axisymmetry

Toroidal axisymmetry is a basic assumption in eur study.
If the initiel conditions and the driving boundary conditions
are all éxisymmeric, the plasma will develop in an axisymmetric
way, unless axially asymmetric instabilities occur in which caee
our calculation is no longer applicable. Whiie most of the
conditions are rather obviously axisymmetric, the fact that
the electric field which penetrates through the slots also
gives akisymmetric effect on the plasma, would require some
explanation, since thiseg_field itself is much asymmetric in
fact.

In general, the E field can be represented uniquely as

: 1
a superposition of two fields,

E=Ep+E;,
- . ' . oB
where E, is a divergence free field generated by curl Ep = - 0B P
B _ . ‘ A ' =B cat
while E; is a curl free field generated by: divE = 4rg. 1In our

case, it is easy to see that Eq is axisymmetricfwhile Ec is
axially asymmetric. Thus, at the condﬁcting wall (inside surfase
of the sheli), EB¢vis constant around the torus. E&¢ is also
constant as long as one steys away from the slot, since EO¢ ;
_EB¢ at the wall to satisfy the boundary condition E¢ =0 at a
conducting surface. However,lat the slot, Eo¢ becomes very large

representing large Poynting's vector into the torus.. This

asymmetric E field however, will have little effeet on the

‘plasma behav1or, since the plsma will react immediately to

shleld out the curl free Eg fleld by charge separation on the

plasma surface.




Y

- surface and the plasma surface will be such that Eg

15
More precisely, §4,generated by ¢ on both conducting shell
¢ =-EB¢0n
the conducting shell surface(both inside and out51de) away from
the slot, E;=0 inside the plasma, Eo¢"° on the plasma surface

and  Ax EB¢2wR : o »
/ Eg¢-dx==-——§——— at the slot(Ax is the width of the slot,
0 : :

N the number of slots). It is easy to verify that these condi-

tions together with the fact that the total charge in the plasma
- and the total charge in each shell segment are~all zero, deter-

- mine a unique solution of o. We note that the charge den51ty

o(r,t) specified in this argument, together with the solution’

»of the problem posed in Section(2.1), gives a solution of the

actual problem in the MHD limit.

In shOrt, the E field inside the plasma will remain

.axisymmetric although the E field outside the plasma is highly

- asymmetric. This fact has beeheagﬂaﬁmﬂ concerning the poloidal

slots. The effect of the toroidal slots can also be explained

'in a similar way. These are also the reason why we can use

"_later, two seemingly contradlctory boundary condltlons, Bh=0

and E¢, Eg #0 on the conducting surface. In fact, the experimental
measurements in nearly all of the axisymmetric toroidal

experiments, show. close toroidal symmetry of.the plasma behavior.
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2.3 Transport Coefficients

The classical transport coefficientslu Which are derived- N
from binary encounter theory sometimes dovnot satisfy the ex-.
perimental measurements. Although other‘reasons may well be
important,15 this is generally attributed to‘turbulence‘creatéd
by plasma instabilities. Thus, some simulation studies on
toroidél pinches reported the transport to be‘significantiy
anomalous while'othe; studies on different toroidal pinchegi
reported the transport to be classical. One. anomalous case
was reported by Krall and Liewer16 who used an electrié
-resistivity algorithm where the effects of various instabilities
are taken ihto account self-consistently, using the known
properties of the instabilities. The resul#s thus obtained .
4agreed with the theta pinch experiment at the University of
Texas. A more simple semi-empirical resisﬁivity,algorithm has
been also reported to describe satisfactorily the behavior
of the piasma in the Garching fheta pinch (by Chodural7) and
ZT-1 reverse field pinch (by,Sgro ahd Nielsonls), when it is-
used in a hybrid model (Vlasov ions, fluid electrons) of the
plasma in 6ne dimensional calculations.

bn the other hand, the Culham group reported that the
HBTX-1 reverse-field pinch had been successfully simulated
using the classical transport coefficients.19 Another study

had been done by the University of Padua group who reported S o

that "No clear indication about the classical or anomalous
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nature of thefresistivity apbears-from the simulated gross
"plasma behavior Qf'Eta-Beta reverse~field pinch .discharge."”

| In theApresent'study,'we'test both the classical resisti-
vity formula and the anaomalous resistivity algorithm of
‘Chodural7, comparing the obtained results Wlth the experi-
ments. }In the Chodura anomalous resistivity algOrithm, the :

resistivity is found as follows:A
v.= :cwpi[l - enp (-[Vd|/fvs)1,

— ) - . . 2
n = Max (vM, / ne’, cla351cal)' (9)

where the ion acoustic speed Vs = (YkT,/M; ) 2, the drift
velocity‘\Qi= '/ne,‘and‘the coefficients c ;'0 5 and £ = 5.0.
These same numerical coeff1c1ents are used 1n the present |
study. This algorithm gives a cla351cal re51st1v1ty when the
ratio of the electron drift veloc1ty to the ion acoustic speed
is small,.butan;empirically enhanced yalue will bersw1tched
on when the ratio becomes large. The density dependence of
this formula is also important especially in the low density
region outside the main plasma celumn, since the elassical
formula“does,not have much dependence on density. Here, we:
note that the resistivity nisAused as a.scalar.. Some efforts
were made 1n1t1a11y, to use this re51st1v1ty coeff1c1ent in a
tensor form as used by Sgro and Nielsonls.' But test runs
1nd1cate that the anisotropy of the re51st1v1ty lS not 1m-;

portant enough in our 51mulation to warrant the necessary

complications and loss in numerical stability.




It is shown in Section (4,2) and (4.3) that for the
initial setting up phase of the ZT-I and ZT-S experiments,
the Chodura anomalous algorithm gi?es somewhét bééter results
than'the pure classical formula. But the aifference is~ﬁot
very significant and bqthlresults agree'wiﬁh the experiment

quite'well so that a conclusion similar to 'that of the Padua

group stated above 1is drawn. It is noted that the Eta-Beta .

experiment is in a similar parameter range as 2ZT-I and ZT-S
experiments. In the later diséipation phase however, the
Chodura resistivity algorithm is found not valid and the

resistivity seems to be quite clése to the classical one.

As for the thermal conductivity, if the classical formula

. .

~is used, the results did not compare with'the experiméné,
‘This is because the classiéalvfdrmula gives no conduction
across the wall, as explained. in thé following; while ﬁhe.
experiment shows significapt'heat ‘loss. In the tenuous |
plasma region outside the pinched main plasma column. (cf.
Section 3.3), the plasma density is negligible while the
‘Amagnetic.field and temperature are substantial. Thus,
wT > w; .Whére w and T are the cyclotron frequéncy and the
collision time, respectively. When WT > ® , the per-
2nk TiT4

s T
pendicular conductivity becomes K*N K+’+ i where

2
| | mi(wT)i
the subscript i represents the.ion species. Since this value
will be negligible near the wall and the magnetic field is

parallel to the wall, there will be. zero net energy loss

18
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from thé torus system in the calculation. On-the'ofher.hand,
in the experimenté) the énérgy loss due ﬁo the radiation and
5 , condﬁétion_is generally significant. :In some diSéharges (e.qg.,
A ' #ome of the Eta-Beta dischargesyzz, the radial loss was found |
.neéligjh1ei even‘thdugh Lhe total energy loss was.significant.
Therefore,_if seems . that in general, sohe anomalous conduction
loss is.presenf together with'the rédiatipn loss.
'In the éresent study, we simply set the thermal conducti--
vity coefficienﬁ ét a cpnstant'K7= 2 x 106Verg/cm + 'sec-OK
' (which correspondS‘tO»Ehehclaésical barailel ¢onductivity'at
4 eV), .which was found'satisfactqu in our previous simulation of
the‘Eta-ﬁetaAreverse-field éipch. _This value ié again found
acceptable fo: the simulation of'ZT-I, Z2T-S and SP-1, all of
which are in a similar p§raméter'range as EtéfBeta. In our
lcalculation where the radiation loss is neglectéd,.this would
imply that Ehernet conductioh loss in the calculation is on
the séme order ofjﬁaghitude as the'het energy loss in the_ek-
periment through both.conductioh and‘radiatién.
The other'transport méchanism, ige., the viscosity, ié
neglected in the present calcu1ation. The classical.viscpsity,
is mainly due to the.ion'species ﬁnd';he parallel aﬁd perpendicular
‘coefficents are on the same order of magnitude. The kinematic
viscosity coeffici’ent21 is roughly |
kTiTi

M, ;
1

V=V, N
1

"For the smaller machines, i.e., SP-1, 2T-I, and ZT-S, the viscous
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r 2

‘dissipation time scale T, = —— ’ Uis'on the order of .

1 ms; (It will be shown in Sectzén (3.1) that the numerical
viscosity is also on this{order.) This is much 1ongér than
the time of interest in our calculation since the Alfven time
scale for these smailer machines is ~ 1 us, andlthe field

and heat diffusion times are both ~10 us. (cf. Section (4.1)).
This justifies the. assumption of no viscosity in the calcula-
tion. On the .other hand, in a larger ZT-40 experiment, the
viscoﬁs dissipation time becomes‘wIOus due to higher tempera-v
ture,_assuming the'classical‘viscosity; Thus,. the viscosity
might be impbrtant in’thisicaéé. A further discussion on

‘this subject is made in Section (4.4.B).
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2.4 Initial Conditions

Although our code can start from any initiai eondition)v
the initial conditions for the'preseﬁt simulation: anavery
simple; We start the calculatlon from an 1onlzed plasma at
rest whlch corresponds to the beglnnlng of the maln dlscharge
1n the experlment. We . assume 1n1t1al full 1on17at10n. A! ”

bias

glven tor01dal bias fleld B _; - is present,w1thout any cur-.
rent. Therefore the initial cenditiens are

.p’= Cconst., pU ., TpU, pU. = 0.
r' 8 o »
T = Const. (typically 1 10 eV depending on the pre-

ionization.)

v =0, X =RB:
- N $bias
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III. NUMERICAL SOLUTION PROCEDURE -

3.1 Basic Nuﬁerical Procédure

We use an Eulerian'finite differehce_écheme.to solve.
numerically the seven nénlinear equafions'(G.and 7) formulatedt . .
in the previous chapter. Thé~s£andaré”alternating direction
implicit scheme12 (implicit in r or édiféction, alternativeiy)'
is used for bothvparabolich(ﬁ) and hypérbolié‘equa£ions (7).
The soiution‘proceduretis explained in the following.

We first calculate the predicted‘value<ﬁ* = (p, PUr, pUe,OUg)*
for the coefficients of thé:nonlinear terms from_‘Wn of the old
time step by an e#plicitfséheme.(as dsual;:n deno£e5<the4tihe

step, and i, j denote the indices in the r and 6 direction res-

. ‘n . S

pectively, i.e., @ F = F(iAn, jA8, nAt)),

‘ ' i,] : ‘ S o .

Tw* =l - AR L gy noowty .
Wi,5 = Wp,4 bt (AP - w )i'j‘4;H9(B WDy3,9) (10 |
n n
+ . .+
Be(si, + By )

- where, for any vector V,

|
A S o | |
HV .= (& Vv . -r Vv . )/r 26r, - ,
i,3 i+17i+1,5 i-17i-1,5 0 i . S
HV., .= (V. . -V  )y/r b20 . .
8-1,) (—i,J+l ‘_i)j"lA)/ i : A ) }

This W* is then-used in the coefficients, e.g., as

U* = U* - t Jx
er r - . ne

n ' : L
) » to calculate the nev time step-
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: n+l’ n+l n+l
values for the three variables, ¢ r X and T '
using an alternate directioﬁlimplicit scheme.
' n +1
Flnally, the new time step value W is calculated by
: solv1ng the hyperbolic equations (.6) with an alternate direc-
tion implicit scheme. Here W* is used for the nonlinear co-
efficients and S is approximated by %(gﬁ + 8*), I by
1, n n+1 - L.
2(F + F ). The difference equation for W, at the

r direction implicit time step for example, is as follows:.

n+l 4 ) +1
w +atH (AY . ¥
i,3 r 1,3 =i 1,]
=W -AtH, (Bn w? o)
1,3 1,3 103
1 | B | |
+ 5(s* + 8N + 7(§n+§‘_n+]7- S (1)

‘This difference ecﬁeme{ together with:the boundary conditions
explained later in this chapter, results in a 4 x 4 block
tridiagonal matrix equatien P x = £, where P and £ are given.
Likewise in the.solution procedure for. ¢, x and T; we encounter
;‘a similar tridiagonal matrix equation. These matrix equatlons
are efficiently solved by Crout reduct10n23.‘ |
-Of course, if we iterate back and forth between the para-
bolic and the hyperbolic equations; the results will be more

~accurate than the results from the present method. But this

would require much more computer time.
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To enhance numerlcal stablllty, a Lapldus type numerical
o 12,24
viscosity term is added in the.right side of the equation

(11). This viscosity term is.
K {_A? Gr(lsrUr l~5rv_7 ). ,

(11+)

At oh n,
+ At S (|86 U8 W ). .}
r.A6 O | 9'6|'e“ 1,57
i
where § V = 1 = - 1
= o+ = —i+i,] —i-=,
r l,] x 2 2 J 14
Gey_‘ilj = Y“-‘-r}*‘l . — \—71,:]']—' - r
2= 2

and the coeff1c1ent of the v1sc051ty term K is typlcally 0 1
5 6
For the velocity of 10" ~l0 cm/sec and Ar 00 v 1 cm, we

2
- - 3 . 3 » L3 . r
estimate the effective v1scous,d1351patlon time T = _ 0

—

Voooy

of this diseipatien terhito‘be 1do:midbo us;) Since} thls
t1me scale is con51derably longer than the time scale of the
calculation (cf. Chapter IV), this artlflclal viscosity term
can:bevjustified. |

We note here that u51ng the predlctor value W* as glven.
in- equatlon (10) sometimes: causes a numerical 1nstab111ty in
the simulation of a very violent process. 1In such a case, |
we use a sllghtly less accurate procedure which gives better
numerical stability, that is, we Smely flnd W* without the

predicting terms in equation (10) but, adding a dissipation




‘
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term, i.e.,

W= 1-ew +lew®  ww® . +w® 4w ), (100

e T, Ti-1, 3 Ti, 41 i, -1
where the dissipation constant 6 = 0.1.
Due tn the complcx nonlinearlty of the equations, a

rigorous overall error analysis for the solution of the

-difference scheme described in this section would be exceedingly

.difficult, if not impossible. Therefore, we took the usual

approach'bf comﬁaring‘results df the code obtaihed with dif-
ferent érid sizes and time steps. If the solutions obtéined.
under. these conditions are converging to a‘solution, it is,
assuméd that'the‘solutidn obtained is‘correct. This is be-
cause the truncation errors are at 1ea§t first ordeg.both in-
the grid size and 'in the time step. 1In this-wéy (e.g., by
noticing that the results do not change significantly when

the grid and time step si;eé‘are reduced to a half), it is also
checked that the effective aissipation timevdue to the overall

numerical dissipation is much longer than the calculation time

scale which is in the order of 10 us.




3.2 Boundary Conditions ' o o 26

For the boundary conditions of the system of seven
differential equations .(6) and (7), we first consider the
dissipation-free case, where the dissipation coefficienté are
all zero. The boundary conditions for these ﬁyperbolic
equations can be determined by examining the characteristicsz?'
Since there is no plasmé flow across the wall and also sihce'
we require that no vacuum region appears near the wall (cf.
Section (3.3)), a boundary condtion Ur = 0 is neceésary. This
condition Ur = 0 and the fact that the magnetic fie1ds are
parallel to tﬁe wall, alldw only one chéracteristic (a fast
(magnetosonic) wave) to point into the domain. . Therefore,

Ur = 0 is a sufficient boundary condition for this case. (If
Ur <0,’éli six boundary values except the one for the'density
p would be necessary.) |

On the other hand, for the present dissipativg«ﬁagneto-l
hydrodynamié equations with finite electfic.and thermal.dis-
sipation coefficiehts, thé:sysfeﬁ become pardbolic and adaition—
al boundafy ¢onditions for the variables y, ¥ and T are
nééessary. For these variables, either a .Dirichlet boundafy
condition (e.g.{ T = Const.) or a Neumann boundary condition
(e.g., ;% = 0) for each variablés,'is sufficient both for
the.differential equations and for the difference equations.
The boundary condiéions used are.expléined in detail in
Section (3.2.B). |

Furthermore, for the vari;bles W= (o, pU,., pUy pU¢),
thé difference scheme may néed additional extraneous boundary

conditions, and careless imposing of these conditions may

cause various difficulties, e.g., numerical boundary 1layers,




:numerical instability, etc. (cf. Ref. (26)). 1In the fol-

Alowing section, these extraneous boundary conditions for W
are derived from the constraint that there is no mass and
mdmentum flow across the wall. For this procedure, we
should first define the mass and moﬁentum flow between
computationai grids, consistantly With'the diffetence
scheme used. This is also shown in the following section.
The bouhdary cdndtions fot the e.difection are'given in
Section (3.2.D)." Finally the treatment in the coordihate
origin r =0 is discussed ih Section (3.2.E). This'prdEedure
is necessary because the'oriéih r =0 is a boundary point for
the coordinates'(r,6,¢) even though it'is an interior point

of the plasma.

3. 2 A. Interpretatlon of the .Basic leference Scheme and’

the Boundary Condltlons

We first explain the definition of the mass flow betWeen
computational grids, using a one dimensional analogy of the mass

conservation. equation, that is,

n+l n '

n+l. n+l A
p -p+ —(pU -pU + ) =0 (12)
. 2% i+l i-1 '

Fig. 3 shows the computat10nal mesh scheme in one dlmen51onal
analogy. (The two dimensional case is shown in Fig. 4 on
page ( ).) All the variables p and U are defined at the
integral points I's. Naturally, the mase inside the unit

grid I is defined as piAx.
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FIG. 3, COMPUTATIONAL MESH SCHEME IN
ONE DIMENSIONAL ANALOGY.




If we calculate the mass change in-the‘grid Nl through
N2 using equation (12),
N, )
am o= atYS Loy - pu )
i=N. 2 i-1 i+l
1 .
- At PUy + 140Uy PUy, pumz—ﬂ)
2 2
= At ((pW o , 1= (pU)_ ;) (13)
N,+3 N2+% . 3
Thus, the mass flux density pU through the point N2+£ can
' 2

be defined as

pU + bU '
1 _ N2 No+1
2+5 2 T

’

and the symmetry of this equation shows that the difference
gcheme (12) exactly conserves mass if the boundary conditions

aré accordingly defined. 1If we setthe positibn of the actuail

-physical boundary at  the pbint N—%.(Fig.3 ), the zero mass

_flow condition at the wall, i.e., pUN_l = PUN-1+PUy =‘02
‘ : 2 2
gives the boundary condition :
(lsa) -

(DU)N = ‘(DU)N

Such a specification would conserve total mass exactly.
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From a similar reasoning for the momentum équation, the
zero momentum flow condition determines another boundary

condition,

(pUU) = -(oUU) - (14b)
N N-1 .

Although setting the boundary conditions as p = -p
and U =10 would satisfy the above two conditiogs, thz-l
condiEion §—1= -p can not be ﬁsed duevto the VP term
in the momegtum eg;;tion. (The boundary condition for the

VP term wiii be explained later in this section.)
Therefore, we can either use the boundary conditions~
(l4a) and (14b) incorporating them directly,into the solu-
~tion procedure, or we can substract at each tihe step, the
artificial flow passing throuqh the physical boundary point
N—%., ‘that is Atou | = A'tA POy , if U is set at zero for
. N-X S22 N 4
example in the mass 2 equation. These two methods yield nearly
identiéal résults. |
Ig an analogous‘way to the above, We can easily find
| the boundary conditions for the.diffe;gnce_equatiqn.(li) in
4our two dimensional case. (The mesh scheme is shown in Fig.
4.) For example, the mass flux density through r in r
direction is defined as e
(rpUr) + (rpUr)
i i+l (15)

r, + r
L ia
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From this equation and the similar equations for the

pUr,pUe and pU@ flux densities, we find the boundary con-

? ditions,
- (roUr)N = -(r_pUr)N_l, . o ‘
(errUr)N = —(rpnfnr)N_i’ R ) !
(err'Ue)N = - (rpU.U o N-1, o | |
(roU, U¢) = ~(rpUpUgy) 1, , _(165

i B where N denotes the boundary index k;max .in Fig. 4) for”
i ’ the r dlrectlon, andthe zero ¢ momentum flow condition
l across the wall is used for the fourth equation,Afor example.
The necessitylof_theéa'correct' boundary conditions
can be seen, in a onebdimensional analogy (Fig. 3), from a
case where the boundazy value (pU) is giVen incorrectly as
(pU) =0 wh1ch seems to represent zero mass flow, therefore

often used. Then, because of the artificial mass flow through

™

the wall, i.e.; (pU) 1 = (OU)N_l,twioe the mass in the cell
N_ S N

(N-1) will be swept'inzet each 1inward pinching of the plasma.

~

(Here'(pU)N‘ = (pU) is used.) This error is quite severe
-1 N-2 ‘

in a polar mesh scheme (Fig. 4) for a c1rcu1ar cross sectlon

torus. For example, w1th 16 grld points in the r dlrectlon,

this error w1ll cause an art1f1c1al increase of ~"15% of the
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total plasma mass at the end of the'first pinching. This
large error is dﬁe to the fact that this erroriis of zéfoth
order in Ar. We note that the boundary conditions (16) do

not take into account the toroidal curvature. But this error
is of first order in Ar with very small coefficients. This
method of treatmént_of mass and momenﬁum flow will also be
used for the treatment of the low density region described

in Séction (3.3).

For the hyperbolic equations (7), the boundary condition
for VP term,'V(y-l)Cva, still remains: to be determined.".
This will be determined as'before( from the meaning of the

term. From a similar reasoning as in theAmass flow‘case,
the pressure ét the wall is represented by
(oT)N+(oT)

(pT) = N-1
N- 2 .

M|

But}unliké in the previous situétion, there is no constrainf
which can be used to determine the boundary value exactly.
This time we can simply set the boundary condition as (QT)N=(OT)ﬁ_1'
allowing an error of the first order in Ar. Obviously, a
small change of pressure at the wallbwould have little -
effect on fhe system as a whoie.
Using similar arguments, the necessary boundary éon—
.ditions of the fluid velocities which appear. in the parabolic

~equations {6), can be determined as

= U = (U, U, , U
(17)
= U , U U’
(Uer’ Uee’ Ue¢)N ( er ed’ . e¢)N-l .
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3,2;3, Boundary Conditions at the Wall

Many of. the boundary condltlons at the wall for the
basic equations (6 and 7) are already determlned 1n the pre-
v1ous sectlon.A The only remalnlng boundary conditions to be L
determined are the ones for ¢ ,x and T for the parabolic
equations (6). | - "

For the temperature equatlon, the boundary value of
the temperature T ¢+ is set at- aconstant whlch is typlcally
1v10 ev depending on prelonlzatlon. The-condltdon‘ TQ = Tw-l'
can also be used if an adlabatlc wall is assumed

The wall values of w and’ xare both pure functlons of .
time. Let Ie be the total . external p0101dal current pa531ng
-through the hole of the torus (cf F1g l) Then, from Ampere's

e

law, -

Since the function~16(t5 is‘readily measurable and programmable
in the experiment, the boundary value xw(t) is well determined
by this equatlon. o 4 o

Due to the assumptlon of perfect conduct1v1ty for the outer

shell, (Bn = ); Y is’a constant at the wall at a given timéq
~ This boundary value ¢w‘is”p}5pogtiona1 to the total magnetic
flux through the hole of the torus (or to the volt-seconds :

around the torus). The flux in the hole is the algebraic sum

of the primary transformer flux and the flux induced by the
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<p1asha current and the currentzon‘theAOUter shell. Therefore
in general, ww(t) is a complicated function ef'time. For
-example, it will depend_dn the plasma motion, implodingler
expanding, and the plasma position. Hence, it is very dlf-
ficult to predlct or program w {(t) in the- experlment. On

the other hand, the toral toroidal plasm current.I¢p(t"
(which is a suffieient boundary condition for an infinite
aspect ratio case, but cannot be used directly as albeundary
condition in our two dimensional case of afinite aspect ratio
: torus), is readily measurable and programmable 1n experlment.'
Therefore, for the 51mu1at10n of glven experlments,'we use

Yy (t) as a boundary condition in such a way that the resultlng
totel plasma current I¢p(t) matches the experlmental measure-'
ments. The value of w (t) is adjusted at each tlme step to.
give this result. This is done by extrapolatlng.the ratio of
the increaments of ¢Q and‘ﬁm);at the previous time step to thev
new time step values. . ' |

| The reason for the previously stated fact that I¢p(£)

is a simple function of time without'much dependence on'the
plasma metion or position, and also that it is easily'pre—ﬁ
dictable and programmable, will be found 'in the next section

where the relationship between %ﬂ(t) and I¢ (t) is explained.
: : A P
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- 3.2.C. Flux in the Hole and the Total Toroidal Plasma Current

- In this section, wé'study the relation between flux in the
hole of the torus and total plasma current to explaﬂe fﬁrther.
the necessity of adobﬁing the latter as an effective boundary
condition. It‘is'hoted:heie that all the equations derived in
this.éeCtion ekcept‘équation(ZZ).are not actually used in our
calculation'éincé'the<circuit equation -is not- incorporated.
However in cases wheré the incorporatiop of the circuit equatioh became
neceésa:yﬁids céﬁhdix:easilycixmausing'ﬂuaeqmnjons in this section. |

The magnetic flux in the hole of the torus, F, = 2nw§,
can be expressed és a linear function of the external toroidal
circuit current I and the total toroidal plasma current I

bex _ 9P
with constant coefficients M and L which are determined by .

!

the physical geometry of the system alonef independent of

plasma motion or position, i.e.,

Fg= MI gy + LI, ? GEY

with constant coefficients M and-L.

Ty

: Be and B outside the torus (div B = 0 and curl B = 0) at a
r - L= '

given time, are determined‘by the unique solution of a problem

posed by given values of I¢ex and I and the boundary con-

¢p

dition Bn = 0 on the outer surface of the shell. This solu-
tion is in turn, a superposition of the two solutions, one
: posed by a given value of I¢ex' I¢p' = 0 and B, = 0 on the shell,

and the other by I =0, a given value of I¢

¢ex_ and Bn=0 on'the

p

' shell. These two solutions are each linear in I and I

Tdex op’.
respectively. Therefore, equation(19) results, with constant
coefficients M and L. The linearity of the magnetic medium outside

the torus is assumed, in this proof.
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For a sufficiently well. conductlng ‘plasma (more quantlta—
t1ve1y)IK<ka: where w is the characterlstlc frequency of the
system, R the effective total toroidal resistivity of the‘
plasma and ¢ the light speed), the left side of equation (19),
i.e., the flux: F will be negligible  compared ﬁo'the terme on
the right side, during the time before the Crowbar time t bV 1/w.

(The procedure after the crowbar time will be: explalned later in.

this section.) This can be readily seen by noting that‘the flux
Fw ist |
Fyy V- f CR I - dt, where t< t-
0 ¢p cb.
Therefore, we obtain _ equation. (19),
Iq)p 2 - —.'—Iq)ex_.! ‘ ’ : - (20)

. L

Applying s1m11ar reasoning to the external c1rcu1t, we flnd

that the external current I¢ex can be evaluated by introducing

simple equivalent circuit equations whose effective inductance
is a constant Leff given by

M2 : : o i
Lefs = Lex ~ ’ ' ' (21)
L .

where Loy is the self-inductance of the external primary loop

circuit.

'~ Here, it is also assumed that the gap between the conducting wall

and the surface of the plasma column is small compared to the major

radius of the torus.
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The external current I¢e found in this way, determines the

X
plasma current I¢p by equation (20). Thereforé, the. plasma
current I¢p'has liltle dependence on the plasma parameters -
such as its motion or position,'aﬁd is easily programmabie

in the experiment. Of course, the actual méasurement of the -

plasma current I shows some residual oscillations which

¢p
represent mainly the coupling effect to the plasma implosion
or expansion phase due to finite conductivity of £he plasma.

We note here that even though the two éerms on the right
side of equation (19), i.e., I¢ex'and I¢p term( are prégram_
mable functions, the sum of these two functions, i.e.,

F, «<=2m)) is not. This is not a contradiction, because E,

is represented as a sum of two big quantities with opposite
signs, thch becomes zero in .the case of.a perfectly conduct-
ihg plasma.

We also note that using equation (19) (which’is not én
approximation but an exact eqﬁation), the circuit equations
can be easily incorporated into the problem and solved simul-
taneouély With the plasma eqqations, even in the present two
dimensional case. Although this pfocedure would somewhat im-
prove the accuracy of the solution, the difference would not
be important in view of our rather crude modeling of the plasma.

Until now, we have been concerned with the boundary con-

dition ww before the crowbar time. After the crowbar time,

the method of following the plasma current by adjusting Y,
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is also used'in‘the case of thekpower crowbar, with I¢p(t) =
constant. Or, if the experiment is crowbarred directly on

the torus shell without power crowbar, as in some.of'ZT—S dis-
charges, ¢¢t) is given by

o, =Y A1¢p | ' (22)

14
after the crowbar, whereAC is a constant representing‘thé flux in’
between the outer shell and the discharge tube wall, which is

approximately proportional to the plasma current.
. . 3 4
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3.2.D. Boundary Condtions for the 6 Direction and Computational

Mesg Scheme

In general, .the bouhdary.condition for the 6 direction
will be simply a periédic'boundary condition from the fact that
f(e + 2m) = ffﬁ)3for any vafiable f. However, to save compﬁterA
time, we used theisymmetryéomﬁthml against thé horizontal mid-
plane of the torus. Therefo;e, only those toroidally'symmetrié

instabilities which are also symmetric against the mid-plane, if

" any, will appear in our éalculation.

Iﬁ is easy. to see'that.thé'following symmetry cdnditigns
against the mid-plane satisfy equatidns (6) and (7).

Even symmetry: Y, X» T

BIBIjljlplUrl

(24)

0dd symmetry: Br'=jr’ Ug U¢ .

Fig. 4 shows the computational mesh scheme used. We use
polar meshes with constant Ar and A6, which cover the uppér

half of the torus cross section with additional A8 at each side

(i.e., 3 =1 and j = 3j ). In this mesh scheme, the symmetry

max ‘
condition (24) determines the boundary conditions for the 6

direction as




o’

i imax-2

= gax]

1= Jnax ~ _ o ~ 3= ]_

FIG. 4. SCHEMATIC DIAGRAM OF THE
COMPUTATIONAL MESHES




+ for the variables of

" even symmetry,
(25)
- for the variables of

.. -odd symmetry.
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3.2.E. Treatment of the‘Coordinate Origin

‘Although the coordinate origin r = 0 is -an 1nterlor
point of the plasma, it 1s a boundary p01nt of the coordlnate
system (r,8,¢ ). Therefore, appropriate treatment of the
origin is necessary. We will»deSCribe t@o aeparate methods -
for the treatment~of the‘COordinate origin; The first nethod
is simple and easy to uselmn:good only for a relatlvely gentle ‘
process (e g.[ a low plnch ratlo discharge) The otherA |
method is rather compllcated to use but found to be satlsfactory
in general. ‘_ . .
The first method exploits.tne fact that tne'value of
= (p, pU_, pUe, pU¢) at the origin‘doeslnot-appear'in the 
solution procedure, if we adopt the foilowing'difference echeme'f
of the r derivation, i;e.;, _ ) o o
(rf) - (zf) L
arf 1 1+1 -1 ' - (26)

or > r 2Ar
i :

1
=

where f islany function . of ' W. A11<the terms which‘require o

boundary values of W in the equatlons (6) and (7) can be naturally.

represented in this way.

El

Among the remalnlng boundary values for the varlables

. n#l
T, ¥, X, the boundary value T of. the varlable T at‘the next .
0. e
time step t = (n+l)At, can be given simply as the average value
, n , o A
of the old time step value T - - .of the grid points at. r = Ar
' - i=2,3 - C Y
(see Fig. 4), i.e.,
. Y oa ; o '
Tn+1 - 1 Lo _ . . C@n
o) N . 4 '

j=1 1=2;j
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where N = 31, and the values at j>3 are found from the
AB _ _ max ‘
symmetry condition (25).

The boundary value ngl is found by applying.

Faraday's law on the center grid (the region r < Ar), i.e.,

l’l ‘.' . .
(Ax ) R (AB,)o . R e N :
0 = __O____(b_____ = ..._0—_ z (Ee)n‘- Ar Y
At At w(Arf j=1 i=2,3 ‘
E = 2+1 @ws -vusn)), (28)
6 ¢ T Ty - |
',~ . n+l. - ‘n n
= Xol = X +(Axo) .

The boundary value rpg+l is determined.from (En)o which is

set at the average value of (ED), L at r = Ar, i.eﬁ,
. 4 ¢ i=1,5
n 1 N |
). = = L (@E)®
¢ O . N j=l ¢l=l,],v
1 o) P
Py M) ™ = (g™, (29)
v = ¥V + (AV ) \
0 "o ‘0

This simple method just described, is found satisfactory
when the plasma behavior is rather gentle. But when the plasma

behavior is more violent (e.g., for high pinch ratio discharge),




by

the W values tend to oscillate near the origin and thé calcula-
tion tends tb break down. h

This instability is probably due to the fact that the
difference scheme (26) does not conéérve mass and momeﬁtﬁm”

, L e .. rpUy) s _
near the origin. For example, the mass flow (xp r)l‘z
' 2

through the circle r = % Ar is lost, since the Vélue Pi=1

at the origin does’no; éppear in the equation.'(cf; Section
3.2.A). Although the resulting error in the total is rather
small due to small size of the cellsAnear:the origin, this’
error can reésult in a severe numérical strain in

these small cells. Therefore, the foilowing more elaboraté
treatment of the origin, which conserves mass and momeﬁtﬁm

near the origin, is adopted, and it is found satisfactory,for .

any cases treated thus far.

Instead of the difference scheme (26), we use the follow- .-

ing scheme for the r derivatives; i.e.,
1 1
of , 2 SatEEiatfioy)  fiamfi

3r r. 2Ar
i '

orf _ _£_+
r

r

Rl

(30)

In cylindrical coordinates (r, 6), using a similar argqument
as in Section (3.2.A), we find that the total mass change ‘in

. .o 1 2 ;
the grid (i, j) due to thg Ur.term F szirgur) is
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(AM)ij = ApArrA6 T ;
ArA® )'oUri+1+pUxi At
— ) ( ; ) €.
E . + ‘ .
+ (riAe - ArAey(pUr1+; PUrl-l)-At
2 } 2

= = (riAe +

L AseU )y A

+ i1 86000 g At o B ¢33

1
2
‘Therefore;tthe dlfference scheme (30) conserves mass. . The

mass flux denSLty through a point 1+%—1s deflned as*

kpUr)i' * (pUr)1+1 .

2
The definition of the moemntum flun density can also he“fonnd
in a similar way (e.g., for the © component, as (pheUr)i+ (pUeUr)i+l
- Using theeeideflnltlons,'we determlne the boundary valui W

at the origin (i=1) such that total mass and momentum are con-

- served.

For the value po, we apply the mass conservatlon equatlon

EEfpdv jDU - ds

on the region f S r/2, and find

* The difference between this and definition (15) in Section
(3.2, A), is due to the different r direction difference schemes.
used, and ‘results in a minor change in the boundary conditions
at the wall.’ (The boundary conditions for the present scheme

are’ (WU.), = (WUr)N -1 compared to the condition~(16), i.ew,

(rWUr)N==-(rWUr)N_1, for the previous difference scheme (11).)
But near the origin, these two. defintions give quite different
results.
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. ' - Ar - '
where (p?r)i=3 = ((PUL) 49 + (PUD ;.5) /2, and Sj 1 + 8L cos 8.

3 o | 2R,

appearing due to the toroidal curvature.

 For the momentum values at the orlgln the momentum equatlon '

prdv = -[(pU(U - ds) + p - ds) + —f(] X B)dv

1s appled in an 1nf1n1te51ma1 sector (51nce U 1s a vector),

r £ Ar and ¢ < ¢ < ¢ + d¢. This is calculated first in

2 - 'C ' ‘ " R
(R;2,¢) coordlnates (cf. Fig. 1) which are uniquely defined o R
at the origin, unlike (¥,6,¢) coordinates. From the symmetry

condition (24), we readily find that Uz and Uy are zero at

the origin. The nonzero R coniponent pUp is found as

A (pUg) . N . L
(PUR °-= - 4 Z ((pUU ), 3 §. + P, _3 . cos ej) ,
At o NAr j=1 - R T 1—z'j,q 1%503 R
o
* C(Zo X Eo)R'~
“where
(DURUr)i=§,j = (pU_U_ cos 6-pUeUr sin e)i=3,j
2 ; . ' , 2
(eU_ U )_3 o= 1 + ‘
roriis=g, g {(DU U 1,5 * (pUrUr)l 2'3},
(dU U ). 2'3 —{(p Urh_ (pU oV o) i= 2'3}
) = l -1 : .‘ . 4 ’ ‘
Piad,s T 30D Do 5+ 0T, 5
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and the values jo and B, at the origin will be found later in
this sectioen.’ Then, thé vaiuesV(QU ).. and (pU,). _. .at the origin

S ' ‘ L ETi=1, 0i=1,5 o

“are found from‘the‘value (pUR)i;i given above. .Since in general

<7 — 7 o a0, A
for a vector:'V = VpR + V2 + V¢¢(_

(V) = (V) cos 0. + (Vz)i_

. ) sin 6,
r l=l,J o ;] 1 'ln J "
V). . = =(V '.sin‘e;+"V’ . cos 8.
Voliz1,j “R)io1 57 V) im N
we find
(pUr),j.:l,j = (QUR) i=1¢05 ej ’ : : (34).

(PUg)i=1,j = = (pUL),_,sin ej .

For the temperature T, at the origin, we simply average
Ti=2,j as the previous method (27) instead of using the energy
conservation. This is for simpiicity, because the tempera-
ture equation is not written in a conservétive form so that in-
corporating the éxact energy conservation would be complicated.
Also, the value To will not muchiaffect Fhe overall stability, -
due to the large conduction term in the temperature equation.

The boundary value Xo is found exactly the same as in
the previous method (Eq. 28). The value yo is also found in
a similar way as in the previous method (Eq. 29), except this

' J 1
time the value (E¢)2‘ is found directly from E = %o + G

o

o
vo o

(UroBeo‘- erBro) without the averaging step. -




ug

The boundary values o and'go are found using Maxwell's
equations in (R,Z,¢) coordinates and then~tfansforﬁing‘them

into (r,6,¢) coordinates in the same way as . the pchedure for

the value pU._. The values iﬁ (R,%2,¢) coordinates are;
‘—O .
jRo =0,
3y = - —=S v '
ZO ZHRONAI' L Xl,=2']COS 63:
j=1 77
c 7 | ‘
J F — (By) o - ' (35)
¢o 2mNAr j=1 671=2,3, :
BRO =0
4 , N |
Bg, = = — v cos 8.,
RNAr =1 . i=2,7
B, = Xo
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3.3 Treatment of the Low Density Region

When the plasma pinches inward, the density near the
wall drops -quickly resdlting,in a very low density plasma
region (or maybe a vacuum) outside the main pinched plasma
column. Treatment of this low density region has been one of
the major difficulties since the early work of Hain et al.Z28

It is debatable whether we should treat this region.aS‘

a true vacuum or as a very low density piesma.' Even if the .
mathematical model (i.e., the dissipative MHD model, in  the
pfesent case) indicate this region to be a vacuum, the actuel
sitﬁation,in the'experiment may be quite different, e.g., due to °
turbulent diffusion, emission from the wall, etc. Aside from this |
fact, even mathematically,.the answer is not clear. If a |
Lagrangian difference scheme is used, the plasﬁa boundary’wiilr-
part from the wall and create a vacuum region. But . this may

not represent~a correct picture even if a smooth exact solution
exists with density -0 .in the outer .region, because the con-
ductivity. o can be still finite. Moreover, the exact solution

of the differential equation may possess singdlarities in it,2'7
whieh are removed by thevfinite spacing of the Lagréngian
scheme. - :

Often, .there is some advantage in assuming tﬁe outer
.region to be a vacuum, because the numerical calculation of
the'low density plasma possesses difficulties’ Which will be

discussed,later. ~Although it is very difficult to incorporate
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the vacuum region in our two dimensional calculation due to the
complexity of the vacuum-plasma boundary, it is easily done in

one dimensional (- = 0, 2 = 0) calculation with a Lagrangién

scheme or even a aguleriagesche_me. Therefore,.wé tested this idea
using a one dimensional Eulerian code and found that the com-
parison between the calculation and the'experiméntal results was
not satisfactory. This large discfepancy is.not surprisinq
because the partial shielding of the applied fields by the low -
density region plasma 1is totally neglected. AThié effect iéAmore
impbrtant in our case of a circular cross section torus dué.to
the.large cross sectional area of the low density feéion.

To solve the problem incorporating the 1ow'denéity region
plasma, it is necessary to devise a method to go daround the
numerical'difficulties due to a high Alfven épeed. Since theig-
plasma density is very lpw and the magnetic field is gtrOnglin”_

the low density region, the Courant condtion for stability

requires prohibitively small time'step for an explicit difference

scheme. One thus improves this situétion'by using an implicit
scheme as Hain et al.,28 or by substituting an artifical'signél'
speed for the speed of light as Boris29
the solvable range of the density p, but of coﬁrse} there iS a'
limit for ﬁhis range because of nonlinear instabilities or
inaccuracy Qf the solution, etc. Therefore, it seems that one mdst
also use a procedure which keeps the density from falling below

a fixed floor value, rather than simulate the real low density

in this region.

. These methods will extend ..



>1
'.Hain et al.28 assumed ‘the low dens1ty plasma to be

created contunxmsly at the wall to malntaln the plasma density
-above a floor value. For some experlmental parameters, how-
ever, thlS is not enough Therefore the injection of : plasma
at individual cells when the density ﬁﬂJS'below a floor value may
be necessary as in Lui_and.Chu.l Although these)prOCedures can
be thought of as analogies of the ionization process, these
methods produce largely art1f1c1al effects such as art1f1c1al
1ncrease of the mass, momentum and energy These artificial
effects become severe when the calculation is run for a long

"time as in our calculatlon. L1ndemuth30

assumes the»wall to be

a gate which opens when the plasma pinches inmard, remains open .
to let the plasma flow out when the plasma expands outward, and
"thencloseswhen the total mass- of the plasma returns to the
horiginal'value. This procedure would somewhat 1mprove the
situation in the direction of the mass conservation. But for
example, at the end of the first pinchind,.the artificial mass
"increase will be the same as the previous method, To conserve the
total mass, some codes prevent the mass flow‘by setting the ;
fluid'velocity to zero when{the density drops below a floor
value. But in this method, the plasma in the low density region
will see the whole electric field such that the current flow
(3= oE with U = 0) will be artificially high, especially when
'the crowbar is not yet applied. In spite of this error, we
found this method useful for its good stability character, but
.only in limited cases when a small region of low density plasma

is created until the crowbar time.
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The method we use is modified but similar to the ones

28

used by Hain et al%® and Lui and Chu% with a floor value of

"~ 5%. To correct the artificial increase of the mass and momentum, .

we adopt the following procedure; The main idea of this procedure
is that we picture the low density region as a very tenuous plasma
of finite conductivity, and also that the flow of the plasma mass
and momentum from the low density region into the main plasma
column is negligible due to the negligible density of the outer
reglon.

1) Define the low density reglon—maln plasma column boundary.
Most of the time, this boundary is well defined and easy to
find, because there is a sharp density increase at this boundary{_

2). Subtract the4masé and momentum flow into the main plasma
column from the low density region, at each time step. For fhia
procedure, we use the definition of the mass and momentam flow |
given in Section (3.2.A). We will explain this step using a one-=
dimensional analpgy (Figure 3 on page ). When the flow is |
inward to the main plasma column, the artificial increase of the
mass and momeatum at the first cell (cell M) inrthe main plasma

column, is subtracted, i.e.,

new _ At ' ‘

Py = pM + EYNS ((Pu)y ., + (pu)y),

(pw) Y = (pu) A (puu).) (36)
_ M 2Ax ‘M+1 M o

when the flow is inward (i.e., (pu)M+1 + (pu)M < 0).. Here, the

1 . . R
point M + 5 corresponds to the low density - main plasma boundary..




When the flow is outward to the low density region (i.e.;

,(pu)M+1 + (pu)y, > 0), a~§etéi1ed’adjﬁstmeﬁt dan be made to
enéure thc conservation of the tQtal mass. But this proce—A
dure can be usually bmithd, because the'difference resulting
from this proceduré”is'éﬁall,'due to the fact that the plasma
outflow from the main plasma column usually dominates the
flow’ in. the low density region. Nevertheless, if a certain
situation demands,‘fhis]procedure‘can be derived in an ‘ana- -
logous ‘way as the inward floﬁ case, except that this time, .
the boundary cell (cell L)~ih4£he'low density fegi§n which
makes contact with;the'main'plasma column, ‘should bevtreated
as a cell inside the main: plasma, thereby induciné an ‘outward
movémentAof the 1ow%denSit§'f main plasma.bounddry;

“We note that no correction is made to the flow of"
energy, because the thermal“éneféy is the least accuraée.

variable in our. calculation (cf. Section (2.3)).

53 .




54
IV.  RESULTS OF THE SIMULATION -

In this chapter; we present_the calculated results
of SP—l‘screw pinch ana 27T-1, ZT-S anchT-ao reverse-field.
pinch experiments. (For the description of the.experiments,'
see chapter I.) The calculated. results are compared to A
the experlmental values when they are available. .-

Typical operating parameters in various reverse~
field pinches are compared in table ls The starred 1tems-
have been simulated w1th the present code. The four de-
vices on the upper columns, including .2T-S, . are currentlyf‘
operating experiments. They are similarly on a quite . 1oW‘f
parameter range. The next three. 1arger dev1ces, 1nclud1ng
Z7T- uo, are either on a planning or construction stage. The
scaling character of the. pinch discharges is the crucial'
question to be investigated‘by these larger devices. .Each
of these devices is envisioned as an 1ntermed1ate step for
the next even larger experlment wh1ch would reach
nt v 10lu sec - cm™~3 range. The old ZETA parameters and the
ZT-I which was the previous version of zT-S, and also the
SP-1 screw pinch parameters.are shown on the last columns
for comparison. |

Since the three experiments, SpP-1, ZT-I and 2ZT-S are
on a similar parameter range, discuSSions made for one ex-
periment would similarly apply to the others, most- of the

Atime. Therefore, according to the availability of the



TABLE 1

Typicél Operating Parameters in Various Reverse-Field Pinches

Minor Rad. Major Rad. Filling Gas Lifetinme . Température Location

HBTX-I . , 6.5cm 100cm m2x1015cm53D2 v15us v50ev Culham |
“ETA-BETA . o 5. 10 1085, 15 n10° Padua
ETL-TPE-1 . 5 - : _40 | av2x1015 20 20 Tokyo
ZT-s | 7.7 4o v2x101%p, 30, S A20 - IASL
HBTX-IT - 60 180 v101* 210,000 300 Culham
ETA-BETA-II A 24 4 - » | . o Padua
ZT-40 : | 20 - o1 mleois, 4200 200 LASL
ZETA | 50 150 STLLE 710,000 - . %200 Harwell
2T-1 " 5.2 38 o wzilo;snz “15 | 10 LASL A
SP-1 Screw Pinch 6 36 a2x108%m, . w10 20 - Jutphaas

T
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experimental data, a different_emphasis is given en-the dis-
cussion of each experiment. The gross ﬁotion of tﬁe plasma
and its approach to the quasi—equilibrium dissipation state
are discussed in detail for the SP-1 simulation (Section 4.1).
The comparison between the given:anomalous resistivity al-
gorithm and the classical resistivity is emphasiéed in the
discussion of the ZT-I results (Section %.2). This coméari-_
son is extended to a mueh longer time through the dissipa- |
tion phase for the ZT-S experiment (Section 4.3.2). The
effects of toroidal curvature, i.e., toroidal shift,
toroidal plasma flow, etc., are discussed athlengthlin‘
Section (4.3.B). |

For the larger ZT—UO.experiment;.the_effeete dﬁe to-e
bigger machiﬁe size are studied. Fef this, we first study’_
the scaling law of the dissipative magne;ohydrodynamic;
equations (Section 4.4.A${ Finaliy, in thehlaet section, we
discuss some confinement characteristics of large-pinch- |

machines,

4.1 SP?l Screw. Pinch

The SP-1 toroidal screw pinch31 at Jutpheas has a
major radius of 36cm and a miner‘radius of 6cm. We will
present the‘simulation_results of a discharée with |

n, = U4 x 1072 gm/cm3 hydrogen filling gas,vinitial tempera-
ture of 1 e& and a toroidal bies field of- +100G. Figure 5
shows the time traces of the toroidal maénetie'fieid apélied-

at the wall and the total‘toroidal.plesma current. Although,
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in the experiment, the discharge is. allowe’d to ring as ihdioated
by the dashed experimental curve, we effectively crowbarred'
the discharge at 3.6us in our simulation to study the tran-
sition toward a quasi-equilibrium dissipation state. Thev
following results are obtained using the classical resisti-
vity formula. The Chodura anomalous resistivity‘formula
described in Section (2.3) gives -essentially the same re-
sults until the crowbar time. A detailed comparison between
the classical’resistivityﬂand”the anomalous algorithm is
made in the following two sections on ZT—l and ZT-S results.
Figure 6 shows the toroidal field at the center of the
p0101da1 plane as a functlon of tlme.‘ The tor01dal field
at the wall is also showh for a comparlson. The solid curve
represents the calculated results and the dashed curve the
experimental results which is measured only untll the crowbar
tlme (3.6us). This flgure shows at once the plnchlng and'-
bouncing motions of the plasma being damped due to the dis-
sipation mechanisms and'réaching a quiet phase which will.
be shown later to be a quasi—equilibrium dissipation state.
Therefore, the present simulation is suCCessful ln that we
~could follow the plasma behavior through,the-pinching and
bouncing motions all the way to the quasi-equilibrium state.
The previous simulation of this same discharge could follow
the plasma behav1or until about 2.5ps, but it broke down’ due

"to a numerlcal instability. A careful treatment of the

boundary conditions is found to be mainly responsible for
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this successful eimulation. The very close agreement bet-
ween the calculation and the experiment shown in Figure 6
is somewhat optimistic. As we will see later in this chap-

ter, all the simulation results show good agreement with

. the experiment, but not in general as close as this result.

In Figure 7, the profiles of the density and tempera-
ture on the horizontal diameter (Z = 0) of the poloidal
plane are shown at various instants of time during the
initiai two bounces. The density profile at 1.8us corree—
ponds to the maximum outward expansion after the first

plnchlng, and it shows that the main plasma column stays

well away from the wall. Both the den81ty and the tempera-

ture are higher on the in51de of_the torus since the magnetlc
fleld and the current den51ty are stronger 1n51de. A to- |
roidal Shlft of ~vlcm is seen at, 2. 2us. Slnce the plnchlng
time is much shorter than the heat dlfqulon time (which
will be discussed later), the compre551onal heatlng is
clearly seen. —

After several moreﬁauocessivelyVSmallerfbounoes; the
density profile reaches a nearly statioharf'state as:shown
in the next figure. 'figure 8 shows the density and tempera-

ture profiles at 6, 7, and 8us. The bounoing’motion is

.largely damped away and the toroidal Shlft motlon of the

plasma column seems to be the dominant movement. This
toroidal shift motion is found to be o%cillatory as shown

in the next figure.
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DENSITY/p - ~ TEMPERATURE (eV)
 TIME > S
' (;.LS_) o
O rC R ]

1.3

1.8
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- -6cm o 6cm -6cm -0 6cm
(a) | (b)

FIG. 7. PROFILES OF THE DENSITY AND THE TEMPERATURE ON THE

HORIZONTAL DIAMETER OF THE ?OLOIDAL PLANE.

\




FIG. 8. DENSITY AND TEMPERATURE PROFILES

AT 6, 7 and 8 us.
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In Figure 9, the'dotted curve represents the time "
trace of the magnetic axis,zand-the two semi—broken curues:
represent the time traces.of*the~positions of the two den-
sity peaks. The major axis is ongthe lower side. The traces
of the density peaks show the pinching and'bouncing motions ‘
of the plasma. This bouncing mntion io mosLly damped away
at abouL 5us and the denSity peak subsequently follows

closely the trace of the magnetic axis. The motion of the

toroidal shift shows a damped'oscillation with a period of

~n5us and a dissipation time of ~10us. The equilibrium posi-

tion of this toroidal shift is ~v1.2cem which compares with
the experimental measurement of ~1. 5cm.

The time scales of these oscillations and the damping.
process can be understood from the baSlC time scales (cf
Section (4 4.A)) -of this diffuse pinch discharge. The
Alfven time scale TA»—.rO/EFBU/BO (the superscript 0 denotes
a representative value of the variable) remains at %lus

throughout the discharge. :The field ‘diffusion time

2
4mro : :
T = 5 o is- initially m5us then increases to 20us after
. n _
S . chxO
the initial phase. The heat diffusion time 14 = 0

is4m30us throughout the discharge., The bouncing motions in

Figure 9 are on the Alfven time scale as- expected The

'torOidal shift OSCillation, which Will be also on the Alfven

time scale, is several fold slower than the bounCing motion.

One of the main reasons for this would be that the half
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period of the £ofoidal shift oscillation correspondé to
the time dufing which the overcompressidn of the ﬁagnetic
field travels from one wall to the 6ther, while the bouncing
motions occur between the center and the wall. |
The damping time scale of the bouncing motién in
Figure 9 is ~5us, since a heavy field diffusionAoccurs
during the initial pinching when the field diffusion timé
g is short. Oﬁ the other hand, the damping time of the
tofoidal shift oscillation is somewhat iqnger with a damp-
in§ time scale of A10us which is on the field diffusion )
~ time scale of the post ;mploéioﬁ phase. Therefore, the
damping time scale of the plasma oscillation is on the field
diffusion time‘TB, as expected; One . can ask, howevéi;

‘'whether the heat diffusion time Tyt if 1 ‘<<‘TB, would de--

H
termine the damping time scale. We testéd this question by

\

simulating discharges with parameters such that Tty << 14,

and found that 1. does not determine the damping time scale,

H
even when Ty << Tg. ‘This fact can be easiiy understood by
considering the 1imiting case where TH -0 (i.e.; the the:mai.
conductivity K + ). The temperature T becomeg_constaht in

" this case, but the mechanicél'osciilation will still remain
due to the density.compression (i.e., Vp = kTVn). In genéfql;'
if the viscosity is included, the-damping time will be de-

u

termined by the smaller between.IB and the viscous dissipa-

. . 2 . . - . . . .
tion time T, =r°” where v is the kinematic viscosity
v , ' :
coefficient. Assuming the viscosity is classical (the




~viscosity coefficient®™ v

Adlffu51on velocity v
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21 - kT;T

n
<

-
4

i represents the ion speoies and T the collisoh time)} the
viscous dissipation time Ty becoﬁewa ms. This long time
scale compared to other time scales Tar Tgrs andvrﬁ justifies
the neglection of the viscosity in the calculation. The
numerical viscosity in the'calcuiation also results in an
effective dissipation tiﬁe of lbONIOOOus (as discussed in
Section 3.1), which is much 1onger than-other time scales.
,;FigureAlo shows the'radial velocity profiles on the
horizontal diameter of the poloidalhplane at various in-
stants of time. The major axis is on the 1eft and the plus
sign of the velocity 1nd1cates outward (toward right) dlrec-
tion. . At lus, we seeée 1mplod1ng ve1001t1es of wleO6 cm/sec
which is of the ‘same magnltude as Alfven veloc1ty At 5us,

we see only small 1mplod1ng Veloc1t1es imbedded in a larger

‘velocity of an inward toroidal Shlft.‘ At 10uys, the fluld

velocities dropped by orders of magnitude from the veloci—
ties of the imploding stage; These velocihies stiil repre-
sent a small remaining oscillation of the toroidal shift |
(cf. Figure 9), and- they are still somewhat'larger than the

a2
o _Ean which is m5x10u cm/sec.

'Nevertheless, for most practlcal purposes, this plasma

state could be thought of as a quasi-equilibrium dissipa-
tion state. In other words, the'remaining small toroidal
shift oscillation will have little influence on the subse-

quent plasma evolution since the kinetic energy associated

, where the subscript
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with this oscillation is,nany.orders‘of magnitude smaller
than both the magnetic field energy and thermal energy.

The plasma evolution thereafter w111 be determlned mainly

by the dissipation mechanisms.

From,the discussions on Figures (9 and lb), we can

see that in a class of discharges as the preSent one,

there w1ll be three phases of the plasma state,‘namely,

the 1n1t1al phase where the radial pinching and bouncing
motion is dominant, the second phase where the toroidal
drifting motion is dominant and the final quasi—equilibrium'.
dissipation phase. . We note here that a strong toroidal

flow is still‘remaining in the final phase. The magnitude
.of this veiocity is comnarableAtc thelélfven velocity.
Therefore, the final plasma state is actually a steady
guasi-equilibrium state rather than a static quasi—eguilibrium
state. The effect of the toroidal piasma flow will be dis-
cussed in detail in Section (4.3.B) where the toroidal cur-
vature effects are explained.

o Figure 11 shows the calculated tcroidal (Bz)'and'
poloidal (Bg)* field profiles on the horizontalfdiameter

(2=0) during the initial two bounces. Since the'houncing

* Although the p0101dal fleld actually contalns a small
Br component due to the tor01da1 curvature, we w1ll frequently

let Bee represent the poloidal field for convenience, when

the meaning is apparent from the context.
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time scale is_much shorter than the-field diffusion time,
we see a clear convectioa of the fields according to the
pinching and expansion. |

Figure 12 shows the field prcfiles ar'mcca iarer instants
(6, 8, and 10us). At 1l0us, most of the toroidal field has
been convected and diffused in.- The toroidal current aiso
largely penétrated into the center ahd its'profile became
flat as readily seen from the almost straight Bé prcfilea
The toroidal field and the poloidal field each balance a
pressure of'%i%%gli. (The fleld curvature accounts a half

of the total B, magnetic pressure.) Therefore, the plasma

)
beta 8 = ﬁﬂgn is ~40% at 10us w1th 51m11ar contrlbutlons from -
o

toroidal and poloidal fields. 'This fact that the toroidal
~ field, even when it is much"stronger than the poloidal field,

contributes only 51m11ar amount of plasma pressure confine-

ment as the poloidal field does, seems to be a general charac- . ‘

teristi¢ for the ohmically heated pinch experimepts. The
reason for this will be explaihed in Section (4.4.C) where

we discuss confinement characteristics of the pinch experiments.
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4.2 ZT-I Reverse~Field Pinch

'The zT-I toroidal reverse-field Z pinch (which. has
been converted to a modestly larger ZT-S experiment) in Los
Aiamos had a majof radius of 38.2cm and a minor.radius of
5.2cm. We will present a simulation resﬁlt of a discharge
with n = 8.2 x lO"ggm/cm3 denterium filling gas and initial
temperature of l.ev. Figure 13 shows two driving boundary
conditions for this discharge, namely, the torqidal magnetic
field at the wall and the total toroidal plasma current, as
-functions of time. The initial bias field is l.Gké and the
circuits are crowbarred at t = 2.4us. It is noted that in
ZT-I and ZT-S experiments, the magnetic fields are measured
on the vertical radius ( 6 = %) of the poloidal plane. 'Thus,
whenever we compare the fieid profiles with the}experiment,
it is on the vertical radius.

In Figure 14, we present the toroidal and poloidal
field profiles on the vertical radius (6 = %) at.1.2, 2.0,
and 2.8us. The upper figﬁre (a) éhows the results from‘two
different calculations, namely, one using the pure classical
resistivity (the dashed curves) aﬁd the other using the
Chodura anomalous resistivity algorithm (cf. Section (2.3)).
The lower figure shows the experimental results and these
results agree well with the calculated results. AlthoughAtﬁe
results obtained using the anomalous resistivity sho@ somewhat
" better agreement with the expgriment than- the classicalAresis—
.tivity results ao, the difference is not definitive enough

to conclude that the classical resistivity is invalid.
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FIG. 13. TIME TRACES OF THE. TOROIDAL MAGNETIC FIELD
AT THE WALL AND THE TOTAL TOROIDAL PLASMA

CURRENT IN A ZT~-I DISCHARGE.
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5.2cm T 0] \5.2cm
- (b) -
FIG.14. TOROIDAL AND POLOIDAL FIELD PROFILES: (a) CALCULATION

RESULTS WITH CLASSICAL RESISTIVITY(-=---- ), AND WITH THE

ANOMALOUS RESISTIVITY (——); (b) EXPERIMENTAL RESULTS.
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We also compared Lhese calculatlon results w1th the

31mulat10n results of the same dlscharge due to Sgro and

Nlelson18 who used a one-dlmen51onal hybrld (fluld electrons

and Vlasov ions) code. The results ofrthe two 51mulatlcns
using.endmalous resistivitylagreedcwith each other quite well.
However, the-results of the hybrid simulation using the pure
classical reslstivity shqw . & marked difference, as shown in
Figure 15. .This figure shows the field profiles at l.2us and;
the profiles do not compare with the experiﬁent. These field
profiles with very thin current sheath seem'to he due tc near
zero thermal conduct1v1ty used ‘in the hybrld 51mulatlon

If there is no thermal conductlon, the 1n1t1al current flow

on the plasma skin w1ll result in a local overheatlng of the

"skin. ThlS high temperature skin will in turn-results.ln a very

(KG)
4t
- Be

1.2 ps

52cm B5.2cm

FIG. 15; POLOIDAL AND TOROIDAL FIELD PROFILES FROM
THE HYBRID CALCULATION USING CLASSICAL

RESISTIVITY
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thin current sheath, sxnce the class1ca1 re51st1v1ty decreases'
at c=T—3/2. Oon the other hand, for the anomalous re51st1v1ty,
the temperature dependence is much weaker and, moreover, there
is additional dependence on the current denslty and the plasma
density. (n « EI7%;372, in the high temperature limit. ) There-
fore, the current sheath will spread even when there is no
"thermal conductlon as in the hybrld 51mulat10n case. Thls ex-
plains the 51m11ar results obtained from the two sxmulations
vboth using the same. anomalous resistivity. 6ther reasons for
the sxmllarlty of the two 51mulat10n results should be also
mentloned that is, the ion reflectlon from the magnetlc plston
whlch can be seen in the hybrld code and not in our fluld code,~
is small due to the high bias fleld, and also the tor01da1
curvature effect whlch is naturally taken 1nto account in our
two dlmens1ona1 code gives small dlfference in the overall
shape of the magnetio'fields due to the large'aSpect'ratio of
'ZT-I. '(Nevertheless, this toroldal curvature effect gives‘
rise to some important phenomena as explained in SeotiOn (u.3.B),)
‘As a conclusion for this paragraph; we note that the calcula—A
tion results with the Chodura anomalous re51st1v1ty are rela-
tively 1nsen51t1ve to the thermal conduct1v1ty used, while the
results with the classical resistivity are more sen51t1ve1y
dependent on the thermal conductivity.

| Figure 16 shows the profiles of the plasma den51ty,‘
‘toroidal current den51ty and the ratio of the anomalous resis-
'thlty to the classical re51st1v;ty n_/n on the vertlcal |

_ 1
radius (6 = %) at 1.6, 2.0 and 2.8us. Values of n_/n are



77

P/ Py  Jz (KA/cm?2)

| Mo/ el
44 | o t=16us
-2 | /'\
o -,/
_“;{- "«-'4._J
; Pr B YV | | | "a/”?cl

PRy . V2 R R AR

t =2.8us

o .
FIG.16. PROFILES OF THE PLASMA DENSITY (===m—m-n ),
TOROIDAL CURRENT DENSITY(— + — . — ) AND THE RATIO

OF THE ANOMALOUS RESISTIVITY TO CLASSICAL ONE (————)




78
shown only where the anomalous resistivlty islturned on
(i.e., Ng > Ngy)- Inside the main plasma.column,;thefresis—
tivity remains'essentially classical. The anomalous resis-

tivity affects malnly on the outside low density. region.

This effect on the low densitg region would not much influence

the overall plasma behavior, since. the current in this region
is already weak. This is because the pressure gradient is

small in this region and therefore, the fluid velocity appro-

ximately cancels out the electric field (i.e., Y g 3 v =E).

Thus, we note that the fluid velocity in the calculation should

- be given correctly in the low density region especially when

the classical resistivity is used (cf.'Section (3. 3)).

. The discussion on Flgure 16 explalns the fact that the
fleld profiles, one obtained u51ng the anomalous re51st1v1ty
and the other using the classical reslstivity, were quite
close (Figure 14).' Also, the temperature profiles nhich
would be strongly affected by the re51st1v1ty coefficient are
quite close for the two cases as shown 1n Figure 17. The
solid curves are obtained using the anomalous resistivity and
the dashed curves using the classical.one..

| All the above discussions are true only inlthe'initial
setting up phase of the discharoe;‘of which the time scale
is much shorter than the dissipation time scales. Quite dif-
ferent results are:obtained in the later dissipation phase
when the dissipation process becomes more important.~ This
latet phase will be discussed in Section (4.3.A); lt will:

be shown that the anomalous resistivity is not valid for this
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phase and instead, the classical resistivity gives better

comparison with the experiment.

The reSulps.discussed in this section are cénsistenﬁ ‘
with the simulation resﬁlté of HBTX-1 reverse-field pinch b&
the CulhamlgrOup and also with'tha£ of Eta4Beta reverse-field
pinch by the University of Padua group. The:Qulhaé gﬁbup re-
ported that 'Both the setting up and'thé décay phase of:HBTXel
can be simulated numerically using classical coefficienés:' 
The Padua group reported20 tha£ 'No clear indication about the
classical or anomalous nature of the résistivity-appears from

the simulated gross plasma behavior of Eta-Beta experiment.'




- 4.3 ZT-S Reverse-Field Pinch

4.3.A.General Behavior of the Plasma

ZT-S reverse—field.pinch > is an enlarged versiqn of
the previdus ZT-I experiment. The minor radins has inereased
modestly from 5.2em to 7.7cm while the major radius remained
'about the same. One of the main purposes of this-laréer‘size
is to study the scaling bahasigr:ef,reverse—fieldlpinches.
This would ‘also give more informatien'fpr the:deslgn of the
larger ZT-40 experiment.

Figure 18 shows the two field boundary cOndltlons of the
discharge we'simulare. The toroidal plasma current rlses to
55kA in l.6us, and the initial toroidal biasrfield_of OfSkG
e‘is reversed at 3.6us, Initially, o, = 2.2f¥ 10'9égm{cﬁ3
deuterium fllllng gas w1th To 2ev is. present.m :- |

In Flgure 19 the den51ty proflles on the poloidal plane
are shown at Various instants of tlme. The 1nl;1al plnchlng
reaches its maximum at 2.lus, and»%hen the plasma expands un-
til 2.6us. Several succe331vely smaller plnchlng and bouncing
motions follow untll a relatlvely quiet phase is reached at
4.6us (cf. dlscu551ons on Flgure 21). The plasma stays well
away frem‘the wall in the calculation throughout the discharge.

Figure 20 shows the calculated toroidal and poloidal -
field profiles (shewn in solid lines) on the vertlcal radius
(6 =v%)=ofjthe poleidal{blané, eompared‘with4rhe experiﬁental
“yalues (shown‘in'daShed;linesf}"at:E.G and'h.éﬁs: Chodura
anomalous resistiviry is used for the results shown. These

results do not change significantly when claSsical resistivity

is used instead, in this initial setting-up phase, as discussed
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t=2.6pus
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FIG. 20. TOROIDAL AND POLOIDAL FIELD PROFILES ON THE -
VERTICAL RADIUS (6=7n/2) of THE POLOIDAL PLANE
! . f

ARE COMPARED BETWEEN THE CALCULATION (— — )

AND EXPERIMENT (----=-=-- ) AT 2.6 AND 4.6 us.
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in thehcase_of the Z2T-I experiment (Section 4.2). The agree-
ment shown in Figure 20 is quite satiSfactory The:large
difference between the two toroidal field values -at the center
(r = 0) at 2.6us 1is due to a small time lag of the calculation,
which can be seen in the next figure..

In Figure,?l, the toroidal.field at the minor axis is
~shown as a function of time. The points represent the -experi-
mental values. The second and third points correspond to
2.6us and 4.6us depicted in the previous Figure 20. The ob-
served point at 2.6us shows}that the large discrepancy between
two field values at the center,isldue.to,a smail time lag.of
the calculation. This figure also shows that a quiet phase is“
reached at about 5us, as discussed before for figure 19; ThlS
quiet phase actually corresponds to the second phase of the
pinch whenthe toroidal drifting motion is dominant, as explained
in.Section (4.1) for SP-1 screw pinch. This can be readily
seen fromIFigure 24 in the next section, which shows_the time
trace of the toroidal shift of the same discharge,iandithis
figure also shows'that the“toroidai drifting oscillation is
much smaller in this reverse-field pinch case thaniin the
previous SP-1 screw pinch.discharge. - The good agreement shown ‘
in Figure 21 in the later quiet phese, i.e., 6.6 and 8.6us, isfr
found misleading,-since the field profiles as a whole do not
compere each other betWeen calculation and experiment, as
will be seen in Figure 23. Also, we will see that.the anoma-

* lous resistivity and the pure classicai resistivity give quite

different results at this later time. This is because the
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FIG. 21. TIME TRACE OF THE CALCULATED TOROIDAL FIELD AT THE MINOR AXIS.

THE POINTS REPRESEﬁT THEAEXPERIMENTAL VALUES.




elapsed time ls by now comparable to the field diffusioﬁ tlme'
of ~10us, and more .importantly, because the apomalous resis-
tivity is'turned on throughout the plasma by 6ps; as‘shown
in Figure 22. This figure shows the profiles of'theﬂplasma‘
density, toroidal current aensity and the ratio of the ano-
‘malous resistivity to the classical resistivity,:and should
be compared to Figure 16 of the'ZTfI.caser The anemalous
A resistivity is turned on‘throuéhdut since the cﬁrrent and tem—
iperature are high throughout-the plasma.

V ‘Figure 23 compares the teroidal.and-poloidal field pro-‘
files between the experiment and rhe ﬂwo separate calculatiens
each usingﬂdifferent'reslstivity coefficient. . The broken lines
represeﬁt the experimental values aﬁd the Semi—broken'lines
the calculation results using the anomalous resistiVityA |
coefficient. The seml-broken lines indicate much:more com-
pressed - plasma proflles than the observed results 1nd1cate.
This over-compre551on is ‘probably due to the. large loss of
trapped ‘toroidal flux in the calculation. The trapped flux in
this calculation appears to be less than half of the observed._”
(Recall that the cross section is circular.) This'strohgly
suggests that the real resistivity isvmuch'less than rhe anomae
lous resistivity used. Therefore,«another calculation was made
‘where the anomalous resistivity was replaced by pure classical
'resispivity.afterASus.and the thermal.cdnductivity coefficient

wasvalso reduced by a factor of 10 atlthe same ‘time.” The solid
lines in Figure 23 represent this result, and they”sho& much

better agreement with the experiment. ‘The trapped flux in this _
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FIG. 22. PROFILES OF THE PLASMA DENSITY (--—m====n), |
TOROIDAL CURRENT DENSITY (— . e  —) AND THE RATIO -

OF THE ANOMALOUS RESISTIVITY' TO THE2CLASSICAL ONE

( ) 'AT- 6 us. - T : -



FIG.23. TOROIDAL AND POLOIDAL FIELD PROFILES AT'10.U:us ARE
' COMPARED BETWEEN THE EXPERIMENT (-~~~ ) AND TWO
SEPARATE CALCULATION RESULTS, ONE OBTAINED USING THE
ANOMALOUS RESISTIVITY THROUGHOUT(— - — -—) AND THE

OTHER BY TURNING IT OFF AT 5 ys(—————).
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calculation is about the same as thé obéerved one. If the:
thermal conductivity is kept the same instead of reddcing 10-.
fold, the plasma collapses a little more but ﬁhe trapped fluk
remains about the same.

From these discussions, we conclude that, for the éihué
lation of the later, quiet phase, the Chodura anémalous resis-
tivity algorithm is invalid, and thé real resistiﬁity seems
to be quite close to the classical one. This is conSistént'
with a concept of the anomalous resistivity being the effect
of thé plasma instabilities generéted in the initial violeht
phase. (See also the related discussions at thelend of Section
(4.2).) Whether this will be still true for the higher ﬁem-
perature and higher'current density regime is an important
question which'should be investigated, for example, by ZT-46
experiment. '

Now the scaling behavior of 2ZT-S is briefly discussed.-
Since diffusipn times « a2/D (a = plésma radius, D = diffusion
coefficient) and the stable periodAin é reverse-field pinch
discharge is found to be limited by field diffusion,32'one'
expects that a 2T-S discharge would have at leést twice longer
stable time compared to a simiiar ZT-1I discharge. This was
confirmed in the e#periment, which measured a stable time of
wjous in ZT-S compared to ~15us in ZT-I.’ it is also reported
that a.significant current penetration.into the center;of the
plasma occﬁrs at §5us in ZT-S compared‘fo n2us in ZT-I.  This

was also seen in the calculation. Here, we just refer to




Figure~l4'on page . and Figurg=20%on page t.l-F;Qm the‘pb—
loidal field profiles of ZT-I in Figure'l4; we‘seé that the
toroidal current largely penetrated to the center at 2us. bn
the other hand, Figure 20 shows negllglble current penetratlon
to the center at 2.6us in ZT-S. - A significant currentqpene-
tration occurs at.v4pus and the field profiles at»4.6hs becémeé,
as shown. A more detailed. discussion on the scaling behavior
is made in Section‘(4.4)»whe£e the. larger ZT—40’experimeht ié

studied.
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4.3.B. Toroidal Curvature Effects

In this section, we study the toroidal curvature effects,
using simulation results of the same discharge studied in the
previous section. ' These toroidal effects are automatically

incorporated in our two space dimensional code. 1In Figure 24,

.the calculated toroidal shift of the magnetic axis is shown

..as a function of time. This shows ‘an outward toroidal shift

of ~lcm. (The minor radius of the torus is 7.7cm.) From this

- figure and Figure 21 on page » we can see that the three

stages of the discharge, i.e., the bouncing, toroidal drift

and diffusion phasevoecur as in the case of SP-1 screw pinch.
The time scales of these three phases can be similarly«explainea,
as for the SP41 case in Section (4.1).- However,'the toroidal .
drift oscillation appears to be much smaller compared to the
SP-1 case in Figure 9.

Although this toroidai4effect does not ﬁuch_influence the
overall plasma profiles,»it nevertheless, gives rise ﬁo many
important phenomena such as the toroidal plasma flow which will
be dlscussed later. Some dlagnostlc 1nterpretatlons are also

influenced by the tor01dal effect, as shown in the next f;gure;

‘Figure 25 shows two calculated current density profiles at

6.5us. The solid line represents the current density on the
vertical diameter (6 = giAof the poloidal plane, while the
dashed linc on the horizontal diamecter. We note that the
vertical profile appears almost flat in the main plasma region,
while the horlzontal proflle is still hollow, reveallng that

the whole two-dlmen51ona1 current den51ty profile is actually
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FIG. 25. CALCULATED TOROIDAL CURRENT DENSITY PROFILES AT
6.5 us. THE SOLID LINE REPRESENTS THE VALUES ON THE VERTICAL
‘DIAMETER(6==iﬂ/2) OF THE POLOIDAL PLANE,AND THE DASHED LINE

ON THE HORIZONTAL DIAMETER.
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énnulaf. Since the ZT-S machine has only vérfiéal digandstic
ports, the experiment, af this instant, would heasure only
the flat vertical profile, and may give wrong cénclﬁsion that
the whole current profile is already flat. The resistivity
so deduced would be erroneously high. This shows an example
which indicates that a hbrizoptai diagnostic port would be
necessary due to the toroidal curvature effect, for accurate
diagnostics.

The large difference between the verﬁical and horizontal
profiles shown in Figure 25 is, of course, directl¥ related to
the torbidél shift shown in'Figure 24. Thié shift of ~lcm
is about twice larger than the toroidal shift predicted from

33 This

an equilibrium calculafidh of the Los Alamos group.
difference is likely due to a strong toroidal plésma flow which
is seen in our calculgtioﬁvbut notlincludéd in the equilibrium
"calculation. Figufe 26 (a) shows tﬁe time traces of the three
compute@ velocity coﬁponents, ife.7 thé_radial (Ur)'

azimuthal (Ue), and toroidal (U¢$ velocities, at a point de-
picted in Figure 26 (b). The toroidal'velocity“is antisymmetric
against the midplane das depicted.ih Figure 26(b). Therefore,
the anguiar:momentum is qonserved; The oscillations of the
.radial and azimuthal velocities are largely damped away at 5us,
but the foroidal velocity persists and increases until it
reaches a steady magnitude at ~vlOus. Therefofe, the final
piasma state is a steady quasi-equilibrium state.rather than
aAsﬁatic one, as in the SP;i case. The steady equilibrium ié

a very complex problem which is largely remained to be investigated,
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especially in a finte beté case. (For a review, see for-
'e#ample,'Gfeen'(34)). Here we just estimate the effect of the
toroidal plasma flow on the toroidal shift. For a steady equi-
" librium, the convection term should be added to the usual pres-.

sure balance equation of the static equilibrium, so that

J xB
. + v = -
pu * Vu p B u%A | : |
For the present case, pu * Vu = -PR"R, with u¢ V1.5 x 106cm/sec.

This 'centrifugal pseudo pressure gradient' is an order of
magnitude smaller than the average magnetic pressure gradient

(i_&_EL. Therefore, we can expect that an additional toroidal
c : '

shift of about one-tenth of the torus minor radius is necessary
to balance this centrifugal force. |
We are not aware of any toroidal plasma‘flow measure?‘
ments which can be checked with the'present resuits. Althbugh
a toroidal plasma flow of Uy = m106cm/sec haé been reported in
the ORMAK experiment in Oak Ridge and also iﬁ the PLT expéri-

35,both under a neutral beam injection heat-

ment in Princeton
ing; these results were attributed to the momentum transfer
from the neutral beam. The toroidal velocities, therefore,

did not shoﬁ antisymmétric profiles against the midplane.
-Neve;theless, we believe that a careful measurement will reveél
a strong toroidal flow With antisymmetric profile against the
midpléne, especially in the reverse-field pinches. A physical
reasoning for the behavior of this toroidal flow is given in

the following;‘

. In an axisymmetric pinch, the toroidal plasma flow is




generated only by C force of the poloidal plane (i.e.,

j !
Jpol , Epol

since the Vp term does not have a toroidal
component. -The béhawior of the toroidal flow shown in

Figure 26(a) is dlrectly connected to.the fact that the cur-
rent surfaces tend to Shlft more outward than the magnetlc
fleld surfaces as - shown in the next flqure (In the infinite -
aspect ratlo‘llmlt, these two‘surfaces would coincide. Thus,
ipol X Epol-= O.and'noptoroidal flow will occur.) Figure 27
shows the magnetic freld-lines (the SOlid lines) and the cur-
rent lines (the dashedllihes) on the poloidal‘plane at 9us.

The current llnes appear to be more shifted outward than the

‘_pol x léool

= force antlsymmetric

magnetlc field llnes, and thus,
against the“midplané results. During the initial phase of the

dlscharge, the p0101dal current lines will-be shlfted approx1—

' mately together w1th the plasma den51ty, since the plnch tlme

'(%lus) 1s much shorter than the field dlffu31on tlme (wlOus)
and thus the tor01dal magnetlc fleld w1ll be almost frozen

in‘the'plasma. On" the other hand the tor01dal Shlft of the

fpololdalifield llnes w1ll be slower, 81nce the toroidal currents

are contlnuously:created at the wall and then carrled in by con-
vectlon and dlffu51on. These would be the reasons for the steep
increase of the tor01dal veloc1ty at 2us (Figure 26 (a)) when
the first plnchlng reaches its maximum.

At a later tlme, the tor01dal veloc1ty reaches a steady
magnltude, Lndrcatrng»that the fleld and current lines on the

poloidal plane approximately coincide (i.e., ip X ~.0).

B
P
The field convection due to the velocity is

Vx (uxB) = (B-V)u - (u-V)B - B(V-u).




 Z77em

~ FIG. 27. MAGNETIC FIELD LINES( __) .AND THE CURRENT LINES(

. ON THE POLOIDAL PLANE AT 9 us.

. -

.86
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i = 5, this i B . v - B./R) Thus thefconvection'A
With u u¢¢, this. 1s ( Bp;~v3¢ ¢ R/ ¢ ’
due to. the tor01dal flow w111 tend to Shlft the current surfaces

more 1nward.then the fleld surfaces. Thls effect must be

~r

balanced by some opp031ng effects to keep the f1e1d and cur-
rent_llnes on theﬂpolo;dal p;ane,colnc1de. One of these op-
posiny effects comes rrom the fact that much ‘more tor01dal
currents are generated at the .inside wall (r = ré, B.= ) than
at the out51de wall (r =T 6 ;JOX'n Thls is because the elec--
trlc fleld at the 1n51de wall 1s nv50% stronger than at the
outside ‘wall due to NSO% shorter 1oop 1ength (aspect ratio =-m5)
and the same . 1oop voltage. The,generatlon;of the tor01dal
current at the wall will occur throughout'the discharge,to‘
offset the dissipation loss of total current, ff the discharge
is power-crowbarred. For a.simoly—crowbarred discharge, this.
effect will be-also bresent in a lesser extentr .The other op-
posing effect wouid come from the fact that the toroidal field
reversal is mSO%'larger at the inside wall than at the outside
wall. Thus,'more dissipation of the toroidal field will occur
at the inner part of the poloidal plane. Aboye two effects
together will act to shift the current surfaces more outward
than the magnetic field surfaces, thereby, balancing the field
convection effect of the toroidal velocity.

A simpler explanationlwhich is parallel to the previous
one can be made as follows. The two effects described above,
i.e., more toroidal currents generated‘at the inside wall, and .

more toroidal field dissipation at the inner part of the poloidal




. | 100
plane,.give a tendency to steépen the pitchAéf ﬁhé magnetic
field in the inner part of #he pbioidal plané while making the:
pitch less steep in the outer part. This tendency will be
balanced by the fiéid coﬁvection of thé toroidal flow, as egf
plainéd in the following figure. Figute 28 ShQWS'a helical
_ﬁagnetic field line and the directions of the toroidal‘plasma
flow (by - or <) as seen in the simulation;"It is:readily
seen that the fiéld convection of this toroidal flow would
stéepen the pitch of the'magnetic field at the outside'(diawn
.in dashed lines) while making‘thelpitch less steep at the in-
side. This convectlon effect will balance the opp051te ef-'i
fects prev1ously descrlbed, so that the pltch angle remalns

nearly stationary.
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MAGNETIC FIELD
LINE '

Lo

FIG. 28. A HELICAL MAGNETIC FIELD LINE AND THE DIRECTIONS

OF THE VELOCITY (-~ or < ) are depicted. - THE
VELOCITY IS ANTISYMMETRIC AGAINST THE MIDPLANE.
FIELD CONVECTION DUE TO THE VELOCITY WILL
STEEPEN THE FIELD.PITCH AT THE OUTSIDE (DRAWN IN
 DASHED LINES),.WHILE;MAKE IT LESS STEEP AT THE

INSIDE..
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4.4 7ZT-40 Reverse-Field Pinch

The ZT-40 eXperiment is a next generatiqn reverse4fie1dv
pinch, now being constructed in Los Alamos. The size will be'
about three times larger than 2T-S, w1th a 20cm minor radius
and a ll4cm major radius. Previous ZT-I and ZT-S,experiments
showed that nonideal effects due to plasma resistivity limit
the stable time of the discharge. Thus, it is expected that
the‘confinement time will be extended at least an order of
magnitude since diffusion time scales as::aZ/D (a =‘§lasma
radius; D = diffusion cOefficient). This, and other scaling N
behaviors, will be studied with 2T-40 experiment in e siie
range unexplered by previous reyerse-fieldtpinches. 4This ex-~
periment Qill.also yield information for design'bf a‘larger
"ZT-1I1 experiment which will be projected to take the reverse-
field pinch concept to nt = 1013 - 10]1"4 sec~cm-31renge.

Before studying the 2T-40, we will first examine the scal-
ing of the mathematical model used (i.e., the diSSipative mag-
netohydrodynamic equations (Eqs. 1)). This would give more
insight to the scaling behavior of the experimente and‘elso
the three tiﬁe.scalee, Alfven, field diffusion, and heat dif-.

‘fusion times, will be clearly defined in the course.

4.4.A. Scaling of the Equations

From the resistive magnetohydrodynamic equation (Egqs. 1),
we obtain the following equations by negleéting the Hall term
(which is a first-order effect in the inVerse:espect'ratio),

. . n,o .
eliminating the variables E and j and denoting c,6T as T.
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(D denotes. 9

5E s--_-A+(u-V),>in theifollowing.)

ao/at + dlv(pu) =0,

e T |
- pPY = —(Y - 1)V(pF) + 4= curlB x B,
D,'l‘l . &( : 1 : 2 c2 K N
22 - _(y - i = (curl B)Z S— + div £
9
3D C . .
== —— curl B - u x B).
T curl (uno = =7 = (37)
"The solution of these equations will be.determined by
the two coefficients %%5 and K in addition to the appropriate
. Cv .

.initial and.boundary conditions. Thus, if the values of these
'two ooefficients and the 1n1t1al and boundary conditions are |
numerlcally 1dent1cal in two different sets of length mass
and tlme units, the solutlons will also be identical in the
resoectlve units. In othervwords, the problems so posed are
mathematically equivalent. -

The initial and boundary conditions of the present pinch
experiments are easily soaled if we.use the following length,

mass.and time units [20, m,, to3’ i.e., the torus minor radius
3

ro as a length unit'zo, Py X Iy (poztinitialldensity)‘as a mass
unit m, and theﬁAlfVen time fg _ To . (BO: bias field)"
: : un B //Eﬁbo B

L ’ _Zo
as a time unit tO (wh1ch is equlvalent to adoptlng /—— as a
'magnetic field unit). For example, the wall is at r = l,f

initial den51ty l and blas field /ﬁﬂ in. these unlts. By inspec-
2
o A
tlng the dlmen51onallt1es of the two coefficients ———aand c
" o lbmo . v

. we readily find the numerallvalues of these coefficients in



104
2

‘-f
O .

the given units, to be & x 9 = Eg(the field diffusion time
A boo 2 T
T = #TOrS ) ang K y %6% _ %o (the heat diffusion time
c v W TH '
2
g = CyPoTs ).
K

As an example, the following table shows parameters for
Z2T-40 and 2T-S discharges which are mathematically equivalent
assuming the dissipative MHD.model with classical resistivity

and constant thermal conductivity.

TABLE 2 ‘ .
Typical
ZT=5 :
: Operating
ZT-40 ' ZT-S Parameters
Filling gas Deuterium . . Deuterium Deuterium
r, 20cm : 7.7 7.7
o 5 'x 10 2gm/cm 10 x 1072 5 x 1077
B, | 3kG ‘ 6 1
Izp max. ' 500kA 400 .. 50
Rise time - 10us 2.5 2

T, loev 15 2
The ZT-40 values are the expected typical operating parametets,
while the ZT-S values are found from the equivalence condition
discussed above. A typical operating parameter of ZT-S is also

shown for comparison. The values Po and B0 of ZT-S are found

o t t : .
from the condition that ?g and ?3 be the same as in the ZT-40"
- B H ‘ :
case. The values, r,, p, and B,, then, define the units

[20, mg, tJ as described before. From these units, all other




parameters are found such that their numeral values in these

units are the same as in the 2zT-40 case, The two solutions’
for ZT-40 and 2T-S, thus, will be identical in the respective

sets of units [zo, m t ] Further, we can expect that the

o’
experlmental results of these two dlscharges would also be ap—‘
prox1mately equlvalent, assumlng the mathematlcal model is
roughly valid for both 2ZT-40 ahd ZT-S. The information thus -
gained in the 2T-S experiment would be helpful to antiCipate
the behavior of a bigger experiment and be Valuable-for the
design of the Z2T-40. But, the zT-S dlScharge with the above
shown parameters would prObably become unstable, due to ‘the -
‘hlgh total plasma-ourrent (thus, high dr1ft»veloc1ty). It is
reported that in the high current regime, Eta-Beta dis_charges became
uhstable.22 In anyecase, by ihcreasing the total-current and
the prelonlzatlon temperature as much as p0551b1e and also ap-

proprlately adjustlng the other parameters, one could study

experlmentally,uthe transition to aAblgger size experlment.‘
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4.4.B. Simulation Results

In this section,'wefpréSéhﬁ simulation résultslof a
ZT-40 discharge Withvthé4parame£ers‘éhown in table 2 of the
previous section. The most impdrtaht diffefepge;of the -ZT-40-
simulation from the previoﬁs smaller experiments KSP—l, 2T-I,
and ZT-S) is the fact that the two'raéiSS-TA/rB and‘TA/TH
i(TA: Alfven time.= to'in'tﬁe:previous notatipn.' Té, Ty
f;eld'and heat diffusion,tihe; fespecéively) are‘much smaller,
.due to the larger machine siéeland highér témperature. For:
this .2T-40 discﬁarge,fTA,'TB, ahd'Tﬁ’are vlus, Nloodusﬁaﬁd‘
mlomﬁm respectively, combaréd‘té Ta ='y¥us; TBi: vi0us and
Ty = ~v10us in the previous éxpérime#ts; 
' . Since the allowablé time éteps'in'the simulation with "
a fixed'numbér.of grids are~rou§hly proportional to the .Alfven
t§me (At 4y g%ﬁTAffor thelprésént'codeAQith.l7.% 12 grids in
r and 8 directions), it is alﬁost prohibitive to\simulaté'fﬁié
ZT—ub discharge to t = wa,}alﬁhough it was acceptable for the
previoﬁs cases. Thus, the present code should be used to éi—.
mulate the discharge until the plasma reaches a quaéi—equilibrium -
diffusion state (the damping time will be found later to be

v10us due to viscosity),‘and then a diffusion code36'37

(where
the inertia is neglected so that the allowable time steps are
determined by the diffusion time) cén ﬁake over and study the
diffusion phase of the diécharge. However, diffusion codes
generally use a static equilibrium state as the ipitial,condi-

tion, and may not be able to incorporate the convection effects

due to the large toroidal flow present in the steady equilibrium
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state obtained from the present code: (cf, Section 4.3.B).
One possible solution in this case would be to use a difference
scheme whlch heav1ly damps the fast time oscillations but glves
small dissipation to the slow time osclllatlons.
As discussed in Section (4 l), the time needed to reach
A a2 quasci-cquilibrium slate (the damping time) is VTR, when the

viscosity is small. Although in the previous smaller experi-

2

ments, the'viscous dissipation time T, = o was much ionger
than other'time scales,trv in the present case is. much: shorter
than TB with Tv = ~]10us, due to higher temperature assumlng
classical viscosity (cf. Section 2.3). Thus, . in the experlment,
the damping time would be NTv (%10us)._ Therefore, the v1sc051ty
effect should be-incorporated into the s;mulatlon for more ac-
curate results.' However, the error resulted from the neglection
of the v150051ty in the present code- should be dquite small
since the kinetic energy remalns several orders of magnitude
smaller than both the fleld'energy and the thermal:energy; (This
is generally true in a reyersejfieid.pihch where e,strong:bies
- field is presentr)“”Thus,“a'smeii oscillation is still'present
at t = 30pus in the following simulation,ibut the plasma state
at this instant would be quite cLose'to the actual quasi-equilibrium
state.
Flgure 29 shows the two field boundary condltlons for the
calcu]atlon._ Thc tor01dal plasma current rlses to 500kA. in
10pus and a blas field of 3kG is reversed at 10us. The filling
gas-is p,= 5 x 10'9gm/cm3 deuterium and the initial temperature

10ev. 1In Figure 30, the density profiles at 10, 20 and 30us




- 108

_500KA
3 KGe
o" R 1 TR S
10\ _ 20 30
| CHps)
| Bzw
-3 KG A

FIG. 29.

TIME TRACES OF THE TOROIDAL MAGNETIC FIELD

' AT THE WALL AND THE TOROIDAL PLASMA CURRENT.
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DENSITY /p, o

-20 ¢m 20cm

'FIG. 30. DENSITY PROFILES (NORMALIZED TO THE INITIAL

VALUE) AT 10, 20 and 30 us.




110

are shown. As discussed previously, a small oscillation sﬁill
remains at 30us, bﬁt we will regard the plasma state:at this
instant as a close approximation of the actual quasi-equilibrium
state. vThe density profile at 30us shows a compression ratio
of ~2 as in the previously studied ZT-S discharge, but the
present profile shows a much steeper transition between low
density region to main plasma colum compared to a corresponding
profile of 2T-S (e.g., t = 4.6us profile in Figure 19).' This °
is becaﬁse the current sheath is very thin compared to the
machine radius in the present case as will be shown later. ‘

Figure 31 shows fhe toroidal and poloidal field profiles
at 10, 20, and 30us. Most of the main plasma region remains
essentially current-free, and a slow penetration of thin cur-
rent sheath is seen. This is ﬁore obvious in Figure 32 where
the foroidal and poloidal current density profiles are plotted.-
Considerable amount of current is present outside the main
.plasma region until the respective crowbar times (for the to-
roidal circuit at 10us énd fof the poloidal circuit at 20us),
due to the applied loop voltage. After the circuité are crow-
barred, the current sheath becomes very thin. This result is
expected because the field diffusion time-is vims in this dis-
charge, and fhus, the.current_penetrétion would be still very
.shallow at t = 3Qus. (Small poloidal currents deep inside
the main plasma region arehvisible at times, due to the toroidal
‘field in this region perturbed by a compressional wave.)

. One important question then, is how this thin current

profile will change at a much later time when t - T The

BR*

current profile may broaden subsequently and eventually become
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FIG. 31. TOROIDAL AND POLOIDAL FIELD PROFILES

AT 10, 20 AND 30 us.
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FIG. 32. TOROIDAL(J,) AND POLOIDALKje) CURRENT DENSITY

PROFILES AT 10, 20 and 30 us.
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a flat profile as seen in the Z?*SlcaSe (Figure 25). Or, the ‘
current profile may.remain father thin while it penettates'into
the plasma. This question ¢can be etudied using a diffusion |
¢code. In eny'case} since the stability of a reveree—field
pinch sehsitively depends on the‘fieid profile, it would be
highly valuable to be able to program desired field érofiles
by controlling thé boﬁndery conditions in the experiment._ For
a substantial progremming of the field, ~it WOuld be.neceesary |
to control the boundary condltlons at least miz B’ : This is |
' n100pys in the present case, and SOme dlfflcultles maytarise»due'
to this long time scale. If we,assume.e simﬁle'field pregfam-
ming where'the rise time of]the.currentAand the reversal time
of the toroidal field are extended to ~100us, heiical instabi*
lities might develop an& may reeuit inba-self-reVereal“of the’
toroidal field before the intended reversel time. Thte, tﬁe
study of the‘self—reverSal,mode of eﬁetatien might'be m5£é im-
portant than otherwxse expected. | | |

It is noted that a full dynamic code such as the present
one would be necessary to study the field programmlng, even
.though this would require qulte long computlng time. Thls is
because the convection effects will be substantial during the
field.programming, and thus, usual diffusion eodes would not

be suitable.




4.4.C. Confinement Characteristics

ln this final section, we discuss some confinement f.
characteristics of pinch experiments in general, when theASize
of the machine becomes large and the temperature high. (WeA
mean by this, at least ZT-40 parameter rangelor higher;)b
The simulationhresults previouslf shown'will be usea for
comparison.

As discussed in the previous'Section,“one of the.basic
differences of the ZT-40 experiment from other smaller experi—

ments is that the field diffu51on time 1., becomes much larger

B

than Alfven time t,. The condition, T >>T is a general charac-

A B. A’
ter associated with a larée size and high temperature, and thus,

will be more pronounced when the experiment approaches the

H

reactor regime. Similarly, the other fact that the damping

time =t is much smaller than T Wlll be also true in
. Damp B

general. For the ohmic heating to have any siynificance; the

heat loss time TH

be accomplished in a 1arge experiment by reduction of the line

must be at least comparable to TB This would

radiatlon, as a result of hlgh temperature, and also by an im-
proved vacuum technique.' In the following study, we additionally‘
assume a rather obvious fact that the rise time trise is also

much shorter than t_ in a large experiment. In short, the fol-

B
lowing conditions will hold, i.e., Ta’ TDamp’ trise «<1Tg £ Ty-

Therefore, a quasi-equilibrium dissipation state will be
reached in a much shorter time scale (TQE) than Tpe We now

examine the mechanisms of force'balance and the plasma B in this



" The other repelling'force is the plasma pressure due to

iinitial_quasi;equilibrium state. The poloidal field generally

" confines, while the toroidal field can either confine or repel.

-adiabatic compression of the initial pressure. The pressure

"contrlbutlon due to ohmic dissipation, at this moment, will be

negligible because TOE << TB;'“Since the wall stabilizatidn is
generally important, the compression ratio is usually limited

to m2.. This limits the adiabatlcally'COmpressed pressure at
about ten times the 1n1t1al pressure, 1ndependent of the machlne
size. Therefore, ‘the plasma B at the initial qua51 equlllbrlum,
state of a large experlmeht will be qulte low, unless the.pref'
ionization temperature. is made very high. -For example, in the

ZT-~U40 dlscharge studied in the prev1ous sectlon w1th the 1n1t1al

temperature of. 10ev, the- adlabatlcally compressed pressure ac-

'counts for less than lpﬁ_of,the magnetic pressure. Therefore,=

_the field,profiles,at_}bus in Fiqure 31 show quite 1ow'B, com=

pared to the ZT—S'profiles'in Eigure 23 which shows ~50% B.

-This tendency will become more pronounced as the size of the’

machine becomesllargeraanduthe temperature higher, unless ‘the

preionization‘temperature can be made very high, which is an -

_exceedingly difficult'task Then, we can conclude ‘that at the

,1n1t1al qua51—emulnx1wn .state of a large pinch experlment the

conflnLng p0101dal field should be nearly balanced by the re-
pelling todroidal field. This low B initial qua51—equ111br1um

state will evolve to a later higher g qua51-equ111br1um state

‘as t *.TB, due to ohmlc dissipation. The thermal energy-of
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this later stage»will-be, at most;_comparablertonthe poloidal
field energy (i.eq,.the poloidal plasma heta Bé X 1), since

the initial quasi-equilibrium.condition (i'e"”Ppoloidal.field =
—Ptoroidal field) limits the dissipatable energy oﬁ’the_toroidal
field at about the same level as the poloidal field-energy._~
‘Thus, it is found that the condition B £ 1 which is rather
obvious for the reverse-fleld pinch is. also true for other

pinch experiments in general. . This condltlon Bp < 1 rs;more'

stringent than the usual criterion from the equilibrium consi-

deration, i.e., Bp §{ aspect r%tio.‘ If Bt>>>‘Bp' the plasma
~beta is thus limited at.B ~ _% - Therefore, to achieve a high
t

B, the tor01dal field must be comparable to the p0101da1 fleld
(i.e., the safety factor q < 1 for a reasonable aspect ratlo)
One special feature of the reverse—fleld plnch conceths ﬂﬁm'dus
condition is possible due to the magnet:l.c shear stablllzatlon, and
this character, thus, will be more 1mportant as the 51ze of the
experiment becomes large. | | | -

It is noted that the above discussion hillinot hold'when
an'auxiliary heating, such as neutral injectionforfrf:heatlhg'
is used w1th a heatlng time scale much shorter than TB '»ln
‘such a case, the plasma conflnement due to the tor01da1 freld
could'be made much larger than the p0101dal field contrlbutlon

(i.el, HPA\> 1).
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APPENDIX : Computer Program Listing

1 BLOCK DATA
3 Ce-- INPUT PARAMETERS (CGS GAUSSIAN UNITS) = =—==mm-
- cc
5 CC....EXECUTION, PLOTTING AND PRINTING
& " 'Ms : STOP EXEC IF CYCLE#MS
2 C€°  MJ : PLOT AND PRINT IF MOD(CYCLE#, M) =8
| 8 CC  MST : NO PLOT OR PRINT IF CYCLE#CMST
\ 9 GC  MAA,MBB : IF MAAKCYCLE#CMBB, PRINT INFORM. ON
1@ cc PROCESS (12P T6 PSICID)) (CF.SECTION 3.2.B)
| {1 €€ 8B : IF MBB-ODD. REDUCED PRINTING ON VARIABLES

13 CC....MACHINE PARAM. AND GRID AND STEP SIZE

14 CC RB : MAJOR RADIUS

15 cC RSMA : MINOR RADIUS

16 cC ID : # OF GRIDS IN R

iv cC JD : & OF GRIDS IN THETA

i8 'CC DDDT : TIME STEP SIZE ’

19 cC ADDT.CHTIME : IF TIMEDCHTIME, TIME STEP=DDDTH+ADDT

20 cC ADADT,CHCHTM : IF TIMEDCHCHTM, TIME STEP=DDDT+ADDTHADADT
21 cC .
22 CC....INITIAL CONDITIONS
23 cCc DN : INITIAL DENSITY
%4 . CC TEMINI : INITIAL TEMP. IN KELVIN

5 cc -

26 CC....B. C. : TOROIDAL CURRENT 1ZP
27 CCroiiok(TMTM = TIME % 1.8E6 )sokiokiokk
28 cc CRTIMP, PETIMP, CURRR, PEP1, FS1, TMP!, CUR1, CUIBA :
29 cC 1ZPCIN AMP.) = CURRR®SIHC(P INTMTM~PETIMP)
30 cC IF TMTM>TMP1., I2P=CU1RA+CURIXSINC(PI*(TMTM-FS1)/PEF1)
3% cC IF TMTM>CRTIMP, 1ZP=CONSTANT
3 cC
33 cC....B. C. ; TOROIDAL MAGNETIC FIELD AT WALL, BZU
34 cC BTOR, BMIN, CRTIMX, PETIMX., PEPEX., OTIM, FSTIMX, BIAS. TMX2, OTMZ :
35 cC BZW = BIRS + BTORXCOS(PIX(TMTM+FSTIMX) /PETIMX) .
36 cC IF TMTMDOTIM, BZlJ=-BMIN¥SINCPIx(TMTM-0TIM) /PEPEX)
37 (M IF TMTM>TMX2, BZU=-~BMINKEXP (~ (TMTM-TMX2) *0TM2)
gg EC IF TMTM>CRTIMX, BZ2W=CONSTANT

C

40 CC....TRANSPORT COEFFICIENTS (CF. SECTION 2. a)
41 cC ECONC : CLASSICAL ELECTRIC CONDUCTIVITY AT 1 EV
42 cC CHOF : Fx1.51E-8/50RT(MASS OF ATOM) (CF. EQ.9, SECTION 2.3)
43 cC CHOC : Cx6.7E-18-SQRT(MASS OF ATOM) (CF. EQ.9, SECTION 2.3)
44 CC CNCON : CONSTANT THERMAL CONDUCTIVITY (IN ERG. CMaok2/KELVIND
45 cc BOWW, POW : IF TMTM>E0WL, ANOMAL .CONDUC. =PUOWXANOMAL . CONDUC.

46 CC (WITH POW>>1, ELECTRIC CONDUC. BECOME PURE CLASSICAL)
47 CC BOUWW,GAP : IF TMTM>BOWW. THERMAL CONDUC.=GAP
48 CC

49 CC....NUMERICAL DISSIPATION

se CC DISS : KAPPA IN EQ.(i14), SECTION 2.3

51 CC PPOWW : THETA IN EQ.(18°), SECTION 3.1

g% Cg OPERA : IF TMTM>OPERA, DISS AND PPOWW BECOME 8.8
C

54 CC....LOW DENSITY REGION

55 CC HU : FLOOR DENSITY = HUXDN

56 CC ‘

57 CC....FILLING GAS PRRAM.

58 CC FR : BOLTZMANN CONST. /RVtRRGE MASS PER PARTICLF C(INCLUDING r-'LECTR[JNS)

59 CC FK : GAS CONST. GRMMA .,

68 CC DNUM : 4 OF ATOMS PER | GM
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118
119

120

CC....NOT USED

cC
cC
cc

oO00

cc . : ' o ‘ o S
CC....ALGORITHM FOR DETERMINING PSICID) FROM.TOROIDAL PLASMA CURRENT

- 5,PEP1,FS1,TMP1,CUR1,CU1BA, TMX2,.0TM2.DISS.BIAS

---uuMgIN PROGRQM ecebscp e 0P domoneanvace sers e v s

(CF. SECTION 3.2.8)
FFLUXS : INITIAL STPRT FOR PSI(ID) (FIRST 18 TIME STEPS)
. PSICID) FFLUXS*S INC(P I*TMTM/PETIMP)
- BOW, PPOW, SDHMM. PPPUU, CURL, CURLL :
(AFTER 1@ TIME STEPS)
(NOTATIONS : PSINCCINCREAMENT OF PSICID) AT NEW TIME STEP),
PSIPRE ( INCREAMENT AT OLD TIME STEP), '
TCUR(TORO CURRENT AT OLD STEP), TTCUR (CURRENT HT 2 TINE
STEPS BEFORE), TTTCUR(CURRENT AT 3 TIME STEPS BEFORE),
4SURCUR((TCUR+TTCUR)/2-TQRGET CURRENT), DT(NEW TIME STEPASIZE).
_ DTPRE (PREVIOUS TIME STEP SIZE).
: PSINIBC(PSINC AT 18TH TIME STEP))
SDM = ABS(SURCUR/CURRR) k@ .SkPS IN18%SDMM
IF TMTM>1.S*CRTIMP, SDM=SDM*PPPOU
IF SURCUR>CURL OR <CURLL, SDM=SDM+BBOW
PSINC = SURCUR/ABS (SURCUR) XABS (PSIPRE)*
L ARBS (SURCUR/Z (TTTCUR- TCUR)/BUU)**PPOU*DT/DTPRE
PSIMQX=PSIPRE*DT/DTPREkSDM«DT
PSIMIN=PSIPREXDT/DTPRE~-SDMKDT
PSINC = AMINIC(PSINC,PSIMAX)
PSINC = AMAX1(PSINC.PSIMINY

DIVID, GAPTM

COMMON/YY/MS, MW, MST. 1D, JD, MAA, MBB., PPOW, SDMM, CNCON, CURRR, BOW
1,BMIN,BTOR,RB,.RSMA,HU, DN, DDDT,FFLUXS, DIVID, OPERA, FR.FK
2.CURL, PPPOU, BBOW, CURLL., PPOWU, BOUL, POW, ECONC, DNUM, CHOF , CHOC
2.ADDT.ADADT,CHTIME, CHCHTM GAP, TEMINI,GAPTH
4,CRTIMP.CRTIMX,PETIMP, PETIMX, PEPEX, OTIM, FSTIMX

DATA MS, MU,NST/BZBG 189,981/
1,1D,JD, DDDT/16,9,018.9E-9/
2.GAP, RDDT ADADT,CHTIME, CHCHTM/2.9ES,-5.E-9,20.E-9.6.E~6.50.E-6/
2.BMIN,BTOR,RB,RSMA/8520.0,8858.8.49.0. B? 77
32.MAA,MBB/BBA 1, 1508/
4 CNCGON . SDMM, CURRR PPOW,BOW/2.0E6,.0.6000,6.0E4,0.30.2.87
5, CURL, PPPOW, BBOW, POW/18.8E2,6.5,2.000, 100000.0/
-5, CURLL , PPOUW, BOWW, ECONC/-10.BE2.0. 1 .6.0,1.30E137
S,DIVID,DN,FFLUXS,FR,FK~/1.00800,4,3E~-9, 11.9PE4. 8. 31PE7, 1.666666/
5, DNUM, CHOF . CHOC /3 ,00E23,4. 15E4, 1'.84E-67
S,HU.UPERR/B.IO .68.887
7.CRTIMP,.CRTIMX/5.8,8.8/
7.PETIMP,PETIMX, PEPEX~18.0,6.0,10.0/
7.0TIM, FSTIMX.BIAS, TEMINI,GAPTM/106.0,9.7,408.08, 1. 2E4, 190.8/
7.PEP1,FS1,TMP1,CUR1/6.80.0.6,100.0,6.0E3/
7,CU1BA, TMX2,0TM2,D1555. 1E4,189.9.8. 673.8.1257
END

DIMENSION PS1(20,16.2).B1(20,16,2),B82(20,16,2),X1(28,16,2),
1C1(208, 16,2) ,C2(28., 16 2),C3(20, 16, 2),T(20.16.2).

2W(4,20. 16, 3) F(4,20, 16, 3) EI(20, 156, 2),83(20, 16,2) ,SR(20),
4GR (26, 16), GB(2I 16) ,GC (20, 16),6D (28, 16) CN(20, 16, 2),
599(90,12),BB(4;4);9NG(16),BQTB(ZB),QLRM(ZB,16)




121
122
123
124
125
126
127
128
i23
120
131

S 132

133
124

135 .

136
137
138
139
140
141
142
143
144
145
146
147
148
149
158
151

152

153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
178
171
172
173
174

175

176
1v7
178

179
‘180

cC

cc
CCI'I
cC
cC
cC
cc

cc
cC
cC

cC

cC
cC

FBKP

6.VELD (28, 16) ,AJOR(28, 16) ,AJPE (20, 16} ,VINT(20, {6)
COMMON PSI, Bl B2,83,XI, Cl C2,C3,T,U. F SR.ANG.BATB
1.GA,GB.GC,GD,.CN,EI, AR, BB AJCON
COMMON/YYMS, MW, M5T, ID, JD, MAA, MBB, PPOL), SDMM, CNCON, CURRR, BOW
1,BMIN,.BTOR,RB.RSMA, HU, DN, DDDT, FFLUXS, DIVID, OPERA, FR, FK
2.CURL., PPPOW, BBOW, CURLL , PPOWW, BOLIL, POLI, ECONC . DNUM, CHOF , CHOC
3,QDDT,RDRDT.CHTIME,CHCHTN,GQP,TEHINI,GRPTM
4,CRTIMP,CRTIMX,PETIMP, PETIMX, PEPEX, OTIM, FSTIMX
S5.PEP1,FS1,TMP1,CUR1.CULBA, TMX2,0TM2,D1SS,BIAS
COMMON/WX/X(48) ,FVL (46, 6)
DIMENSION SJAC16),THJI(16),SEQ1(16),SER2(16)
1 SEQS(IS) SEDS(IG),JEU?(IS) SEQB(16)
2 ,SEQIB(IG) BMS(16) ,URR(16),UTH(16) ,UFI¢16) ., LCO(16), USI(IS)
3 .TvAl(1688). TVQZ(lB@) TVR3(IBB) XNL(IBB) TVR4(1@@) TVRS(IGB)
4 ,TVAG(188) - ,
CUNMDN/XY/NUG.DX,JE,JB,PI,IE,THJ

VARIABLES ...vievennnn Crtiateeecassanas

WCi.1,J.K) : DENSITY.’ DN’

WN.1,J.K) : RADIAL(N=2), THETA(N=3) AND TOROIDAL (N=4)
VELOCITIES”UN’ (UN=BTOR/SQRT (4P I*DN) )

EI : TEMPERATURE /”UN#x2/CV* (CV:SPECIFIC HEAT)

PSI : POLOIDAL FLUX FUNCTION ~/’BTORXRSMAx€0k2*

Xl : R¥B3 ~’RSMAX*BTOR’

B1.B2.B3 : RADIAL, THETA AND TOROIDAL MAG. FIELD ~*BTOR*

C1,€2.C3 : RAPIAL, THETA AND- TOROIDAL CURRENT DENSITIES ~
" 4P I%RSMA-C/BTOR”

T : ELECTRICAL CONDUCTIVITY ~ INITIAL VALUE

CN : THERMAL CONDUCTIVITY ./~ DN:kRSMAMKUNXCY*

OPTIMIZE
WZIN=@.
WTFIN=8,
WRRR=0.
CONTINUE

- CALL KEEP86(1,2)

CALL DDBAID(SHPLOT TES .1)
I1S=1

JS=1

IB=1S+1

JB=JS+1

IE=1D~-1

JE=JD-1

JP=JE-JS

IP=1E~IS

RRSM=RSMA
RSMA=RSMAX2,B%IE/(2.8%IE-1.8)
TCUR=1.8

TTCUR=2.8

TTTCUR=3.0

PI=3.1415926536
UN=BTOR/SGRT (4. %P [%DN)

DDDDT=DDDT *UN/RSMA
ANORTM= UN/RSMR
ADDT=ARDDT *UN/RSMA

ADADT=ADADT *UM/RSMA
CHTIME=CHTIME *UN/RSMA
CHCHTM=CHCHTM *UN/RSMA
FLUXS=FFLUXS ~/BTOR/RSMA/RSMA
FLNOR= . BTORXRSMAKRSMA



181
182
183

201
202
203

204

205
286
207
208
289
216
211
C 212

213

214
215
216
217
218
219
228
221
222
223

- 224

225
226
.227
228
229
230
231
232
233
234
235
236
237
238
239
249

333
1@

18

cC
cC..

cc
cC

sg1

PSINC=8.0
PSIN1O=6.0
SMALL=1.0E-16 o _
* THALL =SMAL L#ok2 ' , ,
CV=FR/(FK-1.) .
TNOR =UNUN/CV
C=2.9980E+10
EJTOR =C*BTOR/ (4. a*PI*Rsmn)
(1=RSMA/RB
DCA=PI /(JD-3.8) _
BJCON=Cxl . 67E= 24¢UHfBTURfRSan4 0C-10
gng=a {E-18 *UN/RSMA
)
DX=1./CID-1.8)
DO 333 I=IS,ID
SI=1
SR(I)=(SI-1.)*DX
CONTINUE
SGO=ECONC  *(TEMINI/116@8.)%%k1.5
t FORMAT(IH . °1=", 14, "RADIUS=",E14.7)"
DO 4 J=JS,JD
SJ=J
ANG (J) =(SJ-2.)*DCA
WRITE (6,182) J.ANG(J)
4 CONTINUE
2 FORMAT (1H ,"J=", 14, "ANGLE=",E14.7)
COK =DN*RSMAXUNKCY

.. INITIRL CONDITIONS
- b0 S K=1,2

DO 'S I=1S,1D

DO 5 J=JS,JD

PSI(I,J.K)=0.8
XI1(1,J.K)= COS(PI*FSTINX/PETINX)/0+BIQS/BTUR/U
EICI,J.K)=TEMINI*CV/UN/UN - ‘
CN(1,J,K)=CNCON /CUK
T¢1,J.K)=1. :
B1(1,J.K)=0
B2(I1,J.K)=0.
B3(1,J.K)=XI(I,J.K) (1. /U+SR(I)*CUS(RNG(J)))
Ci(1,J.K)=0.
C2(I1,J.K)=8.
- C3(I1,J.K)=6.
We1,.1.J,K+1)=1.8
We2,1.J,K+1)=0.
We3,1,J,K+1)=0.
W4, 1,J,K+1)=0.
W1, 1;J.K)=1.0
wez2,1,J,K)=8.

U(3,I,J,K)=8.
‘Wed,1,3.K>=0.
S CONTINUE

NUG=2%(JE-JB)
DO s81 J=JS.,JD
C THI(J) =(J-JS~-1)%2. BxP I/NUG
SJAR(J)=1.8+ OXDX #*COS(THI(J)) 2.0
CONTINUE
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241
242
243
244
245
246
247
248
249
- 258
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
20
271
272
273
2rd
275
276
277
208
279
280
281
- 282
283
284
285
- 286
287
288
289
290
231
292
293
294
295
296
297
298
299
308

s

6

cc

21

38

625

631

37
38

PO 621 1=1S,1D
DO 621 Jj=JS.JD

VINT(1,.J)=(B1(I.J. 1)%i2+B2(1,J. 1)**2+83(I 1, l)**Z)/B /Pl

CONTINUE
CALL VOL IN(VINT,WBOR,RB,RSMA)
WTIN=WBOR*BTORBTOR
DO 638 I=15.1D
DG 639 J=JS.JD
VINT(I,J)=1.8
CONTINUE
CALL VOLINCVINT,VOLU.RB. RSHR)
DO 625 J=JS5.JD
UTH(I>=1.8
CONTINUE
CALL SURIN(UTH,SURA ,RB,RSMR)
WRITE(6.631)VOLU, SURA, AJCON
FORMART(IP7E14.6)
TIME=8.
RMTM=0.9
M=M+1
IF (RMTM.GT.0OPERA)D1SS=6.0
IF (RMTM.GT.OPERRA) PPOWW=8.0
IF (RMTM.LE .BOWWGO TO 38
DO 37 i=1,1ID
D0 37 J=1,JD
CNCI,J. 1) =GAP/COK
CN(I,J,2) =GAP/COK
CONTINUE
CONT INUE
EIMPRE=TIME
a}

CC....B. C. : TORDIDAL CURRENT (CF. SECTION 3.2.B)

IFKM .EQ. 18)PSINC=FLUMS¥SIN(PI¥RMIM/PETIMP)
1 -FLUXS*S IN (P Ix(RMTM~DDDDT*1.8E6/ANORTM) /PETIMP)
PSIPR=PS INC

DT=DDDDT

DTPRE=DT

IF (TIME .GT. CHTIME) DT=DDDDT+ADDT

IF (TIME .GT..CHCHTM) DT=DDDDT+ADDTH+ADADT
DO 3 I=IS,ID .

Sl=1

SR(I)=(SI~1,)%DX

IF (I .gEQ. IS) GO TO 3
'BATB(1)=DT/(2.%5R (1) *DCA)

CONTINUE

BATA=DT/(2.%DX)

COE= CxCXDT/(4.%P I*RSMAXUNKSGO)

TIME=TIME+DT

RMTM=TIME-/ANORTM *1.8EG6

TIMINC=(TIME~-TIMPRE) /ANORTM

IF (RMTM .GT. CRTIMP) GO TO 998

SURCUR=(CURRR *S IN (P I*RMTM/PETIMP) +(TCUR+TTCUR) *@.5)
IF (RMTM.GT. TMP1) SURCUR=CU1BA+(CUR 1 %S IN (P I)<(RMTM-FS1) /PEP13 +(TCU

IR+TTCUR) *0.5)

PSINC=SIGN(1.0,SURCUR)*ABS (PS INC)*ABS (SURCUR/ (TTTCUR-TCUR) /BOWD

1 #xPPOWXDT/DTPRE
TCURMA=TCUR
GO TO B8@9

998 CONTINUE
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313

316
317
318

- 318

320
321

322 .

323
324
325

326 -

327
328
329
330
331
332
333
334
$ 335
336
337

. 338

339
- 348
341
342
343
344
345
346

347

348
349
350
351
352
353
354
355
356
357
358
359
360

SURCUR=-TCURMR +(TCUR+TTCUR) ¥B .5 . o <
, PSINC=SIGN(1.8,SURCUR) #ABS (PS INC) *%ABS (SURCUR/ ( TTTCUR-TCUR) /BOW)
1 xPPOWDT/DTPRE.
. 889 CONTINUE )
IF(M .EQ. 18)PSIN18=PSIPR/DDDT
SDM=ABS (SURCUR/CURRR) %kB . SxSDMM*PSIN18 ' ‘
IF (RMTM.GT. 1. 5%CRTIMP) SDM=ABS (SURCUR/CURRR) %okB . SXPPPOLSDMMPS IN18
IF (SURCUR.GT.CURL .OR. SURCUR.LT.CURLL)SDM=SDM*BBOW
PSIMA=PS IPRKDT/DTPRE+SDMKDT/ANORTM
PSIMI=PS IPR*DT/DTPRE~SDMXDT/ANORTM
BZAX=B3(1,2, 1) *BTOR
IF(M.EQ. MAR+1IWRITC(GC,E88)
558 FORMAT(1H@,4X, "CYCLE",2X, "PSI(ID) ", 7X, "EST PSINC", 1X,"ACT PSINC"
1, 1%, "TORO CUR",2X,"CUR ERROR".1X, "PSIMAX",4X, "PSIMIN",4X,
2 Y"DENS AXIS",1X,"BZ AXIS",3X,"TIME")
IF(M.GT.MAR.AND.M .LT.MBB JWRITE(6,.887)M, PSICID.S5.K).PSINC,PSIPR
1, TCUR,SURCUR,PSIMA.PSIMI, W(1,1,2,1),BZAX,RMTM '
PSINC=AMINI (PSINC,PSIMA)
PSINC=AMAXI (PSINC,.PSIMI)
- 807 FORMAT("PSINC",I5,1PE14.6.18E18.2)
DO 9 J=JS.JD
PSICID,J. K+1)=PSICID,J,KI+PSINC
IF(M.LT.18)PSICID, J,K+1) =FLUXSKS IN(P I*RMTM/PETIMP)
9 CONTINUE :
rc991 CONTINUE
cC....B. C. ; TOROIDAL FIELD AT UWALL
IF (RMTM.GT.CRTIMX)GO TO 586
DO 999 J=JS,JD

XIC(ID,J K+1) = o

1 COS(PIX(RMTM +FSTIMX) /PETIMX) /Q +BIRS/BTORAQ
IF (RMTM .GT. OTIM ) XICID,J,.K+1)=-(BMIN/BTOR) X

1 SINCF Ik (RMTM-0TIM) /PEPEX} /0

IF (RMTM. GT. TMX2) X1 (1D, J,K+1) == (BMIN/BTOR) #EXP (= (RMTM-TMX2) %0 TM2) /0
998 -CONTINUE : , - .
CC999 CONTINUE
CC....COORDINATE ORIGIN TREATMENT (CF. SECTION 3.2.B)
998 SUM=0. S
SUN=8.
TUM=8.
VEL0=0.8
CL=0. .
DO 23 J=JB.JE
DL=2.
IF ¢(J .EQ. JB .OR. J .EQ. JE) DL=1.
CL=CL+DL , .
SUM=SUM+ (CHC/ (4., kP TARSMAKUNKSGO) #C3 (1B, J,K) /T(1B,J. K) +.
1¢C2, 18, J,K) A1, 1B, J.K)*B2(1B, J,K)-UW(3, 1B, J,KI A1, 1B 3, KI*
2B1 (1B, J,K)) ) *DL
SUN=SUN+(CHC (4. kP IXRSMAXUN*SGO) #C2 (1B, J,K) /T(IB, J.K) +
1 (LJC4, 1B, J,K) A1, 1B, I, KI*B1 (1B, J,K)-W(2, 1B, J,K) /UC1, IB, J.K)*
2B3(1B,J,K)) ) *DL - '
TUM=TUM+E I (1B, J, K)*DL
VELO=VELO+(W(2, 1B, J, K)*COS (ANG (1)) ~L(3, 1B, J, KIKSIN (ANG (J3 ) )% .
1 SJACIYKDL - :
23 CONTINUE
SUM=SUM~CL
TUM=TUM/CL
VELO=VELO/CL

125 .




126"

. PO
DO 38 I=IS.ID e
WO, 1LJE+LLK: )= W(1,1,JE-1.K
W2, 1LJE+i.K )= W(2,1,JE-1.K
W3, 1, JE+L1,.K )=-W(3,1,JE-1,K
W4, 1,JE+1.K )=-W(4,I,JE~1,K
Wei1,.1,3B-1.,K )= W(i,!1,JB+1.K
We2,1,38-1,K )= W(2,1,JB+1.K
(3,1,J8-1.K )=-W(3,1,JB+1,K
We4,1,38-1,K )=-W(4,1,JB+1,K
38 CONTINUE
DO 992 J=JS,JD
WCOC¢J) =COS(THJ(J))
WSI¢J)=8IN(THI(J)) '
URR(J) =W(2. 1B, J,K)AW(1, IB.J.K)
ALF=1.8/ Q
SEQ1(¢J)=-CW(2, IS, J,K)+W(2, 1B, J.K))Y¥SJA(J)
SEQ2(J) =-C(W(2, 1,3, K)xk2/W(1,1,J,K)HI(2,2,T,K)%2NI(1,2,T,K)I%
vl UCU(J)-(U(Z,I.J.K)*U(3.l.J,K)/U(l.1;J.K)+U(2,2,J.K)*U(3,2,J;K)/
1 W(1,2,J,K3)ad5 T (J)IRSIACT)
2 -(FK-1. @B)xC1, IB,J,KIKEIC(IB,J, K)*UCU(J)
SEQ6(J)= XI(IB,J,.K)xWCOC(J) /AL
SEQ7(J)=-B2(IB.J,.K)
SEQS(J)=-EI(IB,J.K)*U(2.IS.J;K)/U(I.IS.J;K)
{ -(FK-1.9)%EI(IS,J,KIHIRR(JIIXSIACI)
2 +(CNCIS.J LKY+CNCIB,J.K))*(EICIB,J,K)-EI(CIS,J,K)I*(SJAR(I)+1)
2 /01, 15,J,.K)xDX%2.8)
SEQ18(J)=PSIC(IB,J,K) *WCO(J) 7ALF

A A A AT AT AW WA W4

982 CONTINUE

CALL AVERA(SEQ1.AVV1)
CALL AVERA(SEQ2,AVV2)
CALL AVERA(SEQ6,AVVE)
CALL AVERA(SEQ7,AVV?)
CALL AVERA(SEQB,AVVB)
CALL AVERA(SEQ19,AVV1A)
DO 985 J=J5,JD

C1(IS.J.K)= AVVEXRWS T (J)

C2(I1S5.J.K)= AVYVEXRWCO () -

C3(1S.J.K)=RVV? ‘

B1(IS,J.K)= AVVIBRUST (J) , ,
B2(1S,J,.K)= AVVIOXWCO(J) g

B3(IS,J,K)= XI(IS,J.K)*Q

885 CONTINUE

AVV2=AVW2+C3(1,2,K)*B2(1,2,K)-C2(1,2,K)MB3(1, 2 K)
W(2,15,2.K+1)=W(2, 1,2, KI+DTHAVVZ .
DO 24 J=JS.JD :
XI(IS.J,K+1)=XI(IS.J.K)+DT*DCR*SUN/(PI*DX)/G .
WL, 1S, J.K+1)=U(1,1,J,K)+DT*AVVI
W2, 1S, J.K+1)=W(2, 1S, 2, K+1)*WCO (J)
W(3, 1S, J,K+1) ==WJ(2, IS, 2, K+1) ASI(J)
EICIS.J. K+1) =COE*(C1(1S.J, K)xok2+C2(1S,J, KIwok2+C3 (1S, I, K)wox2)
1 /7(DT*T(IS,J,K)KW(L, IS,J,K))
EICIS,J,.K+1)=AVWB+EI (IS, J,K+1)
El(IS.J,K+1)=TUM
PSICIS,J.K+1)=W(2,15,J,K)*B2(1S,J,K)2U(1,1S,J,.K)
1-W(3, 15, J,KY*BL (IS, J,K) U(1,1S,J. K)
PSICIS.J, K+1) =-COEXC3 (1S, J, K)/(DT*T(IS J, K))*RLF-RLF*PSI(IS J. K+l)
PSICIS,J,K+1)=PSI(IS.J.K D)+DT*PSI(IS, J K+1)
24 CONTINUE



423
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
449
441
442
443
444
445
446
a47
448
449
450
4as1
452
453
454
455
456
457
458
459
460
461
462
463
464
465
456
467
468
469
470
a7 1
472
473
474
475
476

cc

cC

29

28

C....FIND (5+F)/2

DO 28 J=JB.JE

DO 29 L=1,4
Ww(l,ID,J. K
CONTINUE
81CID,J, K)=@ 5]

CUNTINUE
K=1

Ka2=1
K3=1
K4=1

D0 433 J=JB,JE
DO 434 1=IB,IE

(S AND F IN EQ.B.

y= WL, IE, 1K )

SECTION 2.

-

FCL,1,J,K2)=(~CWC1, 1,3, K2) /U1, 1, T, K2)%W(2,1,J, KZ)*
1 COSCANGCJ))-W(1, 1,J,K2) A1, 1,J,K2)*W(3,1,J, K2 %S IN(
1ANG (J))) /(1. /B+SR (1) 4COS (ANG (J)) ) ) *DT /2. -(U(l 1,J.K2)7

1 WL, 1L J,K2)KU€2, 1,J,K2)%8.5+8 ., 25%(W(2, I+1.J. K2)+U(2 I-1.J,K2)33)

1 /SR(I)%DT/2.06

FC2,1,J.K2)=(=((2,1,J.K2)%k2/4(1,1,T,.K2)%B,5+8.25%(W(2, I+1,J.K2)

1 **Z/U(I,I+1,J.K2)+U(2,I—l,J,KZ)**Z/U(l,I-l,J,KZJ)J/SR(I)
14HU(3, 1, J,K2)4k2/(WC(1, 1, J,K2)KSR(I) ) -W(2, 1,J,K2)% ‘

202, 1,J,K2)*COSCANG (J))~W(3, 1, J,K2YKSINCANG (J))) 2 C(W(1, 1, J.K2)
3x(1.7Q+SRCI)XCOSCANG(J) ) ) ) +(W(4, 1,T,K2)%k2)*C0OS (ANG(J))
4/(U(1.I,J.KZ)*(l./D+SR(I)*CUS(RNG(J))))+(C3(I,J,K2)* ‘

SB2(I.,
F(3. 1. J K2)=(

1-(2. B*M(Z 1, J,K2)HI(3, 1, 3, K2) AW, [,T,K2) %@, 7548, 25% (W2, I+1,J, K2)

J.K2)-C2(1,J,K2)%B3(1,J,K2)))%DT 2.

1 (3, [+1,J,K2) 7UCL, [+1,.J,K2) HI(2, 1-1, T, K2)%W(3, [-1,J,K2)

1 AL, I1-1,J,K2))) 7

I1SR(I) - (U(4 I,J.K2)4k2) %S INCANG (J3) 7 CWC(L, I, J, K2)*

2(1.70+SRCI)*COS(ANG(J))))-W(3,1,J, K2)$(U(2

~J.K23%

3COSCANG(J))-W(3.1,J. KZ)*SIN(RNG(J)))/(U(I I. J K2)%(1,/0+
49R(I)*CUS(QNG(J))))+(C1(I J.K23*%B3(I,J, K2)-C3(I J.K2) %

SBi(1,J. K’)))*DT/Z.
F4, I J.K2)=(-

2.%0(4, 1,J,K2)%(W(2,1,J, K2)*COS (ANG (J))

l-U(3.I.J.K2)*SIN(RNF(J)))/(U(l 1,J,K2)%(1,/Q+SR (1) %
2CO0SC(ANG(JIII)I+(C2(I1,J,K2)%B1(I,J,K2)-C1(I,J,K2)%B2(1,J.K23})
3T 2.-(W(2,1,J,K2)%W(4,1,J,K2)-U(1,1,J,K2)

1 *%0.5+48., 25*(U(2 I+1,J,K2) %4, T+1,J,K2) A1, 1+1,7,K2)

1 +W¢2,1-1,J, K2)*U(4 I-1.J, K2y 241, 1-1,J. K2)))/SR(I)*DT/2.B

CC....INTERMEDIATE VALUES W(M.I.,J,2)

(EQ. (19°)

W1, 1,J,K+1) =0, 125k (W1, I+1, J,K)+WC1, I-1, I KY+WCL, 1, J+1,K) +

1WC1,1,J-1,K))%2.0xPPOLL4+(1.08
W2, 1,J,.K+13=0.125%WJ2, I+1,J,.K)+J(2, 1
1W(2, 1,J-1,K))*2.0xPPOWL+(1.0~
W(3,1,J.K+1)=0.125%WJ(3, I+1,J,K)+W(3, I
1W(3,. 1,J-1.K))%2,8%PPOLLIH(1,
W4, I,J,K+13=08.125k(W4, I+1,J,K)+W(4, I-
W4, 1,J-1,K) %2, BxPPOWW+( 1. B-PPOWW) xlLi(4,

LT, SMALL) W(L,I.J,

DO 435 L=1,4
IF (ABSCWC(L, I,J.K+1))

477
478
479
480

435 CONTINUE
434 CONTINUE
cC
CC----B- Cl H U

—PPOLI) (1
PPOWLY kW(2
3

.1,
1,3
L1

: 1,

B-PPOWL) *J(3, T

1,
I

., SECTION 2.1
J.K)
LKIHIC2, 1, J+1,K) +
J.K)

T HIGE, 1L I+ K +
3.6

TR HIC4, 1, I+, K+
1.0

K+1)=0.
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483
484
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486
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cC
cC

sa1 -

582
583
504
585
586
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583
589
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511
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514
515
516
517
518
519
520
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522
523
524
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526
527
528
529
530
531
532
533
534
535
536
537

538
539
540

cC
cC

9
cC
cc

433 CONTINUE
DO 288 J=JB,JE : .
DO 281 L=1,4 . : .
WCL, ID, J,K+1) =lCL, IE, J.K+1) : o
281 CONTINUE
W2, ID, J, K+1) =-W(2, IE, JK+1)
W2, ID.J.K ) =-U(2,IE.J.K )
280 CONTINUE

.+..B. C. IN THETA DIRECTION : U
DO 35 I=IS.1D
WOl ILJE+T,K+1)= W(1, I.JE-1,K+1)
We2, I, JE+1,K+1)= W(2,1,JE~1,K+1)
W(3, I,JE+1, K+1)==W(3, I,JE~1,K+1)
W4, I,JE+1,K+1)=-ti(4, 1. JE-1,K+1)
WCL, 1,JB-1.K+1)= W(1,1,JB+1,K+1)
We2,1,JB-1,K+1)= Li(2, I,JB+1,K+1)
W3, 1.3B~1,K+1)=~W(3, I,JB+1,K+1)
Wi4, 1,J8~1,K+1)=-W(4,1,JB+1,K+1)
W(1, I.JE+1,K)= W(l,I1,JE-1,K)
W2, 1,JE+1.K)= W(2.1,JE~1,K)
W(3,1,JE+1.K) =-W(3,1,JE~1,K)
W4, I, JE+1,K) =-W(4, 1, JE~1,K)
W(l, I1,JB-1.K>= W(1,1,JB+1,K)
W, 1,J8-1,K}= W(2,I,.JB+1,K)

- W3, 1,.JB-1,K)=-W(3,1,JB+1,K)

W(4,1,JB-1.K)=-W(4,1.JB+1,K)

35 CONTINUE

CALL ADI : FIND NEXT TIME STEP VALUES PSI, XI AND EICI,J,2)
CALL ADI(K,.M.DT,.DX,DCA,CV,FK,COE.RB,UN.Q,SG0,
11§, 1B, 1E,1D,JS,JB,JE.JD.C, IP,JP)
118 FORMAT (1HB,3112)
DO 966 J=JS,JD
W(2,1D,J, 1) =-W(2, IE,J, 1)
We2,1D,J,2)=-W(2, [E. J.2)

B3(ID,J.K+1)=( XICID,J,K+1))/7(1.7Q+5R(ID)*COS (ANG(J)))
B1(IS.J,K+1)=B1(IS,J.K)
B2(1S5,J.K+1)=B2(I1S,J.K)
B3(1S.J.K+1>=B3(1S5,J.K)
C1(1S,J.K+1)=C1(15,J.K)
C2(1S5.J.K+1)=C2(1S5.,J.K)
C3(1S,.J.K+1)=C3(IS.J.K)

86 CONTINUE

....EVALUATE ELECTRIC CUNDUCTIVITY. T (CF. SECTION 2.3)
DO 86 J=JB.JE
- DO 86 I=IS,IE
IF (EIC I,J,K+1) .LT. 8.) WRITE (6,118) I,J° .M :
AJPECT,J)=(C1CI,J, K+13%B1(I.J.K+1)+C2(1,J,K+1)%B2(1,J, K+1)+C3(I J,-
1K+1)*B3 (1, J.K+1)) /SART(B1 (1, J, K+1)%k2+B2(1, J,K+1)%k24B3 (1, J, K+1)**
.22) '
VELD(I,J)=SARTC(C1CI,J, K+1)%k24+C2C¢1, T, K+1)30k24C3 1, J,K+1)%0k2)
AJORC(I,J)= ABS(VELDC(I, J)#k2-AJPE (I, J)%0k2) %¥@.5
VELD(I,J)=B.5*(QBS(RJOR(I,J))+QBS(RJPE(I,J)))
VELD (1.J)=VELDC(I.J)*RJNOR
17U, I, J,K+1)«DNKDNUMK4, BE~18)
VELD(I,J)=RBS(VELD(I.J))/CHOF/SART(EI(1,J,K+1)XTNOR)
lVELDI()I é)=CHUC*(l .B-EXP (- VELD(I, J)))/SQRT((U(l I,J,.K+1)-8. BB*HU)* ‘
DN*KDNUM) -



542
543
" 544
545
546
547
’ 548
548
556
"551
952
553
554
955
556
S57
558
559
560
561
562
563
564
565

567

583

584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

568

cC

cC

78

99

129

IFCVELD(L,J) .LT.1.8E~-55)VELD(I1,J)=1,0E- 55 :
VELD(I J)=1. B/VELD(I JIZsG0 ‘ e
1 DN*DNUM) :
IFC(AJPECI, I .LT.1.8E-55)AJPE(],J) =1.8BE-55
ARJPE(I,J)=1.8/RJPE(I,J)/SG0O

TC(I,.J. K+1) (ECUNC*(UN*UN*EI( 1.J.K+1)/CV/11608,)%%],5) /SG0O

IFC - RHTH GT.B80WW VELD (I, J)=POWKVELDC(I, J)
TCI,J.K+1)=AMINIC(TCI,J,K+1),VELD(I, J))

86 CONTINUE .o

D0 78 J=JS,JD .

L3CID,J,2)=C3(IE,J.2)

T(ID,J. K+1)=T(IE.J.2)

CONTINUE

DO 99 I=IS,ID

T, JE+1,K+1)=T(1,JE~1,K+1)
T(1,JB-1.K+1)=T(I,JB+1,K+1) ' )
€3(1.JE+1,2)=C3(1,JE~1.2) ' '
€3(1,1,2)=C3(1.,3, 2) : .
CONTINUE . ' : ‘
K2=2

DO 66 I=2.I1E

DO 66 J=2,JE

VINT(I,J)=(1. B-PPDUU)*T(I J,2)+8. 125%(T(I1+1,J,2)+T(1~1,J,2)+

1 T(I, J¥1,20+Tc1, I-1, 2) )2, BxPPOLL

66

67

€8

69
cC
cc...

ALAMCI, J) =(1.8- PPOWL) *C3 (1, J.2)+PPOLWIKE . 25%(C3(I+1,J.2) +
1 C3¢I-1,J,2)+4C3(1,J+1, 2)+€3¢1,J-1,2))
CONTINUE

DO 67 1=2,1E

DO 67 J=2,JE

T(I1,J,2)=VINT(I,J)

C3(I1,J,2)=ALAM(I. J)

CONTINUE

DO 68 I=IS,ID
T(I,JE+1,K+1)=T(I,JE-1,K+1)
T(I1,IB-1,K+1)=T{I,JB+1,K+1)
C3(1,.JE+1,2)=C3(1,JE-1,2)
C3(I1.1,2)=C3(I1.3.2)

CONTINUE

DO 69 J=1,JD

C3(1D.J,2)=0.0

T(1D.J.2)=6.8

CONTINUE

.EVALUATE (S+F)/2 USING W(M,1,J,2) (S AND F IN EQ.8.SECTIONZ.1)
DO 33 J=JB,JE o
DO 34 I=1B,IE
FC1,1,J,K2)=(~CW1, 1,J,K2) AU, 1,0, K2) (2, 1, J,K2) %
1 COSCANG(JI))-WC1, I, J.K2) A1, 1, T,K2)J(3,1,T,K2)*SINC
1ANG (J))) /(1. /0+SR (1) *COS (ANG(J) ) ) IXDT 2. - (W(1,1,J,K2) 7 _
1 WCLL 1,0, K2) M2, 1,J,K2) %0, 548, 25K (W(2, 1+1, J,K2) (2, I-1,J,K2)))
1 /SRCII*DT/2.D _
F(2,1,J1,K2)=(-(W(2,1,J,K2)%k2C1, 1,J,K2) %@ .5+0. 25%(LI(2, [+1,J,K2)
1 k2001, 141, J,K2) +J(2, I-1, J,K2) %k (1, 1-1,J,K2))) /SRCD)
143, 1, J.K2) k2 (W1, 1,J,K2)*SR (1)) -W(2, 1,J.K2) %
2CWC2, 1, J.K2)*COS (ANG (JD)-W(3, 1. J,K2)*SINCANG (J3)) # (W1, 1,J, K2)
k(1. /0+SRC 1) KCOS (ANG (1)) +(W(4, 1, J,K2) #ok2) *COS (ANG (1) )
4/CWC1, 1, J,K2)%C 1. /Q+SR (1) *COS CANG (J))) I+(C3C1, J,K2) %




660

cC

34
33

130

582¢1,J,K2)-C2(1,J,K2)%B3(1,J,K2)))I*DT/2.

F3,1,J.K2)=( - :
1-(2. 822, 1, J,K2)MJ(3, 1,J,K2) /A1, 1,T,K2)%B.75+0, 25%(W(2, I+1,J.K2)
i *U(B,I+1,J,K2)/U(l.I+1,J,K2)+U(2,[—l,J.KZ)*U(B,I-l,J,KZ) o
1 AL, 1-1,T,K2)))7 A

1SR = (W4, I, J,K2)%i2)*SINCANG (J) ) /7 ((1, I, J,K2) %
2(1./Q+SRCII*COSCANG(J)>)I)~W(3, 1,J,K2)%(W(2,1,J,K2) %
3C0S(ANG(J) ) -1C3, 1, J.K2) RS INCANG(J) )/ (W1, I, J,K2) *(1./0+
4SR(IIACOSC(ANGCJ3)) ) +(C1 (I, J, K2)*B3(I,J,K2)-C3(1,J,K2)%
S5B1(1,J,.K2)))*DT/2, L
F(4,1,J,K2)=(~2. x4, [,J,K2I%W(2,1,J,K2)%C0S (ANG(J))

1-W(3, 1, J,K2)KSINC(ANG(J))) 7 (L1, 1,J,K2) % (1, ZQ+SR( 1) %
2COSCANG(J))))+(C2¢1,J,K2)xB1(1,J,K2)-C1(1,J,K2)*B2(1,J,K2))
3)KDT/2. - (W2, 1,J,K2) %4, 1,J,K2) L1, 1,J,K2)

1 %8.5+8.25% (W2, I+1,J,K2) kW4, I+1,J,K2) /U1, 1+1,J,K2)

1 +HIC2, I-1,J,K2) K4, I-1,J,K2) U1, 1-1,J,K2)) ) /SR(II*DT/2.0
CONTINUE :

CONTINUE

CC....FIND NEXT TIME STEP VALUES W(M.I,J.3)

5

cc

9

cC

6

S5

2
253

a3

620

a7

89

" SIME=TIMEXRSMA/UN

cC....YIMCRO(THETA IMPLICIT), XIMCRO(R DIRECTION IMPLICIT)

IF (MOD(M,2) .EQ. 1) GO TO 55

GO TO 52

CALL YIMCRO (K, M, DT, DX, DCA,CV.,FK,COE,RB,Q,UN,BATA, SGO..
11s, 1B, IE, 1D, JS, JB. JE,JD,C. 1P, JP, TMALL,DISS) ‘

GO TO 253 N ‘

CALL . XIMCRO(K,M, DT, DX, DCA, CV, FK, COE,RB, 0, UN,BATA, SGO,
11s, 18, IE. 1D, JS, JB, JE, JD,C. IP, JP, TMALL, DISS) -

CONTINUE

TTTCUR=TTCUR

TTCUR=TCUR

TCUR=0.0

FIND TOTAL TOROIDAL PLASMA CURRENT, TCURCIN AMP.)
CALL ARAINCC3(1,1,K+1),TCUR,RB.RSMA) ‘
TCUR=TCUR/3,BE9XCHKBTOR/ (4. AkP I*RSMA)

po 983 J=JS.JD

DO 983 1=1.4 _

Wel, 1S, J,.K+2)=W(I,1S,J.K+1)

CONTINUE »

DO 620 J=JS,JD '

UTHCI) =(EICID,J.K+1)-ET1CID-1,J3,K+1))/(1.%DX)
UTHCJI) = UTHC(J) RUNKUM/CV/RSMAKCNCON

CONTINUE

TOTAL CONDUCTION LOSS WTFIN

CALL SURIN(CUTH.WTF INC,RB,RSMA)
WTF IN=WTF IN+WUTF INCKTIMINC -

WINTOT=WIN+WUTF IN

DO 687 J=JS,JD :

UTH(J) =B.SKkDN*CW(2, IE, J,K+2) %ok2+J(3, 1E, J, K+2) %ok2+
1 W4, IE, J. K+2)%0k2) A1, IE, J, K+2) xUNKUN

UTHCT) sUTHCJI) +2.5%WC 1, IE, J, K+2) %DN%2 . kDNUM*1 . 3BE-16%
1  EICIE,J.K+1)/CVxUNKUN ' : <
UTHCD =UTHCI) KWC2, TE, JLK+2) *UNAWCL, TE. J.K+2)
CONTINUE .

CALL SURINCUTH,WRINC.RB,RSMA)
WRRR=LRRR+WR INCXT IMINC

IF (MOD(M,MW) .EQ. 8@ .AND. M.GE.MST) GO TO 89

GO TO 91 C

CONTINUE




661
662
663
664
665
6E6
6567
668
669

678,
"~ orl

Gra
673
674
679
676
6r7
678
679

685
686

784
7A5

719
vae

" cC.

ccC..

92

186

WRITE (6,184) M,SIME,DT,.UN,COE : -
184 FORMATC(iH1, "CYCLE=",15.2X, “TIME'" 1PE14 7.,2X,"DT=", E14 7,

l"UN=".E14.?.ElS.?)

..CHANGE TO CGS GAUSSIAN UNITS FOR PRINTING

DO 92 I=1S,1ID
D0 92 J=JS.JD

XI (I,J,K)=XI (I,J,K+1)*BTOR *RSMA
PSIC(I,J,K)=PSIC(I,J,K+1)*BTORKRSMANK2

Bl (I.J.K)=Bl (1.J,K+1)*BTOR

B2 (1,J.K)=B2 (I,J.K+1)*BTOR

B3 (I,J,K)=B3 (I.J.K+1)*RTOR _
Ct (1.J.K)=Cl (I,3,K+1)*CxBTOR~(4.xPI*RSMA)
€2 (1,J,K)=C2 (I,J,K+1I%CKBTOR/ (4.%P [*RSMA)
€3 (1,.J,K)=C3 (1,J,K+1)*KCKBTOR/ (4. %P [*RSMA)
CONTINUE

FORMAT (1H ,213,8E15.7)
’ WRITE (6,187)

187 FORMAT C(1HB, 1X, "1",1X,"J",2X, "DENSITY", 2X,"RAD VEL",2X,

‘93
CC
cC....

552

551
553

1 "TEMP",SX, "THET MAG", 1X, "TORO MAG", 1X, "THET CUR", IX,"TORD CUR'
2 .1X,"ANOM RES", 1X, »cLas RES*". IX “THET VEL“,IX "TORO VEL"

3 . 1X,"RAD MAG™)

PO 93 1=1S, 1D

DO 93 J=JS,JD

F(2, 1,3, K+1) =U(2, 1, JLK+2) AJC1, 1, J,K+2) *UN

F(3,1.J.K+1) =W(3, 1, J,K+2) 7W (1, I, J, K+2) %UN
F(4.I.J,K+l)=U(4,I.J,K+2)/U(I.I.J,K+2)*UN

FCL L JLK+1) =EICI, J,K+1) ZCVRUNKUN: -

T (1.J,KO=T (I,J.K+1)

CNC(I,
ALAM(

J. K)=CN( .J. K+1)*DNWCV*RSHR*UN )

1.D)=CFC1, 1, J.K+1) /TEMINIDY %k1.35
IF(MOD(MBB.2) .EQ.®YWRITE (6,188). 1.J,W(1,1.J, K+2) F2,1.J,K+1),
1 FC1,1.J.K+1), . BZ(I J. K) B3(I J.K)
2,C2¢1,J,K),C3(1,J.K), VELD(I . nLRM(I I, F(3, I J. K+1) . -
3,F4,1,J,.K+1D) ,BI(I,J K>
CUNTINUE B

FOR PLOTTING
D0 551 I=i.,18@ S
IF(1.GT.6) GO TO 552 T .
L=I-7
1{5;82( L. JE 1).LT.8.8)BAX=L-B2(~L+1, JE. 1)7(B2(~L,JE, 1)-B2(~ L+1 JE
IF(B2(-L, JE 1. LT 8 8)G0 To 553 '
EONTINUE
I-5
1)IF(BZ(L ,JB.1).GT.0.8)BAX=L~-2- B2(L~1,JB, 1)/(82(L JB., 1)-82(L-1,JB, 1)
IF(B2(L,1B,1).GT.9.8)G0 TO 553 '
CONTINUE :
BAX=BAXKDX
IDD=1D-2
DO 1208 I=1,IDD
J=1D-1
X(D)=CI=IE)

¢ FVLC(LL. 1) =W(1,J,JE. D

FVL(I,2)=F(1,J,JE,2)
FVLC(I,3)=B3(J,JE, 1)
FVL(1,4)=-B2(J,JE, 1)
FVL(1,5)=C3(J,JE, 1)
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721 ~ FVL(1,6)=(SR(J)+BAX) xQxB3¢J, JE, 1) /B2¢J,JE. 1)

722 1280 CONTINUE

723 IDS=1ID~1

724 IDN=2%1D-3

725 DO 1388 1=1DS, IDN

726 X(I)=(I-1E)

727 J=I-1D+2

728 FVLCI, 1) =UC1,J,JB.3) .
729 FVL(I,2)=F(1,J,JB,2)

730 FVL(1,3)=B3(J,JB, 1)

731 FVL(1,4)=B2(J,JB, 1)

732 FVL(1,5)=C3¢J,JB,

733 FVL(1,8)=(SR(J) BRK)*G*BB(J 8. 1)/82¢J. 38, 1)

734 1388 CONTINUE

735 CALL WPLOT(X,FVL(1,1),FVL(1,2),FVL(1,3),FVL(1,4), FVL(l 5).
736 1 FVL(1,6), IDN,SIME)

737 CC

738 CC :

739 188 FORMAT (1H ,212,1P14E9.1)

740 DO 802 I=1,ID

741 D0 8A2 J=1,JD

742 VINT (I, J) =AMAX1(B3(1,J.K),8.8)

743 882 CONTINUE

744 CC  TRAPED POSITIVE TORDIDAL FLUX. TRFL

745 CALL ARAINCVINT, TRFL,RB,RSMR)

746 D0 885 I=1,ID

747 DO 885 J=1,JD

748 VINT(I,J3)=AMIN1(B3(1,J.K),8.0)

749 EICI,J, 1D==XICI,J, 1)

750 T(1,J,1)=-C2¢1,J, 1)

751 885 CONTINUE

752 CC  TOTAL TORGIDAL FLUX, TOTFL

753 CALL ARAINCVINT,ANFL.RB,RSMA) S . :
754 TOTFL=TRFL+ANFL L : :
755 LRITE (6, 306) TCUR

756 WRITE(6,887)M, PSICID,5,K+1),PSINC, PSIPR, TCUR, SURCUR, TRFL , TOTFL :
757 4 IFCITURN .EQ. 1DCALL WWPLOTCXNL, TVA1, TVA2, TVA3,NLL) .
758 ITURN=8

759 386 FORMAT(IH , "ok TOTAL TOROID CURRCIN AMP.)=*, 1PE12.3)

769 WINTOT=WINTOT+1. SKDNKDNUMA2 . BXVOLU1 . 38E- 16XTEMINT
. 761 DO 602 I=IS, ID

762 D0 682 J=JS,JD

763 VINTCI, 30 =(B1C L, J.K) 4ok2+B2C 1, J,K) Hok2+B3 (1, J, K)#ok2) /8. /P 1
764 CCCC UWRITE(6,188)1.J.F(3.1.J.2).F(4.1,J.2).81(1,.J.K).C1(1.J.K)
765 . 682 CONTINUE ' ‘

766 CC  TOTAL MAGNETIC ENERGY. WBE

767 CALL VOLINCVINT,WBE,RB.RSMA)

768 D0 683 I=IS,ID

769 D0 683 J=JS,JD

770 VINT(I,J)=1.5KJC1, I, J,K+2) kDN#2. %DNUMK1 . 38E—-16%F (1, I, J K+D)
771 683 CONTINUE

772 CC  TOTAL THERMAL ENERGY, WIE

773 CALL VOLIN(VINT,WIE,RB.RSMA)

774 DO 684 I=IS,ID

775 D0 684 J=JS,JD

776 VINTCI, J)=@.5%JC1, I, T, K+23KDN*(F (2, 1, J, K+1)90k24F (3, I, J, K+1)%ok2+
777 ‘1 F(4,1,J,K+1)%0k2)

778 604 CONTINUE
779 CC TOTAL KINETIC ENERGY, WME
780 CALL VOLINCVINT,WME,RB,.RSMA)




781
782
783
784
785
786

| 787

788
789
790
791
792
793
794
795
796
797

.798

799
886
801
802
803
804
805
866
8ar7
8a@8
809
810
811
812
813
814
815
g1e
817
818
819
820
821
822
823
824
825
826
827
828

‘829

830
831
832
833
834
835
836
837
838

839 -

848

632
cc

cc

606
91
ABKP
PASS

cC
cc

- 97
cC
cC...
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WTOTR=WBE+WIE

WTOT=WTOTR+WME

DO 632 1=1S.1D

PO 632 J=JS,JD
VINTCI, I =W(1, 1,J,K+2)
COMTINUE

TOTAL MASS,. TOMAR -

CALL VOLIN(VINT, TOMA,RB, RSHR) f

POLOIDAL BETACPLBT), AVERAGE TEMP. (AVT), TOTAL ENERGY INPUT(WIINT)
TOMA=TOMA/VOLY ‘ L

PLBT=WIE*2.8/TCUR/TCUR/1.5

TNM=VOLU*DN*DNUM*2 . 8

RVT=WIE/ INFi/ 1.4k~ 1b/1. b/llbUU d

LI INT=WUTOT-WTF IN

WRITE(6,686) M. AVT,PLBT.WIINT

NLL=NLL+1

IL=1D%3/5

JL=JD/4+1

TVAL(NLL) =AVT

TVA2(NLL) =PLBT

TVA3(NLL) =WIINT

YNL(NLL) =NLL

JM=JDr2.0+8.5 - , ' ‘ :
TVA4(NLL) =Q%B3 (1D, JM, 1) /B2C1E, JM, 1) . . ‘ o
TVAS(NLL)=B3(1,2,1) _ : oy
TVRG (NLL) =W(1, 1 2 3

WRITE(6,686)M,S IME. WZ IN, UTIN, WBE, WIE, WME. URRR , WTFIN,WIN, UINTDT
1 ,WTOT, TOMA

FORMAT( 1HB, IS5, 1P12E18.2)

CONTINUE :

IF(M .GT. MBK) GO TO ABKP

GO TO PASS

CONTINUE

Q060=P1

CONTINUE

IF (M .GE. MS) GO TU 94

INITIALIZATION FOR NEXT CYCLE
DO 96 1=1S.1D
DO 96 J=JS,JD

T (1,J,K)=T (I,J,K+1)
EICI.J.K) = EICI.J,K+1)
PSI(I,J,.K)=PSICI,J,K+1)
B3(1,J,K)= B3(I,J.K+1)
B1 (1,J,K)=B1 (I,J,K+1)
B2 (I,J.K)=B2 (I,J.K+1)
XI (1,J.K)=XI (I,J.K+1)
Cl (I.J.K)=Cl (I.J.K+1)
C2 (I1,J.K)=C2 (I,J,K+1Y)
C3 (1,J.K)=C3 (I.J.K+1)
CN (1,J.K)=CN (I,J,K+1)
DO 97 L=1,4

WL, I,J.K)= WCL, I,J,K+2)
IF (ABS(W(L,.I1,J,K)) .LT. SMALL) W(L,.I.J, K)-B

CONTINUE

.LOW DENSITY REGION TREQTMENT (CF. SECTIUN 3.3

IFC(I ,EQ. ! .OR. I.EQ.ID)GO TO 81

IF T, 1,J,K) . LT. 1.2%HU. AND. W(1, I=1, J,K) .GT. 1.8%HU. AND.

1 W2, 1-1,J.K.LT,.8.00W(1, I~1,J,K)=W(1, I-1,J,K)+BATAX(W(2, I-1,J,K)




841
842
843
844
845
846
847

848 ..

849
858
851
852
853
854
855
856
857
858
859
860
861
862
863
8§64
865
866
B67
868

869

876
871
872
873
.874
875
876
8re
878
879
880
881
882
883
8684
885s
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900

81
S6

94

189

1 +4c2,1,J
IFCUCL, I,
1 We2,1-1,
IFCUCL, I-
1 .GT.O,

IF 1,1
CONTINUE
GO TO 6
CONTINUE
CALL WWPL
CALL WWPL
WRITE (6,
FORMAT(1H
STOP

END
SUBROUTIN
DIMENSION
COMMON /H
REWIND 63
WRITE(63,
FORMAT (2H
READ(63,3
FORMAT (2A
CALL LPLO
CALL LPLO
CALL LPLO
CALL LPLU
CALL LPLO
CALL LPLO
RETURN
END
SUBROUT IN
DIMENS ION
CALL DDER
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LK) ) : '
J.K).LT. 1. 2%HU,AND. WC1, 1-1,J,K) .GT. 1.8%HU.AND. .
J.K).GT.8. U1, I-1,J,K)=W(1, I-1,J,K)+BATAX W(2,I ,J.K)
1,J.K).LT.1.2%HU.AND. (1, 1, J.K) .GT. 1.8%HU.AND. W(2,1,J.K)
1, 1.J.K)=W(t, I, J,K)-BATAKW(2, 1,J,K)+W(2, I-1,J.K))
K).LT.1.2%HU.AND.WC1,1-1,J,K) .GT. 1.8%HU.AND. W(2,1-1,J,
U(2,I-l;J;K)=U(2,I—I,J;K)+BQT9*(U(2.I'I.J.K)**Z/
K3HC2, 1, 3. Kywk2/00C1, 1,J.K))

K).LT.1.2%HU.AND.WC1, I-1,J,K).GT.1.8%HU.AND. W(2,1-1.7J,
W »J.K)xk2/

K).LT.1.2%HU.AND.W(C1,1,J,K).GT. 1.8%HU.AND, W(2,1,J.K)
1,.J.KY=W(2, 1,J,K)-BATAX(W(2, I, J, K)%x2AJ(1, I.J,K)
k2L, I-1,T,K))

LTOHUY WL, 1,J,K) =HU

3

OT(XNL, TVAL, TVA2, TVA3, HLL)
0T (XNL . TVA4., TVAS, TVAG, NLL)
189) DT y
LYEND OF THE SCREW PINCH",dX, "DT=",E14.7)

E UPLOT(X,R,B,C,D,E.F.IDN;SINEi
X(48),A(40),B(48) ,C(48),D(48) ,E(48) ,F (48)
EADERS~/ LABEL(8),TIME(2),JOBNM, DATE, HOUR

2)SIME
T=,1PES.2.4H SEC)
JTIME

18) -
T(-2,4,IDN, X,
T(-3,4, IDN. X,
T(-2,5. IDN. X,
T(-2,6. DN, X,
T(_3a5pIDNAXa »
T(-3.6. IDN, X,

, 1H , 1HR, 4HDENS)
1H , 1HR, 4HTEMP)
1H . 1HR,2HBZ)
tH , 1HR, 3HDTH)
1H ,J1HR,2HJZ)
1H , IHR, 1HQY

E WWPLOT(XNL, TVAR1, TVA2, TVA3,NLL)
XNL (188) , TVAR1(188) , TVAR2 (108) , TVA3(188)

S(~1)

CALL FRAME

CALL MAPP
AMY=AMAXA

ARAM(2,8,15.8. 1D
F(TVARL, 1,NLL, 1D

AMIY=AMINAF (TVA1, 1 ,NLL. 1D
CALL MAPS(XNL (1), XNL(NLL),AMIY,AMY.8.0.1.0,8.76,1.8)

cALL SeTP
CALL TRAC
AMY=AMAXA
AMIY=AMIN
CALL MAPS
CALL SETP
CALL- TRAC
AMY=AMAXA
AMIY=AMIN
CALL MAPS
CALL SETP
CALL TRAC

CH(1,0,1,0,28) :
ECCIH ,XNL,TVA1,NLL)

FCTVA2, 1.NLL, 1D

AF(TVAZ2,. 1.NLL, 1D .
(XNLC1),XNL(NLL) ,AMIY,AMY,0.0.1.8.8.44,0.68)
CH(1,08.1,0.20) '

EC(1H ,XNL,TVA2,NLL)

F(TVA3, 1,NLL, 1D

AF(TVA3, 1, NLL. 1)

(XNLC1) , XNL(NLL) ,AMIY,AMY,8.8.1.8,8.12,8.36)
CH(1,08,1.8,20)

ECCIH LXNL,.TVA3;NLL)



231
992
993

984

2a5
386
9g?
se8
S89
S18
911
912
Yls
914

8:5

S16 .

917
918
919
929
S21
922
923
924
925
926
927
928
923
936
931
932
932
934
935
936
937
938
939
948
941
942
943

945
946
947

949
950
951
952
953
954
955
956
957
958
959
960

RETURN

- END : ‘ ‘ o
SUBROUTINE YIMCRO(K,M.DT,DX,DCA,CV,FK.COE,RB.Q.UN,BATA, SGO.
11s, 1B, IE, 1D, JS, J8, JE,JD.C, IP,JP, TMALL,.DISS) .

cC
CC~--~ SOLVE MEW TIME STEP VALUES W(M,1,J,3) IN THETA DIREC. IMPLICIT

cc

DIMENSION PSI(20,16.2).B1¢20,16,2),82(20,16,2),X1(20.16.2),
1C1¢29, 16.2),C2(20, 16,2),£3(20,16,2),7(20, 16,2) ,
2u¢4,28.16,3).F(4,208,16,3) .E1(20, 16,2),B3(20, 16,2) ,SR(28),
4GA(20. 16) .GB (20, 16) ,GC (28, 16) ,GD (28, 16) ,CN(28,16.2).
SAA(93, 12) . BB(4,4) ,ANG(16) .BATB(28) .

COrFoN PS1,B1,.B2,83,X1,C1,C2,C3,T,.W,F,9R,ANG,BATB
1.GA_GB.GC.GN.CN ET.AA,RR.AICAN

Ki=1

K2=3

K3=1

K=1

cC
CC....FIND F IN THE MATRIX EQ. PW = F
D0 38 J=JB.JE
DO 39 1=1B,IE
Fe1,1,.J,K2)=U(1,1,J.K1)
1-BATA *{( we, 1+1,J,K3)-
2 W2, I-1, K3 +F (1, 1. JLKI+F (1, 1, J,K+1)
64D ISS*B . SXDT/DXK(ABS (W2, 1+1, J,K) AWC(1, 1+1,3,K)-W(2, I
2001, 1. T KR (UL, T+1, 3, K -1, 1, J,K) ) -ABS (W(2, 1, J,K
8-W(2. 1-1,J, K3 AUCL, I-1, J,K) Y wCWC1, I, J,K) =W(1, 1-1,J,K)
6+DISS*BRTB(I)*(HBS(U(3,I»J+1,K)/U(l.I,J+1,K)-U(3,I,é
)

J.K)
(

)

ZUCE, 1, J K k(WL , 1L J+1,K)-W(1, 1,J.K))-ABS (W(3, . J,

8-U(3. 1. J-1. KAWL, 1. J- 1K) I &1, 1, J.K)-W(1, I,J-1.K
F(2,1,J.K2)=W(2,1.J,K1) '

'1-BATA *( W2, 1+1,J,K3) %0k2

2001, 141, J,K3)+(FK-1.3d(1, I+1, I, K3 KET(1+1,J,K3)) -

32, I-1,J,.K3) k2 (1, I-1,T,K3) +(FK-1.)#JC1,I-1,J.K3)

MELCI-1,J. KN+ (2,1, J.KI+HF(2,1,T,K+1) .

64D I1SSHD . SKDT/DXK(ABS (W(2, 1+1,J,K) /U1, I+1,J,K)-W(2,1,J K

7001, 1. J K ) x(W(2, 141, J. K -W(2, 1, J,K))-ABS (L(2, I, J,K 201, 1,3.K)

8-U(2. 1-1, J, K3 AUCL, I-1,J,K))x(W(2,1,J,K) -W(2,1-1,J,K) )

6+D ISSHBATB (1) *(ABS (W(3, I, J+1,K) ZW(1, I,J+1,K)-W(3,1.J.K)

K

)

)
)
)
)

-

?/U(I,I,J.K))*(U(Z,I,J+1,K)fU(2,I.J,K))—RBS(U(3.I;J5
8‘U(3,I,J-1,K)/U(l,I,J—I,K))*(U(Z.I,J,K)-U(Z,I,J-I,K
F(3.1.J,K2)=W(3,1.J.K1)
1-BATA *( W2, I+1,J,K3) %
23, 1+1,J.K3) /W1, 1+1,J,K3) - Wwe2, -1, J.K3) (3, 1-1,J.K3)
301, I-1,J. K3 +F (3,1, J,K)+F (3, 1,J,K+1)
6+DISS*G,S*DT/DX*(QBS(U(Z,I+1,J,K)/U(l.I+1,J.K)-U(2.I,J.K)
?/U(l, IaJnK))*(U(3; I+l;JnK)—U(3; IanK))—RBS(U(ZJ I.J,K)/U(l, IaJ‘K)
B—U(Z,I-l,J.K)/U(l,I‘I,J,K))*(U(3,I,J,K)—U(3.I~1.J,K)))
6+DISS*BQTB(I)*(QBS(U(3,I,J+1pK)/U(l.I,J+1,K)-U(3,I.J,K)
7/U(l,I.J.K))*(U(3,IaJ+l.K)~U(3,I.J,K))—RBS(U(3,I,J,K)/U(I,I.J.K)
9-U(3.I.J-I,K)/U(l,I.J-I,K))*(U(3.I.J.K)—U(3,I,J-1,K)))
Fed,1,J,K2) =4, 1,J,K1D) ~
1-BATA *{( We2, 1+1,.J.K3) :
2xJ(4, 1+1,J.K3) A1, I+1,J,K3)~ We2, 1-1,J.K3) x4, 1-1,J,K3)
1AL, I~1,3,K3))4F (4, 1, J.KI4F (4, 1, J,K+1)
5+DISS*B.S*DT/DX*(QBS(U(?.I+1,J,K)/U(l,I+1,J,K)-U(2,I.J.K)
?/U(I.I,J,K))*(U(4.I+1.J.K)—U(4.I,J.K))-GBS(U(Z;I.J,K)/U(l,I.J,K)
B-U(Z,I-I,J,K)/U(l.I—l,J,K))*(U(4.I,J,K)-U(4,I-1,J,K)))
5+DISS*BRTB(I)*(HBS(U(3.I.J+1,K)/U(l,I,J+1,K)—U(3,I,J,K)

;U 1,1, J.K)
K

201, 1,J.K)
) .

;U(I,I,J,K)
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961
962
963
964
965
365
967
968

969

970
971
gr2
873
974
975
9r6
gr7
978
879
980
981
982
983
984
3985
986
987

988.

989
990
991
992
993
994
995
996
997
998
999
10006
1601
1062
1083
1684
1885
1806
1087
1908
1903
1010
1811
1812
1013
1014

1015 -

1016
1atlv
1818
1819
1920

39

38
cC
CCI'I

115

116

?/U(i,I,J,K))*(Uf4.I.J+1.K)~U(4.I,J.K))~RBS(U(3,I.J,K)/U(I.I.J,K)

8-W(3,1,J-1,K) /W1, I, J-1,K) ) k(W(4, 1. J,K)~-W(4,1,J-1,K3))
CONTINUE

F(2.1E,J.K2) F(2 IE. J.K2)+2.8%BATAKW(2, ID J. Ky *%2C1, 1D, J.K)
CONTINUE®

.FIND ELEMENTS AR OF MATRIX P IN THE MATRIX EQ. PuW=F.
po0 113 I=IB,IE

DO 1i4 J=JS,JP

IF ¢(J .E@. JS) GO TO 115
"PA(4xI-3,1)=08.

AA(4x]-3,2)=8.

AA(4%J-3,3)=-BATB(D)

AR (4xJ~3,4)=0.

AR(4x]-2,1)= 8.0

AA(4%]J-2,2) =-BATB (IR (W(3, I, J,K+1D /W1, 1,J,K+1))
AA(4x]J-2,3)=6.0

RA(4xJ-2,4) =8,

AR(4%J-1,1)==BATB(I)% (FK-1.)%EI(I.J,K+1)
ARAC4x]J-1,2)=8.

AA(4%J-1,3) ==BATB(1)%( W(3,1.J. K+ W1, 1,J,K+1))
AR(4xJ~-1,4)=0.

AAC4xT ,1)=0.8 ,
AA(4x  ,2)=8. :
AA(4xJ ,3)=0.8

ARCAKR] ) =-BATBCII*(W(3, [,LJ K+ AWU(L,. I, J.K+1))
CONTINUE ‘
IF ¢(J .EQ. JP) GO TO 116

AA(4xJ-3,9) =0.

AR(4x]J-3,18) =0.

AA(4xJ-3,11)=+BATB(1)

AA(4xJ-3,12) =0, ' ’

AR(4xJ-2,9)= 0.8

AA(4xJ-2, 18) =+BATB (1) k(W(3, I, J.K+1) (L, [, T, K+1))
AA(4xJ-2,11)=0.0

AR (4xJ-2,12) =8,

AR(4xJ-1,9) =+BATB (D) x (FK-1.)*ETC(I,J.K+1)
AR(4xJ~-1,108) =8.

ARAC(4xJ~1,11) =+BATB (1) *( W3, 1. J.K+1) AuCt, I J. K+l))
AR(4xJ-1,12)=0.

AA(4x] .9)=8.8

AR(4x] ,10)=0.

AR(4xJ ,11)=0.8

ARC4x] L, 12)=+BATBCI) % (W(3, 1,J, K+13 /U1, [LJ. K+1))
CONTINUE

AR(4%J~-3,5)=1.

AR (4x]J~-3,6) =0.

AA(4xJ-3,7)=0.

AA(4%J-3,8)=8.

AR (4%J-2,5)=0.

AA(4xJ-2,6)=1.

AA(4%J-2,7) =@,

AA (4xJ-2,8) =8,

AR(4xJ-1,9) =0.

AA(4xJ~1,6) =0,

AR (4k]J-1,7) =1,

AR (4xJ~-1,8) =0,

AA(4x] ,5)=0.

AR(4x]  ,B)=0.

AA(4x]  ,.7)=08.
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1621
1622
1823
1624
1825

1826’

1627
1628
1929
1030
1831
1932
1033
1834
1833
1636
1837
1838
1839
1840
ig41
1842
1843
1044
1845
1846
1047
1048
1849
1850
1851
1852
1853
1854
1855
1856
10857
1058
1859
1860
1061
1662
1863
1664
1865
1666
1867
1668
1869
18706
1671
1872
1973
1874
1875
1876
1877
1878
1879
1080

AR(4%] ,8)=1,
114 CONTINUE .. . .
~ D0 287 L=1,2
DO 268 LL=9,12
ARC(L ,LL)= 2. *ﬂQ(L LLL)
AACL+2,LL)=8.
288 CONTINUE
287 CONTINUE o b
IP1=d%(JP=1)+1 '
JP2=JP1+1
DO 387 L=JP1.JP2
DO 388 LL=1,4
AR(L ,LL)= Z2.#AACL  LLL)
ANL+2,LL) =B, '
388 CONTINUE
387 CONTINUE
cC
CC....CROUT REDUCTION
JPFP =4%JP
DO 117 J=5.JPP.4
DO 188 L=1,4 ‘
DO 168 LL=1,4
BB(L,LL)=8.
DO 121 LLL=1.4
IF (ABS(ARCJ+.-1,LLLY) .LT. TMALL) AACJH -1, LLL)-B.
IF (ABS(AACJ+LLL-5,8+LL)) .LT. TMALL) ARCJH.LL-S5, B+LL)'0r
121 BB(L,LL)=BB(L.LL) + RA(J+.-1, LLL)*RR(J+LLL -S. B+LL)
189 CONTINUE .
188 CONTINUE
DO 122 L=1,4
122 AA(J-1+L, 5) =AACJ-1+L, 5)-BB(L ke
DO 123 L=1,3
123 AA(J,.5H.) = =(AACJ, 5+L)-BB(1 L+1))/RR(J 5)
IF ¢(J .EQ. (JPP-3)) GO TO 924
DO 124 L=1.4
124 9Q(J,B+L)=RR(J,8+L)/QQ(J,5)
924 CONTINUE
DO 125 L=1,3
125 SS(JSE 6);Rg(J+L .6)-BB(L+1, 2)-99(J+L SJ*QR(J 6)
126 L=
126 ARCJ+1,6+L) =(RACJ+1,6+.) BB(2 2+H.)~ RQ(J+1 SY®AACJ, 5+L))/QR(J+1.S)
IF (J .EQ. (JPP-3)) GO TO 127 -
DO 128 L=1,4 .
AAIH +3, 2) =AA(J+L+3,2) - RR(J+L+3 1)KAAC(T,6)
© AACJ+1,8+L)=(AA(J+], 8+L)—9Q(J+l S)*AAC(J, B+L))/QR(J+1 6)
128 _CONTINUE
127 CONTINUE
D0 129 L=1,2
129 ARC(J+L+1, 7)=AACJ+L+1,7)~BB(2+L, 3)-AA(J+L+1, 5)*RR(J 7=
1AACIH +1,6)%AAC(J+1,7) :
AR(J+2,8) = (AR(J+2,8) -BB(3, 4)- ~AR(J+2,5)%AA (], B8) -AR(J+2,6) *¥AR(J+1.8)
2)7AA(J+2,7)
IF (J .EQ. (JPP-3)) GO TO 130
D0 131 L=1,4
DO 132 LL=1,2
AACJ+L+3,3) =AR(J+L+3, 3) -AA(J+L+3, LL) *AA (J+LL~1,7)
AACJ+2, 8+L)=QQ(J+2 B+L) AA(J+2, 4+LL)*QR(J+LL 1.8+)
132 CONTINUE
ARCJ+2,8+H.) =AA(J+2, B+L)/9R(J+2 7)
131 CONTINUE

137




1981
1682
1883
1684
1885
1E86
1887
1088
1989
16906
1391
1992
1093
1094
1885
1096
1897
1898
1899
1100
1101
1162
1183
1104
1185

et e
Pt et pd s
SO0
DoONO

N—=UVONANIWV—-O
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132 CONTINUE
AA(J+3,8) =AA(J+3,8)-BB(4,4) - HQ(J+3 SYXAA(J, 8) -AAR(J+3,6)*AA(I+1,8)
1-AA(J+3,7)%AA(J+2,8) .
IF (J .EQ. (JPP-3)) GO TO 133
DO 134 L=1.4 -
D0 135 LL= 1 3
RA(J+HL+3,4)= AA(JH +3,4)~-AA(J+L+3,LL) *RA(J+.L-1,8)
RA(J+3,8+L) = AA(J+3,.8+L)-AR(J+3, 4+LL)*RR(J+LL 1,8H.)
135 CONTINuUL
RA(J+3,8+L) = AA(J+3,.8+L) 7AR(J+3,8)
134 CONTINUE
133 CONTINUE '
DO 136 L=1,4
DO 137 LL= 1 4
13?1F(LK12(J+?)/4 SK+2)=F (L, 1, (J47) /74, K+2)-AACT+H.-1, LL)*F(LL,I (J+7)/4
1,K+2)
LE=L-1
IF (L .EQ. 1) GO TO 148
DO 147 LL=1,LE
FCL, I, (J+?)/4 K+2)=F (L, I, (J+7)/74,K+2)-AR(J+ -1, 4+LL)*F(LL 1, (J+7)
174, K+2) :
147 CONTINUE
148 CONTIMNUE
F(L, I, (J+7) /74, K+2)=F (L, I, (J+7) 74, K+2)/nﬂ(J+L 1,54.~-1)
136 CONTINUE
117 CONTINUE
W4, 1,JE.K+2)=F (4, 1,JE,K+2)
W3, 1, JE,K+2)=F (3, 1, JE.K+2)-AA(JPP-1,8)%J(4, 1, JE,K+2)
Wwe2,1,JE.K+2)=F(2,1,JE,K+2)~AA(JPP-2, 8)*U(4,I JE,K+2)
1-AR(JPP- h,?)*U(3 L. JE K+2)
W, I,JE K+2)=F (1,1, JE,K+2)-AA(JPP-3,8)xJ(4, 1, JE, K+2)
1-99(JPP-3,?)*U(3.I.JE,K+2)-RR(JPP—3.6)*U(2.I,JEaK+2)
DO 138 J=5,JPP.4 :
JJ=JPP+5-J-4
DO 139 L=1.4
BB(1,L)=0.
DO 941 LL=1.4
341 BB(1, L)=BB(1 LY+HAA(JI+1-L, 8+LL)*U(LL 1. (JJ+4) 74+1 ,K+2).
139 CONTINUE
W4, 1, (JJ+4) 74,K+2) =F (4, 1, (JJ+4) 74,K+2)~-BB(1, 1)
W3, 1, (JJ+4) 74, K+2) =F (3, 1, (JJ+4) 74, K+2)-BB(1.,2)
1-AACII-1,8)MJ(4, I, (JJ+4)/4 K+2) -
W2, 1, (JJ+4) 74, K+2) =F (2, 1, (JJ+4) 74,K+2)-BB (1, 3)
1-ARCJI-2,8) x4, I, (JI+4) 74, K+2) ~AA(J]-2, ?)*U(3 1. (JJ+4)/4 K+2)
Wi, I, (JJ+4) 74, K+2)=F (1, 1, (JJ+4) /4, K+2)~BB(1, 4)
1-ARCII-3,8) MJ(4, 1, (JJ+4)/4 K+2)-AA(JJ-3, ?)*U(3 I, (JJ+4)/4 K+2)
2~AA(JJ-3.6)%(2, I, (JJ+4) 74,K+2)
138 CONTINUE
113 CONTINUE
EETURN
ND
SUBROUTINE XIMCROCK,M.DT,DX,DCA,CV,FK,COE,RB,Q,UN,BATA, SGO.
ce 115, 18, 1E. 1D, JS,JB,JE.JD.C, IP,JP, TMALL,DISS)

CC---- SOLVE NEW TIME STEP VALUES W(M.I,J.3) IN R DIRECTION IHPLICIT'.

cc
DIMENSION PS1(20,16,2),B81(28,16,2),B82(20, 16,2),XI1(20,16,2),
1C1(20.16,2).C2(28, 16,2),C3(20, 16.2),7T(20, 16,2),
2U(4,20,16.3) ,F(4,20, 16, 3),E1(20,16.,2),83(20, 16,2). SR(28) .
4GA(20, 163, GB(28 163 .6C(20,16) ,GD(20, 16) CN(20. 16, 2)




139

1141 ' 5AA(9\, 12),.BB(4,4) ,ANG(16), BQTE(ZB)

1142 COMMON PS1,B1,82,B83,%X1,€1,C2,C3,T.U,F,SR,ANG,BATB
1143 1,GA,GB, G, GD,CN.EI.AA, BB, AJCON
1144 K=1
1145  Kisl
1146 S K2e3
1147 K3=1
1148 €C
1149 CC....FIND F IN THE MATRIX E@. PU=F
1158 DO 41 J=JB,JE
1151 DO 42 1=1B, IE
1152 JFUL LT K2) =UeL, 1, 3,K D)
1153 2-BATD (1Y wCW(3, I, J#1,K3) =3, 1,J-1,K3))
1154 Z+(F 01, 1o JuK)HF (1L 1L T K+10)
1155 &+D 1SS%B . SKDT/DXKCABS (W(2, I+1, J,K) AWC1, 1+1,J,K)-W(2, 1,1,K)
1156 7AUCL, 1, 1K VKWL, T+1, 3, K)-WC 1. 1, J.K) ) =ABS (W(2, 1, J, K3 A1, 1, 1K)
1157 8-W(2, I-1,J.K) AL, I-1, ], K)JM(U(I 1,J,K) -1, 1-1,J,K)))
1158 G+DISSHBATB 1) *(ABS (W(3, T, J+1,K) AW, 1, J+1, K -W(3, 1, J,K)
1159 AL T, T K )R, 1,41, K) ~WC1, 1,3,K ) -ABS (W(3, T, 0, K) AL, 1,T,K
1160 8-W(3, 1. J=1,K0 AL 1. - 1K) CWCT, 1. T, K =W (1, 1. J-1,K)))
1161 F(2,1,7,K2) =W(2, 1. J.K1)
1162 4-BATBCIY *(WC2, 1, J+#1,K3)*W(3, I, J+1,K3)
1163 SAJCL, 1, J+1,K3)~W(2, 1, J-1,K3IKW(3, 1,J-1,K3) AL, T,I-1,K3))
1164 6+(F (2, 1,3, K)+F (2, 1, J.K+1))
1165 6+D1SSHD . SHDT/DXK(ABS (L(2, 1+1, J.KI AUC1, 1+1,J,K) =12, 1,J,K)
1166 7AICL, 1, LK D RCUWC2, T+1, 3, K -WC2, 1. 1K) ) ~ABS (W(2, 1, J,K) W1, 1, J.K)
1167 B-UC2, IS1L LI AL T-1, T K % (W2, 1. J,K) -W(2, 1-1, 3,K)))
1168 6+DISS*BRTB(I)*(RBS(U(3,I.J+1,K)/U(l,I.J+1,K)—U(3,I.J.K) :
1169 AN, 1L, 3K YR WC2, 1, J+1,K)-W(2, 1, J,K) 3-ABS (W(3, I, J,K) /U1, 1,J,K)
1170 L 8-WC3, 1. -1, K AWUCT, I, J-1,K) % W2, 1, 3, K) ~W(2, 1, J-1,K)))
1171 F(3,1,J,K2)=W(3,1,J,K1)
1172 3-BATB (DI *C(W(3, 1,J+1,K3)%k2/U(1, 1,J+1,K3)+
1173 4CFK=-1.%JC1, 1, J+1,KIIREI (I, J+1,K ) -(W(3, 1, J-1,K3)%k2/
1174 SWCL, [ J=1,K3) +(FK=1, D¢ 1, [ J=1,K3)HETCLJ-1.K )))
1175 6+(F(3.1,J.K)+F (3, 1,J.K+1))
1176 6+D 1SS¥8 . 5XDT/DXK(ABS (W(2, I+1, J,K) AJC1, 1+1,J,K)0-U(2,1,7,K)
1177 7L, 1, 3K IV RCUWCE, T+1, 3, K -W(3. 1,J,K) ) -ABS (W(2, 1,3, K) A1, 1, J,K)
1178 8-U(2, 11, J.I0 AU, 1-1. T K YkCW(3, 1,3, K) -W(3, 1-1,T,K))) 4
1179 6+D ISSKBATB (1) *CABS CWC3, T, J+1,10 AWC1, 1, J+1,K0-W(3,1,1.K)
1180 7L, 1,3,K %3, 1, J41,K)-W(3, 1, J,K) ) -ABS (W(3, 1, J,K)/U(I,I.J,K)
1181 8-W(3, 1. 3-1,K) AL, 1. J-1.K) I %CW(3, 1. 1K) ~W(3, 1, J-1,K)))
1182 . Fed,1,7,K2) =4, 1, J K1)
1183 3-BATB (1) (W3, I, J+1,K3)k(d, I,J+1,K3)
1184 4/4C1, 1, J+1,K3)-W(3, 1, J-1,K3) (4, 1, J-1,K3) A1, 1,J-1,K3))
1185  5+(F(4,1,J.K)+F (4, 1,J,K+1))
1186 6+D 1SSHB . SKDT/DXKC(ABS (W(2, I+1,J,K)AJCL, T+1,J,K)-W(2, 1,J,K)
1187 ZAICL, 13, K0 %4, T+1, J,K) W4, 1,3,K) 3 -ABS (U(2, 1,3, K) AU(1, 1,3,K
1188 8-W(2, I-1,J,K) AL, I-1,J, K))*(U(4 1.J,K)-W4, 1-1,1,K)))
1189 6+DISSKBATBC 1) *(ABS (W(3, 1, J+1,K) A1, 1, J+1, KD -W(3, 1, J,K)
1198 ?/U(I,I,J.K))*(U(4,I,J+1,K)—U(4.I,J,K))-RBS(U(3,I,J,K)/U(I,I,J,K),
1191 8-(3, 1, J-1,K)AUCL, 1, J-1,K) )% (W4, 1, J, K -W(4, 1,J-1,K)))
1192 42 CONTINUE
1193 41 CONTINUE
1194 DO 153 J=JB,JE
1195 F(2, IE, J,K+2) =F (2, IE, J,K+2) = (FK~1.)%W(1, ID, J,K+1HETC(ID, J, K+1)
1196 1XBATA+BATAMIC2, 1D, J, 2) #k2AJC1, 1D, J, 2)
1197 FC1,1E,J,3)=F (1, IE,J.3)-BATAMJ(2, 1D, J, 2)
1198 F(3.IE. 3.3 F (3. IE. J.3)-BATAMI(2. 1D, 35 2) (3, 1D, J,2) AU 1L, 1D, J, 2)
1199 F(4,1E,J.3)=F(4,1E.J,3)-BATAMI(2, ID,J, 2)¥J(4, 1D, J,2) (1, 1D, ], 2)

1200 ’ F(l,IB,J,K+2)=F(1.IB.J,K+2)+BQTQ*U(2,IS,J,K+1)




1281
1262
1283
1204
1285
1286
1207
12068
1269
1219
211
1212
1213
iz2i4
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1249
1241
1242
1243
1244
1245
1246
1247

1248 .

1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
‘1259
1260

cC

F(2,1B,J.K+2)=F (2, 1B, J,K+2)+BATAXJ(2, IS. J. K+13%k2/WC1; 1S, I, K+1)
14+BATAK(FK-1.@)%W(1, IS, JLK+1)KEI (IS, J,K+1)

F(3,18,J.K+2}=F(3,1B.,J

1 ZU(1,18,J,K+1)

K+2)+B9TR*U(2 IS,J, K+1)*U(3 1S, J,K+1}

F(4,1B,J.K+2)=F (4, 1B, J.K+2) +BATAKW(2, IS, J,K+1)%UW(4, IS, J,K+1)

17U, IS, J.K+1D)

CC....FIND ELEMENTS AR OF MATRIX P IN THE MATRIX EQ. PUW=F

155

156

DO 154 I=IS. 1P
IF (I .EQ.
AA(4x]I-3,1) =0,
AR(4xI-3,2)=-BATA
AR(4%I-3,3) =0,

AR (4xI-3,.4)=0.
AA(4xI-2, 1) =-BATA
AA(4x]1-2,2) =-BATA
e, 1, J,K+1))

AR (4k]-2,3) =0,

AR (4x]-2,4)=8.
AR(4xI~-1,1)=8.8
AA(4%]-1,2 )
AA(4kI-1,3 )=
AA(4XxI-1.4 )=
AR(4x] ,1)=6.8
AA (4x] 2) =p.0
AA (4x] ,3)= a.
AAC4x] ,4)=-BATA
CONTINUE .
IF ¢I .EQ.
AR (4%]-3,9) =0.
AAC4xI-3, 18) =+BATA
AA(4kI-3,11)=0.

AR (4x]~3,12)=0.

AR (4x]~-2,9) =+BATA

=0.0
-BATA
a.

AA(4x1-2,108) =+BATA

W1, 1, J,.R+1))
AA(4%]-2,11)=06.
AA(4x]I-2,12)=0.
AR (4%]~-1,9)=0.0
AA(4x1-1,18)=08.8
AA(4xI~1,11) =+BATA
AR(4KxI~-1,12)=0.
AR(4x] ,9)=8.8
AA(4x]l ,18)=6.0
RA(4X] . 11)= B8,
ARC4x] ,12)=+BATA
CONTINUE
AA(4%]-3,5)=1.
AA(4%1~3,6)=6.
AA(4%I-3,7) =0,
AA(4x1-3,8)=0.
AA(4x1-2,5) =8.
AR(4x1-2,63=1.
AR (4x]-2,7) =0,
AA(4x]-2,8) =0,
AA(4xI-1,5)=8.
AR(4xI-1,6)=08.
AR(4xI-1,7)=1.
AR(4xI-1,8)=0.
AAC4x]  ,5)=08.

15) GO TO 155

* (FK=-1.)%EICI,J,K+1)
*®(C W2, ILJ.K+)/

RCWC2, 1, T K+ AICL, 1, T, K+1))

IP) GO TO 156

* (FK-1.3%ETCT,J.K+1)
*C W2, 1,3,k

®(WC2, I, I K+ /UL, 1,T,K+1))

*(W(2, I, JLK+1D /UL, 1, J.K+1))




1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272

1273

1274
1273
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288

-1289

1290
1291
1292
1293
1294
1295

1296

1297
1298
1299
1369
1381
1382
1303
1304
1385
1306
1387
1368
1309

“131@

1311
1312
1313
1314
1315
1316
1317
1318
1319
1320

AR(4%] ,6)=8.

AA(4xI ,7)=08.

ARC4xI ,8)=1.
154 CONTINUE

cc

CC....CROUT REDUCTION
IPP=4xIP
DO 165 1=5,1PP.4
DO. 166 L=1.4

DO 167 LL=1,4
BB(L,LL)=8. A
DO 168 LLL=1.4
Ir (ABS(ARCI+L-1,LLLY) .LT. THMALL) AACI+H-1,LiLJsY.
IF (ABS(ARCI+LLL=5,8+.L)) .LT. TMALL) AACI+LLL-5,B+.L)=8.
163 BB(L,LL)=BB(L,LL) + AACIH.~1,LLL)¥AACTHLL-5,B8+L)
167 CONTINUE
166 CONTINUE
DO 169 L=1,4
169 AACI-1+L,5) =AACI-1+L,5)-BB(L, 1
DO 178 L=1,3 .
178 AACI,5+L) =C(AACT,5+L)-BB(1,L+1))/AR(I,5)
IF (1 .EQ. (IPP-3)) GO TO 971
DO 171 L=1,4
171 AACI,B+L) =AACI, B+L) /ARCI,5)
971 CONTINUE
DO 172 L=1,3
172 ARCIL, 69 =ARCT+L, 6)-BB(L+1,2)-ARCT+L, SIKAACL, 6)
-~ DO 173 L=1,2
173 AACIFL, 605 = (AACIH1,6+4L) -BB(2, 24L) -AAC I +1,5) ¥AACT, 6+L) ) ARACI+1, 6)
IF (I .EQ. (IPP-3)) GO TO 191
DO 174 L=1,4
ARCI+L+3,2) =AACT+L+3,2) ~AA( I+L+3, 1) *¥AA(1, 6)
AACT+1,B4+L) =(AACI+1, B+L)-AACI+1,5)%AACT, B+L) ) /AR(I+1,6) -
174 CONTINUE
191 CONTINUE .
~ DO 175-L=1,2
175 AACTHL+1,7) =AACTHL+1, 7)-BB (2+L. 3)-AR(I+L+1, 5)¥AACI, 7Y~ -
1ARCI+L+1,6) *AACI+1,7)
AR(1+42,8) =(AACI+2,8)-BB(3,4)-ARCI+2,5)%AA (1.8 ~AA(1+2, E) KAACT+1, 8)
2)/AA(1+2,7)
IF ¢I .EQ. (IPP-3)) GO TO 198
DO 176 L=1.4
DO 177 LL=1,2
AR CT+L+3,3) =AACT+L+3,3) -RACT+L+3, LL)*¥AACI+LL-1,7)
AACI+2,B8+L) =AAC1+2,8+.) AR (142, 4+H.LY¥AA(I+H L-1,8+L).
177 CONTINUE
ARCI+2,8+L) =AA(1+2,8+L) ZAA(I+2,7)
176 CONTINUE
196 CONTINUE
AR I+3,8) =AA(1+3,8)-BB (4, 4)-AR(I+3,5)%AA (L, 8) ~AACI+3,6) ¥AACI+1,8)
1-AACI+3, 7)*¥AA(1+2,8)
IF ¢(I .EQ. C(IPP-3)) GO TO 188
DO 178 L=1,4 .
DO 179 LL=1,3
ARCT+HL+3,4) = AACT+L+3,4)-AA(T+L+3, LL)*AACI+HL-1,8)
ARCI¥3,B4L) = AACI+3, 8+ -ARCI+E, AHLLIWAR(I4LL-1,84.)
179 CONTINUE
ARCI+3,B+L) = AA(I+3,8+L) /AA(1+3,8)
178 CONTINUE
180 CONTINUE
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1321
1322
1323
1324
1325
1326
1327
1328
1328
13308
1331
11332
1333
1234
1335
1336
1337
1338
1339
1348
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1353
1368

1361

1362
1363
1364
1365
1366
1367
1368
1369
1376
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380

DO 181 L=1.4

DO 182 LL=1.4

IF (ABSCAACI+L~1,LLY),LT.TMALL) AACI+.~1,LL)=8.
IF (ABSCF(LL, (I+7)/74-1, J K+2)) .LT. TMALL)
{FC(LL. (147)74-1,TF,K+2) =

182 F(L, (1+7)74.J. K+2) F(L C147)74, J,K+2)-AAC T+~ 1, LLYAF (LL, (1+7) 74~1

1.7, K+2)

LE=L-1

IF (L .EQ. 1) GO TO 184
DO 183 LL=1.LE

FCL, (147374, J,K+2) =F (L, (147274, ] K+2)-AAR(I+.~1, 4+LL)*F(LL,(I+?)/4

1,J,.K+2)
183 CONTINUE
184 CONTINUE
F(L, (1+7)74, J . K+2) =F (L, (147) 74,3, K+2) 7AACI+L~1, 5+L 1
181 CONTINUE
165 CONTINUE
W4, IE. J.K+2) =F (4, IE. J.K+2)
We3, IE,J,K+2) =F (3, IE. J.K+2)-AA(IPP-1,8)4J(4, IE, J,K+2)
We2, IE,J,K+2) =F (2, 1E, J,K+2)-AACIPP-2,8) 44, IE, J.K+2)
1-AACIPP-2, 7)*W(3, IE, 1, K+2)
Wel, IE,J,K+2)=F (1, IE, J,K+2)-AACIPP-3,8)xJ(4, IE, J,K+2)
1~-AACIPP-3,7)%W(3, IE. J.K+2)~AACIPP-3,6) X (2, IE. J . K+2)
DO 192 [=5,1PP.4 :
11=1IPP+5-1-4
DO 193 L=1,4
BB(1.L)=6. .
DO 194 LL=1.4 A :
IF (ABSCAACII+1~-L,8+LL)) .LT. TMALL) AR(CII+1-L,.8H.L)=0,
IF (ABSC(WCLL, CI1+44)7441,J.K+2)) .LT. TMALL) -
AWCLL, (TT1+44) 7441, J,.K+2) =0.
184 BB(1,L)=BB(1, LY+AACT T+1-L, B+LLYMJCLL, (1 T+4) /74+1, J,K+2)
193 CONTINUE .
Wea, (11+44) 74, J,K+2)=F (4, (11+4)74,J,K+2)-BB (1, 1)
W3, (11+4) 24, ] . K+2)=F (3, (11+4) 74, J,K+2)-BB(1,2)
1-AACTI-1,8)x(4, (11+4) 74, J,K+2)
U(B,(II+4)/4 J,K+2)=F (2, (11+4) 74, 3,K+2)-BB(1,3)

1-AACI1-2,8) %4, (11+4) 74,3, K+2)-AA(II-2, 7)*U(3 (114+4) 74, J.K+2)

UL, (11+4) 74,3, K+2)=F (1, (11+4) 74, ], K+2)-BB(1,4)

1-AA(TI-3,8)%J(4, (II+4)/4 J K+2)~AACTI-3,7) K (3, (11+4) 74, ], K+2)

2-AR(11-3,6)%J(2, (11+4) 74, J.K+2)
192 CONTINUE
153 CONTINUE
RETURN .
END
SUBROUTINE ADI(K.M.DT,DX,DCA,CV,FK,COE,.RB.UN,Q,SGO,
11s.18, IE, 1D, JS,JB,JE,JD,C. IP,JP)

DIMENSION PSI1(2@,16.2),B81(20,16,2),B2(28, 16,2),X1(20, 16, 2)

1C1¢(28,16,2),C2(20, 16. 2),C3(20, 16, 2) T(20, 16, 2);

2W(4,28, 16, 3),F (4,20, 16, 3).EI(20, 16, 2),B83(20, 16.2), SR(2B)
4GA(20, 16), GB(20, 16).GC(20, 16),GD (20, 16),CN (28, 16, 2),
SAA(90, 12),BB(4,4), QNG(IS) BATB(20)

COMMON PSI B1.B2. B3 XI1,C1,C2,C3,T.W.F,SR,ANG,.BATB
1,GA.GB.GC.GD,.CN,.EI.RA.BB., AJCON

cC
Cg-—-— USING ADI METHOD. SOLVE NEW TIME STEP VALUES PSI, XI, EI(1.J,2)
C
CC....SOLVE PSI
K=1

DO 778 I=IS,I1D
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1381
1382
1383
1384
1385
1386
1387
1368
1389
1398
1391
1392
1593
1394
1395
1396
1397
1398
1339
14738
1401
1402
1483
1404
1405
14086
1487
1408
1409
1419

1411

1412
1413
1414

1415 .

1416
1417
1418
1419

1428 -
T 1421, .

1422
1423
1424

1425

1426
1427
1428
1429
1438
1431

1432

1433
1434
1435
1436
1437
1438
1439
14498

cC

770

°r2

11

143

D0 778 J=J3S.JD
F(2,1.J,.3)=W(2,1,J,2)
F(3.1,J,3)=4(3, 1,.1.2)
F(4,1,3.3)=W(4,1,J.2)
W2, 1, J,K+13=W(2, 1,3, K+1)-AJCONKC 1 (
W3, 1. J,K+1)=U(3, 1,3, K+1)-AJCON*KC2 (
Wed, I,J.K+1)=U(4, 1,J,K+1)-AJCONXC3(
We2,1.3,K)=W(2,1,J,K)~-AJCONXC1 (1. J,
W(3, 1.3, K=W(3, 1, J,K)~AJCONKC2(I, J,
W4, 1,.1,K0=1¢4,1,J3, K)-AJCONKC3 (I, J.
CDNTINUE :
“DO 7?72 J=1,JD
wee, ib. J, 23 =gy 2. ID J ZJ 2. B*HJCON*CI(ID J. 0
Wwe2, 1D, J. 10=L(2, 1IN, : ,
CONTINUE ' , ' .
IF (MOD(M.2) .EQ. 1) GO TO 11 ' : 4 .
GO TO 12
CONTINUE
DO 14 Jj=JB,JE
PO 13 I=IB.IE
GC(I,J)=COE*(1. /0+SR(I)*CDS(QNG(J)))/(TfI J. K+1)*((SR(I)*DCR)**2)*
1¢1./0+SR (1)*COS (ANG (J) -DCA-2.)) ) +D (3, I, I K+13 AICL, I, T K+1) o
2/(2 . %SR(I)«DCA) L.
GACI,J)=COEX(1.,/O+SR(IY*COS(ANG(J))) /(TCI,J,K+1)%((SRCI)*DCA) Hok2) % e
1C1./Q+SRC1)*COS CANG (J) +DCA/2.)) ) =DTidd(3, 1, J, K+13 /U1, I, J,K+1) ‘
27(2.%SR(I)*DCAR)
GB(I,J)=1.+COEX(]. /Q+SR(I)*CGS(QNG(J)))/(T(I J K+1I %GR (I ¥SR (1)
1KDCAKDCAY (1, /(1. /Q+SR(I)*COS(ANG(JI+DCA/Z2.))+1. /(1. Z/Q+SR(I)% | g
2COS(ANG(J)~-DCA/2.1)) v
GD(I,J)=PSICI,J,K)+COEX(1./Q+SRCI)*KCOS(ANGC(I) I I/ (T(I, J, KIXSRCII % -

'1DX*DX)*((SR(I+1)+SR(I))/2 ®(PSTCI+1,J.K)-PSIC(I,J,K))/7(1.7Q+ "

13

14 CONTINUE

12
~ ..D0 18 I=1IB,IE

2(SRCI+1)+SR(1)) /2. %COS (ANG(J))) - (SRCI- 1+SRC1)) /2. %(PSIC1,J,K) = ; ;
3PSICI-1,J,K))/7C¢1.ZQ+(SRCI-1)+SR (1)) /2. %COS(ANG(J))J)
4-Dg¢U(2 1.J.KOsWCL, 1,3, K)*(PSI(I+1 J,K)-PSICI-1,J,K))/7(2.%DX)

CONTINUE .

TS
e

P
L RSN

A
AT Ay
5,

USE CROUT REDUCTION = ~
CALL CROUT(M,K, 1B, IE,JB, JE, IP, JP,GA,GB. GC.GD.PSI.JD, ID)
GO TO 17 _ A
CONTINUE

DO 19 J=JB.JE

L

GC(1.J)=COEX(]. /O+SR(I)*CUS(QNG(J)))*(SR(I 1)+SR(I))/2
1/7¢TCT, J.K+1)%SRCTIKDXkDXK( 1. /Q+(SRCI-1)+SRCI)) /2. %COS(ANG(J)))I)

T 24DTHC2, 1L JL KA AW, LT K+1) Z (2, 4DX)
" GA(1,J)=COEx(1. ZQ+SR (1) *COS (ANG(J) ) Ik (SRCI+1)+SR(1)) /2.
1/CTCL, L KA1 KSR C LI RkDXKDXK( 1, /Q+(SRCI+1)+SR (1)) /2. %COS (ANG(J))))

2-DT(2, 1. JLK+ 1D ZWCL, I, J,K+1) /(2. %DX)
GB(I1,J)=1.+COE%(]1, ZQ+SR (1Y *COS CANG (J))) /(T (1, J, K+1) %SGR 1) *DXHDX)
l*((SR(I+1)+SR(I))/2 /1. /Q+(SRCI+1)+SR(I)) 72, *COS (ANG (J)))

" 2+(SRCI-1)+SRCI) /2. /(1. /@+(SR(I-1)+SR( 1)) 72.%COS (ANG(J)) )

GDC(I,J)=PSICI,J,K)+COEx(1./Q+SR(II*COS(ANG(J)) )/ (T(1.J, K)KSR (1) %

»lSR(I)*DCQ*DCR)*((PSI(I J+1,K)=PSI(1,J,K)) /(1. /7Q+SR(1)*COS (ANG(J) +

18
19

17

2DCA/2.))-(PSI(1,J,K)-PSI(1,J-1,K)) /(1. /Q+SRC1)*COS(ANG(J)-DCA2.))
- DT*U(B 1,J.K) /G, 1, 1.K) 7CSRCII %2 kDAY *(PST (I, J+1,K)~

4pPsicl, J-1,K))

CONTINUE

CONTINUE

caLL CROUT(M.K, 1B, IE, JB. JE. IP, JP,GA,GB,GC.GD,PSI, JD, ID)
CONTINUE




1441
1442
1443

1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499

1500 .

14y

D0 .25 I=1IS,ID
PSIC(I,JE+1,K+1)=PSICI,JE~1,K+1)
PSICI.JB-1,K+1)=PSI(I,JB+1,K+1)

25 CONTINUE
DO 27 J=JB.JE
DO 26 1=1B.IE
C3(I.J.K+1)=~(C((SRCI+1)+SR(III /2. %(PSI(I+1,J,K+1)
1- PSI(I J.K+13) /701, /Q+(SRC(I+1)+SR(1) ) 72 . %COS(RNG (J) ) )= (SR
24SR(1)) /2. *(PSICI,J.K+1)-PSICI-1,J,K+1))/(1./Q+(SR(I-1)45
24COS (ANG (J)))) /(SR 1) #DXKDX) + ((PSI(I,J+1.K+1)-PSI(I.J.K+

(1-1)
R(D) 2.
1)

4,01, 7Q+SR(I1)*COS(ANG(J) + DCA-2. - ))=(PSICI,J . K+1)~
SPSI(I.J-1,K+1))/(1.7Q+SR(II*COS(RANGC(J) -~ DCR/2. 33
67 ((SRCI)*DCAI%%2)) '

26 CONTINUE
27 CONTINUE
D0 32 J=JB,JE
DO 31 =18, IE
B1CT,J,K+15 =~ (PSI(1, J+1,K+1)-PSICI, J=1,K+1)) /(SRCIIK2. KDCAK
1(1./Q+¥SRC1)*COS (ANG(J3)))
B2CI,J,K+1)= (PSICI+1,J,K+1)=PSICI-1,J,K+1)) /(2. KkDXK
1(1. /Q+SR (1) #COS (ANG (J)) )
31 CONTINUE
32 CONTINUE
cc
CC....SOLVE XI ‘
IF (MOD(M.2) .EQ. 1) GO TO 31t
GO TO 312
311 CONTINUE
D0 16 J=JB.JE
D0 15 1=18B, IE
BT, J) = (COE/(SRCI)¥SR (1) KDCARDCARCT (L, J~1,K+19+TC1, JK+1)) /2. x(
11./0+SR 1) #COS (ANG (J) ~ DCA-/2. )))+DTHIC3, 1, J-1.K+1)
201, 1,J-1,K+1) /(2 . %GR (1) *DCA%( 1. /0+SR ( 1) *COS (ANG (J-1)))))
3%(1. ZQ+SR (1) *#COS (ANG (J)))
GACI, ) =(COE/(SRCII*SR ( 1) kDCAKDCAKCTCI, J+1,K+1)+TCI, J,K+1)) /2. %(
11./0%SR (1) *COS (ANG(J) + DCA-2. )))=DTHIC3, 1, J+1.K+1)/
2UC1, 1,J+1,K+1) /(2. %SRC 1) *kDCAX(1. /0+SR(I)*CDS(RNG(J+1)))))
3k(1. /Q+SR (1) ACOS (ANG (1) ))
GB (1, J) o1, +COEX( 1, /0+5R ( [)COS CANG (I3 ) ) € (SRC 1) KDCAY Kk2)
12, ZCCTCLL I+, K+ +TCT, J.K+13)%( 1. /Q+SR (1) ¥COS (ANG(J) + DCA/2.))3)
242, /C(TCL, J-1,K+1)+T 1, J.K+1)I%(1./0+SR (1) XCOSCANG(J) - DCA/2.)))
GD(1,3)=XI(1,J,K)+(COE/ (SR (1) *DXKDX) kC (SRCI+1)+SRCI)) /2, %
LORICTH1, LK) =XT (1, J,K)) ZCCTCI+1, 0, K)+TC(1,J,K) ) /2. %( 1, ZQ+(SR(1+1)
245R (1)) /2. %COSCANG(J)))) = (SRCI-1)+SRCI)) /2. *(XI(1,J,K)~
3XICI-1,0,K)) ZCCTCI-1,J,K)+T (1, J,K)) /2.%(1. /Q+(SR(I- 1) +SR( 1)) /2.
AXCOS(ANG (J))))) =DTH(SRCI+1IMIC(2, I+1,J,K) AJCL, T+1,J,KI*
SXI(1+1,J,K> /¢ 1. /0+SR (1+1)%COS (ANG (J) ) ) ~SR(I-1) MJ(2, 1~1,J,K)~
BUCL, I-1, JLKYRXICI-1,J,K) /(1. /Q+SR( I~ 1) %C0S CANG (J) 1)) /(2. ¥SR( 1)
7ADX) )% ( 1. 70+SR (1) XCOS (ANG (J))) +
POSRUFDAGICTHL 3K, T+, 1K AKLL 4L, 1K)
8 ~SRCI-1)#B1(1-1,J,KIKUCA, I=1, J.KI AIC1 . I~1,J.K) 3/ (2. %GR (1) #DX)
94+(B2(1, J+1,K+ 1) M4, T, J+1,K+ 1D AU, T, J+1, K+
1 -B2(1.J-1.K+1)KJC4. 1. J-1,K+1D AL, 1, I=1,K+1)) /(2. %GR (1) %DCA) )
2XDT( 1. /B+SR (1) *COS (ANG(J)))
15 CONTINUE
16 CONTINUE :
CALL CROUT(M.K, IB, IE, JB, JE, IP, JP,GA,GB,GC,GD, XI,JD, ID)
GO TO 317 .
312 CONTINUE
DO 22 J=JB.JE

)



15681
1582
1563
1504
1585
1566
1587
1508
1589
1516
151t
1512
1513
1514
1516
1517
1518
1513
1520

1521 .

1522
1523
1524
1525
1526
1527
1528
1529
1539
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544

1545 .

1546
1547
1548
1549
1556
1551
1552
1553
1554
1555

- 1956

1557
1558
1559
1568

p0 21 I=IB,IE -

GC(1,J)=(COEX(SR(I- 1 +SRCI)) /2, /(SR(I)*DX*DX*(T(I 1,J.K+1) +
1TCL, J,K+1)) 72,51, 7Q+(SR (I~ l)+SR(I))/2.*CUS(RNG(J)))) +DTHSR (I~ 1)
2*U(2 I-1,J.K+1) AU, 1-1, T, K+1) /(2 , *SR I #DXx (1, 7Q+SR(I-1)
3*COS(QNG(J)))))*(1 /0+SR(I)*COS(RNG(JJ))

GACI,J)=C(COEX(SRCI+1I4+SRCIN) /2. /(SRCI)KDXKDXK(T(I+1,J.K+1)+
1TCL, I, K+1))/72.%(1, /Q+(SRCI+1)+SR( 1)) /2. kCOSC(ANG(J)))) -DT*SR(I+1)
2xLC2, T+1, J,K+1) ZWCL, T+, I, K+1) 7 (2, kSR (1) xDXk (1, /Q+SR(I+1)
3*CGS(RNG(J)))))*(1 /Q+SR(I)*COS(GNG(J)))

CB(I1,J)=1, +COE/ (SR I3 *kDXKDX) K (SRCI+1I+SR( 1)) /2. /C(TCI+1,J,K+1)
14TCL, JLK+1)) 72 . %1, ZQ+(SRCI+1)+SR (1)) /2 . %COS (ANG(J) )) ) +(SR(I-1) +
25RCINI /2. /7C(TCI=1,J,K+1)+TCI,J.K+1)) 72 .%(1.7Q+(SR(I-1)48R(1)) /2. %
3COS(ANG(JI)) ) *(1. /Q+SR(I)*CUS(QNG(J)))

- G, =XIC(!, ], K3 +C(COE/C (SR I KDEAY HokBY k ( (XI (1, J+1,K)-XIC1,J,K))/

l((T(I J+1, V)+T(I J.K)).72.%(1.7/Q+SR (1) *COS (ANG(J) + DCA/2. 1))
2-(XI(I,J, K)=XICI,J=1,K))/7CCTCI, J=1,K)+T(1,J,K)) /2. %(1. /Q+SR( ) %
3COS(ANG(J) - DCA-2. )))) -DTs(2. *SR(I)*DCR)*(U(3 1,J+1,K)
40t I J+1,KRXICT,J+1,K)7C1. /Q+SR (1) *COS(ANG (J+1))) -

SW(3, 1,J-1. K)AJCL, 1, -1, K %XI (1, J=1,K) /(1. ZQ+SR (1) *COS CANG (J~1))))
6)%(1, /Q+SR(I)*COS(RNG(J))) +
7CCSRCI+1INBE (I41, J.KH1) (4, T41, JLK+1D) ZWC L, T+1, T, K+1)
8 -SRCI-1)%B1C(I-1,J,.K+1)&W(4, I-1, 1. K+ /W1, I-1.7, K+l))/(2 *SR (1)
9*DX)+(82(I J+1, k)*w(4 1,J+L,K) UL, T, J+1, K)
i -B2(1.J-1., K)*U(4 1.J-1, K)/U(l I,J-1, K))7(2.%SR (1) *DCA))
2X%DTR(], /G+°R(I)*COS(9NG(J)))
21 CONTINUE
22 CONTINUE
CALL CROUT(M.K. 1B, IE,JB,JE, IP,JP.GA.GB,GC.GD, XI.JD,ID)
317 CONTINUE '
DO 325 1=1S,1ID
XICI,JE+1,.K+1)= XICI,JE~1,K+1)
XIC(1,JB-1.K+1)= XI(I,JB+1,K+1)
325 CONTINUE

DO 332 J=JB.,JE

DO 331 I=IB,IE

B3(I,J.K+1)=( XICI,J, K+1)) /(1. /G+SR(I)*COS(RNG(J)J)

C1CL, I K+ ==(XI(1,J+1, K+l)-XI(I J-1,K+1)) /¢
1(1. /0+SR(I)*CUS(HNG(J)))*SR(I)*Z *DCA)

C2¢1,J,K+1)= (XIC(I+1,J,K+D)=XI(I-1,J,K+1))/(

1(1. /Q+SR(I)*COS(RNG(J)))*2 *DX)
331 CONTINUE"
332 CONTINUE

DO 771 I=15,1D

DO 771 J=JS,JD

W2, 1.J.K+1)=F(2,1,J,3)

We3.1,J.K+1)=F(3,1,J,3)

We4,1,J.K+1)=F(4,1,3,3)

Wwe2,1,J.K)=F(2,1,J.3)

We3,1.J3,K)=F(3,1,J.3

We4,1,3.K)=F(4,1,J3,3)

771 CONTINUE

CC....SOLVE TEMPERATURE EI

IF (MOD(M,2) .EQ. 1) GO TO 211"

GO TO 212 ‘ : o
211 CONTINUE : . :

DO 214 J=JB.JE

D0 213 I=IB,IE

GCCI,J)=DTx(1./Q+SRCIIACOS(ANG(J)-DCA/2.) I*(CN(I, J,K+1) +

1ICNCIL J= 1K+ 1) 3 72 kWCL, 1, JLK+1) *(1.,/7Q+SR(I)*




1561
1562
1563
1564
1565
1566
1567
1568
1569
1578
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1564
1585
1586
1587
1588
1589
1590
1591
1592
1593
1584
1595
1596
1597
1598
1599
1608
1601
1682
1693
1664
1685
1606
1687
1608
1689
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620

“146

2COSCANG(J) ) ) XSRCI) KSR (1) DCAXDCA) +DTHI(3, 1. J.K+1)/
3WCL, 1.3, K+1) #(2. SR (1) *DCA)

GACI, 1) =DT*(1. /0+SR ( 1) XCOS (ANG (J) +DCA/2. ))*(CN(I J.K+1)+
ICNCILJ+1.K+1D) 7 (2.%WCL, 1, T,K+1) *( 1. /Q+SR (1) %
ZCUS(QNG(J)))*SR(I)*SR(I)*DCR*DCB) =DTH(3, 1,J,K+1) 7
3WCL, I,J,K+1) 7(2.%SR (1) *DCA) - A

GB(I,J)=1.4DT/CU(1, I.J,.K+1) IR(CCCL, 7Q+SR (I %
1COS(ANG (JX+DCAR/2.) )X (CHCT,J, K+1)+CNCT, J+1,.K+1D))72.+(1 . 7Q+SR (1) %
Z2COS(ANG(J)-DCAR/2.3IK(CNCI,J,K+15+CNCI,J-1,K+1)3,2,)7C (1./7Q+SR(I)%
3COSCANGC(J) 3 ) #SRCII SR (1) *DCAXDCA) ) +DTR(FK~1.,)/2,%

4001, 7G+SR(I+1)*%COS (ANG(JI ) KSR C(I+1) (2, I+1, T, K+1)/

SWCL, I4+1,J,K+1) - (1. 7G+SR(1-1)*COSC(ANG (J) ) ) KSR C(I-1)*W(2, I-1,J,
6K+1)/W(1,I-1,J,K+1)) /0 (1. /7Q+SR(I)*COSC(ANG(J) ) )IKSR(I)%2,%DX) +
7(C1.ZQ4+SRCIMCOS (ANG (J+1)) ) %W(3, I, J+1, K+1) 2LCE, 1, J+1,K+1) -
B(1./70+SRCI)*COS(ANG(J-1)))JI(3, I.J-1,K+1) /W1, 1, J-1,K+1))/
9((1./0+SR(I)*COS(ANG(J) ) ) *SR(I):k2.%DCA))

PASS=

6+8.574.%@. 5*DT/DX*(RBS(U(2 I+1,J,.K)AUCL, I+1,.J,K)-W(2,1,J,K)
7L T I ETCI+HL, T, K)- EICILJ,K))— RBS(U(Z 1,J.K3 AU, 1,0,K)
8-W(2,I-1,J.K) W1, I-1,J,.K))%( EI(I,J Ky~ EICI-1,J,K)))
6+8.5/4.*BRTB(I)*(QBS(U(3.I,J+1,K)/U(l I,J+1,K) U(3.I,J.K)

7/UCL, 1.J.K))xC ETCL,J+1,K)~- EICI,J.K)) QBS(U(3 I1,J,K)ZW(1,1,J.K)
8-W(3,1,J-1,K)/7WUC1,1,J-1,K))%( EI(I,J,K)~ EICILJ-1.K)))
GD(I,J)=EI(I,J.K) +DT/7CWC1, 1,J.K)) :

1001, 7Q+(S5RCI+1)+SR(IDI 2, *CGS(RNG(J)))*B SX(SRCII+SRCI+1))%B. 5*
2CCNCILJLKI4CNCI+1, LK RCETCI+1, J.K)-EICI, J,K))~

3C1.70+(SRCI-1)+SR(I)) 2. *CDS(RNG(I)))k@.S*(SR(I)+SR(I 1) )%B, 5%
4(CNCI, J,K)+CNCI=1,J,K)IRCEICT,J,K)-EICI-1,J,K)))/C (1. 0+
SSR(I)*CUS(RNG(J)))*SR(I)*DX*DX)—DT*U(Z.I,J.K)/U(I,I,J )
6XCEICI+1, JLKY-EIC(I-1,J,K))/(2.%DX) -0 .54DTK(FK~1.)%E] J
4(C(1./70+SR(I+1)%COS (ANG(J)IIKSRCI+1) kW2, I+1,J,K) AW +

¢ LK) %

l 1‘
5 -(1./0+SR(I-1)%COSC(ANG(J)IIKSR(I-1I K2, I-1,J,K) ZW(1 i,

I

*

I %
J.
J.

uu

.K
I,
.1 KY
.1 K.
6)7((1./Q+SR(I*COSCANG(J) ) IKSR(I)*2.%DX) +((1,/Q+SR(I)%
7COS(ANGCJ+1))) k(3. I, J+1,K)ZAWCL, 1L J+1,K) =~ (1. /Q+SRC 1)
8COS(ANG(J-1)))*W(3, 1,J-1,K)ZW(1,1,J-1,K)) /01, /Q+
9SR(ID)KCOS(ANG(J) ) I *SR (1) x2,%DCA) )
B+COEX(C1 (I, J, K+1)%0k2+C2 (1, J, K+1):i0k2+C3 (1, I, K+1)%0k2) #
9(T(1,J,K+1)*W(1,1,J,K+1)). +PASS .

213 CONTINUE
214 CONTINUE

cALL CROUT(M.K. IB. IE,JB.JE,IP,JP.GA.GB.GC.GD, EI1,JD,ID) .
GO 7O 217

212 CONTINUE

DO 235 J=JB,JE

DO 234 I=1B,IE

GC(I, J>=DT*(1, /O+(SRCII+SR(1~1)) /2, %COS (ANG (J) ) )@, Sk(SRCII+
ISRCI-1)3)xB, S5k (CNCI,J, K+1I+CNCI-1,J,K+1)) /WL, 1,T,K+1) %

2(1., /Q+SR(I)*COS(QNG(J)))*SR(I)kDX*DX) +DTHWIC2, I, T, K+1) /7
WL, 1,J.K+1) 7(2.%DX)

GACI, 1 =DTx(1. /0+(SR(I)+SR(I+1))/2.*COS(RNG(J)))*B.S*(SR(I)+
15R(I+l))*8 SKRCCNCI, JLK+1I+CNCI+1, I K+10) Z7CUWCL, T, T, K+1) %
2(1,70+SRCI)XCOS (ANG (J) 33 kSR (1) %D¥%DX) -DT*W(2, I J.K+1) 7
3WC1,1,J,K+1)7(2.%DX)

GB(I J)=DT (W1, I,J,.K+1) IRCCCL, ZQ+(SRCD +SR(T+1)) /2, %
lCUS(ﬂNG(J)))*8.5*(SR(I)+SR(I+1))*8.5*(CN(I,J.K+1)+CN(I+1.J,K+l))
2+(1.7Q+(SR(I)+SR(1-1)) /2. %COS(ANG (J) ) ) *B. Sk (SR(II+SR(I-1)) %

38, 5% (CNC(I, J,K+13+CNCI-1,J,K+1))) 7((1.7Q+SR (1) *COS(ANG (J) ) ) *SR (1)
1KkDXKDX)) +1. + DT*(FK~1.)rs2. % -

4001, Z7Q+SRCI+1I%COSCANG (J) ) IHSR (T+1) kI(2, I+1, I, K+1) / '

SWCL, I+41,J,K+1)=(1. 7Q+SRCI-1)kCOSCANG(J) ) ) kSR I-1) xW(2,.I-1,J,
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1657
1658
1659
1660
1661
1662
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BK+1) AJCL, T-1, 3, K+13) 2 C (1. /B+SR (1) #COS CANG (J) ) IASR (1) k2. %DX) +
7((1./0+SR(IIH#COS (ANG (J+1)))MIC(3, I, J+1.K+l)/U(l.I.J+1,K+1)—
BC1./G+SRCIIXCOS (ANG (J~ 1)) )MJ(3, 1, J=1,K+1) AUCL, 1, J=1,K+1)3/
9((19/0+SR(I)*CDS(RNGLJ)))*SR(I)*? .*DCAY)

PASS= -

6+8.574,%@ . SADT/DXk (RBS (W(2, I+1,J,K) AU(1, 1+1,J, K) We2,1,J,K)
7001, 1,7, K% EICI+1,J,K)= EI(I J.K))-ABS (W(2,1,J,K) (L, 1,J,K)
8-uWe2,1-1,J,K) /W1, I-1,J,K) )% EICI,J.K) - EICI=1,J,K))) .
6+8.574. *BHTB(I)*(QBS(U(3 I,J+i1, K)AWCT, 1. J+1,K) - We3,1,J.K)
71,1, T,K) )% EI(I,J+1.K)— EICI,J.K))-ABSCW(3,1,J,K)AW(L,1,J.K)
8-W(3,1,J-1.K) U1, 1,J-1.K))%C EICI,J, K~ EICI,J-1,K3)) -
GD(I, i} EI(I J.K) +DT/CWCL, I,J.K))x(C(1..7Q+SR (1) %

1C08 (ANG(J)+DCA2.) Y AD. S*CCN(I JLKI4CNCI, J+1,KIIRCETCL, J+1, KJ-
2EICI.J.KII-(]. /0+°R(I)*CUS(HNG(J) -DCA/2.))%B.5%(CNCI, J, K+
3CNCE, J=1, K X(EICT, I K)-EI(I,J-1.K)))/C(L, /Q+9R(I)*CUS(9NG(J)))*
4SR (1) *SR ¢ 1) KDCAKXDCAD 3 ~DTKI(3, 1, . KI AJCL, I I KIRCET (1, J+1, K-
SEICI.J-1,K))/(2.%SR(I)*DCR) ~DT*(FK-1. IXEIC(I,J,K)*B, 5%
4(C(1. /0+SP(I4l)*COS(RNG(J)))*SR(I+1)*J(2 I+1,J.K>-U(1, I+1,J,.K)
5 —(1./70+4SR(I-13%COS (ANG(J) ) I KSR (I~-1)xJ(2, I-1,J,KI/W(1,1-1,J,K)
6)/((1./0+SR (I *COSC(AMG (J) ) ) *SR(I)*2.%DX) +C(1.704SR (1) % )
7C0S (ANG CJ+1)) 13, 1, J+1,K) W1, [ J+1,K) = (1. /ZQ+SR (1) %
8COS(ANG(J-1))I k(3. 1. J-1,K)AW(L, 1. J~1, K))/((l 70+
9SR(IYKCOSC(ANG(JI ISR II%2.%DCAY) ‘
- B+COEXK(CI (I, J K+1)ak2+C2CI,J, K+l)**2+C3(I J. K+1)**2)/
S(TCI,J K+ AY(L, 1, J,K+1)) +PASS
234 CONTINUE
235 CONTINUE o :
CALL - CROUT(M,K,. 1B, IE,JB,JE.IP,JP.GA.GB.GC.GD, EI,JD,ID)
- 217 CONTINUE S .
DO 225 1=1S,1D
EICILJE+1,K+1)= EICI,JE-1,K+1)
EICI,JB-1,K+1)= EICI,JB+1.K+1)
225 CONTINUE ) ot
RETURN . .
END
cC SUBROUTINE CRUUT(M,K 1B. 1E.JB.JE, IP,JP.GA,GB,GC,GD,PSI.JD, ID)

CC---~CROUT REDUCTION METHOD ------~---=
DIMENSION AA(9@, 3),E(98).X(98),GA(20,16),GB(28, 16),6C(20, 16),
1GD (20, 16) ,PS1(28, 16,2)
SMALL=1.BE-70
IF (MOD(M,2) .EQ. 1) GO TO 3
GO TO 2 S
3 CONTINUE
JS=1
DO 123 1=18, 1E
D0 122 J=JS,JP
AACJ,2) =GB(I, J+1)
IF (J .EQ. JP) GO TO 124
IF (J .EQ. JS) GO TO 125
AACJ,3 ) =-GACI,J+1) ‘
GO TO 125 . :
124 AACIP, 1 ) =-(GC(I,JP+1)+GACT, JP+1)) ,
125 CONTINUE
IF (J .EQ. JS) GO TO 126
IF (J .EQ. JP) GO TO 127
AACJ, 1 )==GC(I,J+1)
G0 TO 127 :
126 AR(JS,3 ) =~(GA(L, JS+1+GC (1, JS+1))
127 CONTINUE :
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EC(3)=GD(1,J+1) ,
CONTINUE - .
AACJS.3  )=AA(JS.3  JI/AA(JS,2 )
E(JS)=E(JS)/RA(JS,2 ) -

.p0 1308 J=JB.JP

IF (ABSCAARCJ, 1)) .LE. SMALL) ARA(J, 1)=8.
IF (ABS(RA(J-1,3)) .LE. SMALL ) AR(J-1,3)=8.
ARCT,.2)=AA(J.2)-AR(J. 1 D*AA(J-1,3)

IF (RBSCE(J-1)) .LE. SMALL) E(J-1)=8.
EC=(E(-ARCI, D*EWJ-1))/AA(].2)

IF (J .EQ. JP) GO TO 131 .

AR(J.3 )H=RA(J.3 )ZRA(J.2)

CONTINUE

CONTINUE

X(IP) =E(JIP)

JQ=JP-1

DO 133 J=JS.JQ ‘

K=JG+JS-J ‘
IF (RBSC(RAR(K,3 1)) .LE. SMALL) AR(K.3 )=8.
XK)=E(K)-RAR(K,3 I*X(K+1) .
CONTINUE 4

DO 128 J=JS,JP

PSICI,J+i, 2) =X(J) :

IF (ABS(PSI(I,J+1,2)) .LT. SMALL) PSI(I,J+1,2)=8.
CONTINUE :

CONTINUE -

GO 70 4

"CONTINUE

IS=1

D0 23 J=JB,JE

DO 22 1=IS.IP
ECI)=GD(I+1,J)

AACI, 2)=GB(I+1 J) .
IF (1 .EQ. IP) GO TO 24

ARCI.3 ) =~GA(I+1.,J) : .

GO TO 25

ECIP)=GDC(IP+1,J)+GACIP+1, J)*PSI(IP+2 J. 2)
CONTINUE

IF (I .EQ. IS) GO TO 26

AACI, 1)=-GC(I+1.J)

GO TO 27

CONTINUE

E(IS)=GD(IS+1 JI+GC C(IS+1, J)*PSI(IS J, 2)
CONTINUE .

CONTINUE

RACIS, 3 J=RACIS, 3
ECIS)=ECIS)I/AAC(IS,2 )

DO 38 I=IB.IP .
IF (ABSCAACI, 1)) .LE. SMALL) AACI, 1)eM.
IF (ABSCAACI-1,3)) .LE. SMALL) AACI-1,3)=8.
AACI,2)=AACI,2)-AACI, 1)*AACI-1,3)

IF (ABS(E(I-1)) ,LE. SMALL) E(I~-1)=8,
E(D=(ECD-AACT, ~ DHECI-1))/AACL2)

IF (I .EQ. IP) GO TO 38

AACI,3 J)=RACI,3 )/AACL,2)

CONTINUE

X(IP) =E ( IP)

1Q=1P-1 ,

D0 33 I=IS, 10

K=10+15-1

J/ZAACIS.2 )
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1F (ABS(ARCK.3 3) .LE. SMALL) AACK.3. ) =D,
X(K) =E (K)-AA (K, 3 I%X(K+1) , ,
33 CONTINUE \ S
DO 28 I=IS.IP
PSICI+1,J.2)=X(I) :
IF (ABS(PSI(I+1,J,2)) .LT. SMALL) PSICI+1,J,2)=8.
28 CONTINUE _
23 CONTINUE
4 CONTINUE
K=1
RETURN
END
cc SUBROUTIHE AVERA(SED, AVV)

CC....AVERAGING IN THETA DIRECTION
DIMENSION SEQ(16)
COMMON/XY/NUG, DX, JE, JB. PI . . 1IE.THJ
AVV=0.0
JBB=JB+1
JEE=JE-1
DO 1 J=JBB .JEE
AVV=AVV+SEQ(J)

1 CONTINUE
AVW=2, E*QVV+SEG(JB)+SED(JE)
AVV=2.8% - AVV/(NUGXDX)
RETURN
END
cc SUBROUTINE SURIN(A,B.RB,RSMA)

CC....SURFACE INTEGRATION (ON THE WALL)Y
DIMENSION A(16),.THJ(16)
COMMON /XY/NUG, DX JE.JB.PI. IE THJ
ACJE)=A(JE) 72,
A(JB)=A(JB) 2.
B=0.08
Do 1 J=JB,JE
WUG=2. %P I*%RSMAX(IE~D.5) 7IE /NUG -
B=B+A(J)%2.%P [ x(RB+RSMAX(IE~D. 5)/IE*COS(THJ(J)))*UUG

1 CONTINUE .

B=2.%B/2.8/P[/RB%109.0
RETURN
END

cc SUBROUTINE VOLINCA,B,RB.RSMA)

CC....VOLUME INTEGRATION
DIMENSION A(20,16),THJI(16)
COMMON ~XY/NUG, DX, JE,JB,.PI, IE,THJ
B=8.0
IDD=1IE
DO 1 I=1,IDD
ARA=P [ *RSMAXRSMAXDXADXK( (1-8.F) Mok2-(I-1,5) %k2) /NUG
IF(I.EQ. 1)ARA=P IKkRSMAKRSMAKDXKDXK( [-B . 5) %k2/NUG
ACI,JE)=A(I,JE)72. :
A(1,JB)=ACI,JB) 2.
DO 1 J=JB.JE
B=B+A (], J) %2, %P [ (RB+RSMAKDXK(1-1) *COS (THI(J) ) ) ¥ARA
1 CONTINUE
B=2.%B/2. B/PI/RB*IBB (2]
RETURN
END
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SUERUUTINE ARAIN(A,B.RB.RSMA)

.AREA INTEGRATION (ON POLOIDAL PLHNE)

DIMENSION A(28,16),THI(16) : : -
COMMON /XY~/NUG, DX, JE, JB,P1, IE, THJ e - .
B=0.8 : ' .
IDD=1E : A S

DO 1 I=1,IDD ' .
ARA=P IXRSMAKRSMAKDXADXK( ( I-B,5)%0k2-( I~1,5) %k2I ANUG - :

IF (1.EQ. 1) ARA=P IXRSMAKRSMAKDXKDXK ( 1@ . 5) %k2/NUG

ACl,JE)=ACI, JE) /2.

ACI,JBY=ACI,JB) /2.

D0 1 J=JB,JE

BrB+A(1, J3*ARA

CONTINUE

D0 2 1=1,IDD

ACL, JEY=RCI, JE)*2,

ACI,JB)=ACI, JB)*2,

CONTINUE

B=2.B*8

RETURN

END




