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ABSTRACT 

A NUMERICAL STUDY OF THE COLUMBIA H I G H  BETA DEV1CE:TORUS-I1 

Ralph Izzo 

The ion iza t ion ,  heat ing and subsequent long-time-scale behavior 

of t h e  helium plasma i n  t he  Columbia fusion device,  Torus-11, i s  stud- 

ied.  The pvrpose of t h i s  work i s  t o  perform numerical simulations 

while maintaining a high l e v e l  of i n t e r a c t i o n  with exper imental is ts .  

The device i s  operated a s  a t o ro ida l  z-pinch t o  prepare t h e  gas 

f o r  heat ing.  This ion iza t ion  of helium i s  s tudied using a zero- 

dimensional, two-fluid code. I t  i s  e s s e n t i a l l y  an energy balance 

ca l cu l a t i on  t h a t  follows t h e  development of t h e  var ious  charge s t a t e s  

of t h e  helium and any impur i t i es  (pr imari ly  s i l i c o n  and oxygen) t h a t  

a r e  present .  The code i s  an atomic physics model of Torus-11. I n  

addi t ion  t o  ion iza t ion ,  we include three-body and r a d i a t i v e  recombina- 

t i o n  processes.  

The plasma i s  heated by tu rbu len t  po lo ida l  sk in  cu r r en t s ,  induced 

by a f a s t  r eve r sa l  of the  t o r o i d a l  magnetic f i e l d  which conver ts  the  

t o ro ida l  z-pinch i n t o  a high be ta  tokamak. The heating dynamics a r e  

simulated by solving s ing le - f lu id  r e s i s t i v e  magnetohydrodynamic equa- 

t i o n s  numerically i n  one- and two-dimensions. I n e r t i a  terms a r e  kept 

t o  eap ture  t he  fast- t ime-scale plasma dynamics. The equations a r e  

dr iven by prescribed boundary condit ions f o r  t he  poloidal  f l ux  and 



c u r r e n t  funct ions .  Since the  plasma containment vesse l  i s  a  non-con- 

duc tor ,  s p e c i f i c a t i o n  of po lo ida l  f l u x  on t h e  boundary is  d i f f i c u l t .  

Inductance codes a r e  used t o  descr ibe  t h e  f l ux  d i s t r i b u t i o n  r e a l i s t i c -  

a l l y .  
3 6 

Using hea t ing  r e s u l t s  a s  i n i t i a l  condi t ions ,  a  one-dimensional 

MHD diffusion code, complete with r e s i s t i v i t y ,  thermal conduct ivi ty ,  and 

r a d i a t i o n  l o s se s ,  is used t o  simulate t h e  high be ta  phase. 
39 

The zero-dimensional code contains  more than i6nkzacion and recom- 

b ina t ion  modeling. We a l s o  include bremsstrahlung and l i n e  r ad i a t i on ,  

ohmic heat ing of e l ec t rons ,  wave heat ing of ions ,  electron-ion energy 

t r a n s f e r  and o the r  e f f e c t s .  Therefore, the  code i s  useful  i n  l i nk ing  

t h e  above MHD computations. 
38 

We presen t  r e s u l t s  f o r  charge s t a t e  evolut ion of a l l  species ,  a s  -. 

well  a s ,  ion  and e l ec t ron  temperatures during t h e  z-pinch phase. For 

t h e  heat ing phase, p r o f i l e s  of cu r r en t s ,  magnetic f i e l d s ,  dens i ty ,  

temperature, plasma be t a ,  and sa f e ty  f a c t o r ,  q, have been obtained.  

We a l s o  i d e n t i f y  maximum impurity l e v e l s  f o r  successful  operat ion a s  

a  high be ta  tokamak. 

We conclude t h a t  Torus-I1 i s  an exce l l en t  veh ic le  f o r  high be ta  . 

reseal-ch. Some problems associated wich ehe device arid huw l l e y  may 

be cor rec ted  t o  allow f o r  b e t t e r  operat ion a r e  discussed.  
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I. INTRODUCTION 

The economic feasibility of fusion energy is greatly enhanced 

by increasing the ratio of plasma pressure to magnetic field pres, 

sure. This ratio is the plasma parameter, @ . A common definition 

for average beta is 

' { B & / ~ T I  

where cP> is the volume averaged thermodynamic pressure and B 
0 

is the vacuum toroidal magnetic field at the geometric center of 

the plasma. 

High beta values are desirable for two principal reasons. 2 

First, a higher beta due to lakge thermodynamic pressure results in 

a higher fusion energy density. Secondly, small magnetic fields 

are cheaper to produce than large fields. Thus, a strong emphasis 

has been placed on the need to increase beta to the limits imposed 

by stability considerations. It was thought that the beta of toka- 

mak devices was limited by a critical value, above which plasma 

pressure driven ballooning modes appear. Recent numerical3 and an- 

alytical work4 indicate that a second critical beta exists above 

which the plasma is again stable. The result has been increased in- 

terest in ILc~11 beta research. 

Several methods can be used to produce high beta plasmas. Re- 

searchers at Columbia employ a pinch technique with a unique heat- 

ing scheme5 to generate such plasmas. The device is known as Torus- 

11. It is particularly well suited for research into the proposed 



second stability regime. Torus-I1 is basically a belt pinch geom- 

etry with large poloidal ohmic heating currents. The major radius 

is 22.5 cm. The height to width ratio is 25.4 cm. to 12.6 cm. Its 

operation is described in four separate stages. (See Figure 1.1) 

For completeness we give a brief description of each phase of oper- 

ation and some general comments on how the phases are simulated. 

Figure 1.1. Applied fields and currents in Torus-11. Ioh is the 
ohmic heating coil current for pre-ionization and z- 
pinch. B, is the vertical magnetic field. Bm is 
the toroidal (bias a d  maximum heating) ffeld. EX- 
perimental toroidal gas current is %.. 

The primary objective of this research has been to use exist- 

ing codes .and also new codes to obtain a clear and comprehensive 

picture of the.operation of Torus-11. We draw from different areas 



of physics to achieve our desired result. .These areas are MHD 

theory, electromagnetic theory and atomic physics. Figure 1.2. 

illustrates the experimental phases and the key phenomena occuring 

at that time. Also depicted is the manner in which numerical cal- 

culations are used to help understand and explain these phenomena. 

PREIONIZATION 
a) slight ionization 

T 
'I 

2-PINCH 
a) initial ionization + 
b) plasma positioned for 

onset of heating 

I 
, Zero-Dimensional 
Atomic Physics 

a) final ionization 

Inductance field reversal 
Codes c) externally driven confining 

vertical field 
One- and 
Two- Dimen- 
sional MHD 
Codes with 
Inertia 

a) equilibrium state 
b) plasma confinement One -Dimensional 
c) high beta decay MHD Transport 

Code without 
Inertia 

Figure 1.2. Flow chart depicting interfacing of numerical 

simulations and Torus-I1 experiment. 



This i s  t h e  chief object ive of the  research. Ehphasis i s  placed on 

constant in t e rac t ion  with experimentalists.  We a r e  simulating an 

ac t ive  device with the  in tent ion  of in terpre t ing  experimental r e s u l t s  

already obtained and guiding fu ture  e f f o r t s  t o  produce des i rable  

high beta plasmas. 

Experimentally, during the  pre-ionization phase a  sinusoidal 

cur rent  fo1n1 w i l d 1  amplitude an the  order of 50 ka. i s  driven through 

the iru~er t o ro ida l  c o i l s  ( re fer red  t o  as 0hmi.c he?.s.tinr~  coil^ i n  Fig- 

ure I. 3 )  . The helium gas i s  heated t o  i n i t i a t e  the  ionizat ion.  No 

RF OSCILLATOR 
COUPLIIIG ANTENNA 
(AROUNO BOTH 

SLOW TOROIOAL VACUUM LINES I 
F I E L O  ( 1- 2 kG) 

VACUUM L I N E  

VERTICAL F I E L D  

EATING-AIR CORE 

F i g u e  I. 3 .  General descript ion of  oru us-11. Arrows indica te  
d i r ec t ion  of current  flow i n  external  conductors. 

current  is-programmed i n  the outer  toro ida l  c o i l s  ( referred t o  a s  

the  v e r t i c a l  f i e l d  c o i l s )  a t  this time, thus no v e r t i c a l  f i e l d  i s  . . 

present  and the  gas bounces off  the  vacuum vessel  wall. This has 



t h e  important adverse e f fec t  of pol lut ing the plasma. A toro idal  

b ias  f i e l d  ( n  1 kG) i s  embedded i n  the  plasma. We.do not simulate 

t h i s  phase, however, it is  important t o  note t h a t  most of the im-  

p u r i t i e s  enter  the  plasma region a t  this time. 

The z-pinch phase continues the  ionizat ion process while posi- 

t ioning the  plasma. Currents a re  programmed i n  both s e t s  of toroid- 

a 1  c o i l s  thereby s e t t i n g  up a v e r t i c a l  f i e l d  t o  keep the  plasma away 

from the  chamber walls. The external  currents  a re  "'100 ka. during 

this phase. The net  resul t ing  vacuum v e r t i c a l  f i e l d  i s  '1. 600-800 G. 

Recent experimental work indicates  there i s  a strongly non-uniform 

vacuum v e r t i c a l  f i e l d  profi le .6 This i s  contrary t o  e a r l i e r  theor- 

7 e t i c a l  predictions of a uniform Bvt p r o f i l e  . Experimentalists re- 

por t  a post-z-pinch plasma temperature of '1.5 eV with a peak e l e r  

t ron density of '1.3 x 1014 The toroidal  plasma, current i s  

%40 ka. The ionizat ion of helium i s  not complete. 

The z-pinch i s  simulated using a zero-dimensional code. It i s  

essen t i a l ly  a two f l u i d ,  energy balance calculat ion complete with 

t h e  atomic physics t h a t  dominates this phase. The ionizat ion of the 

main gas (helium) and impurities (oxygen and s i l i con)  i s  calculated 

by coupling species equations with electron and ion energy equations. 

Effects due t o  l i n e  radiat ion,  recombination, bremsstxahlung, ohmic 

heating, energy confinement, electron-ion equil ibrat ion and other 

phenomena are  a lso  simulated. The r e s u l t s  of the computation are  

i n  excel lent  agreement with avai lable experimental data. 

The phase of grea tes t  importance i s  the heating phase, during 

which the  most in teres t ing  physics takes place. There a re  two 



heat ing modes i n  Torus-11, p a r a l l e l  and ant i -para l le l .  I n  both 

cases  the  t o r o i d a l  f i e l d  i s  ramped from its i n i t i a l  b ias  value t o  

i ts  f i n a l  value i n  1.7 psec. For the  p a r a l l e l  case,  a  pos i t ive  

b i a s  f i e l d  i s  increased t o  a  l a rge r  pos i t ive  value. For an t i -  

p a r a l l e l  heating, a  negative b ias  f i e l d  is reversed. The f i n a l  

t o ro ida l  f i e l d  i s  4-10 kG. The o r i g i n a l  design philosophy8 was t o  

use the  rapid f i e l d  revexsal t o  generate laxge poloidal  e l e c t r i c  

t i e l d s  ( 6 1 kV/cm). This leads  t o  nucroturbulence and an anomal- 

ously high r e s i s t i v i t y .  The r e s u l t  i s  enhanced ohmic heating of 

t h e  electrons.  The ions  a r e  heated through sca t t e r ing  with ion- 

acoust ic  waves thereby obtaining some of the  wave energy. Exper- 

imental evidence ind ica te s  t h a t  this i s  indeed the  heating mech- 

a n i s m  f o r  Torus-11. These r e s u l t s  a r e  presented i n  (9). The rapid 

heat ing scheme generates a  high beta  plasma (<B> = 10%) which i s  

g r e a t l y  elongated ( ~ 4 - 5 : l ) .  

The major portion of this work i s  devoted t o  the simulation of 

t h e  heating phase. Several d i f f e r e n t  codes a r e  used. The hea r t  

and soul of t h e  ca lcu la t ion  i s  performed using a  two-dimensional, 

s ing le  f l u i d ,  d i s s i p a t i v e  MHD code. I n e r t i a l  terms a r e  included 

t o  capture a l l  f a s t  time sca le  e f f ec t s .  Additional d e t a i l s  of the  

ca lcu la t ion  a r e  glven l a t e r .  The bas lc  Idea 1s t o  specify boundary 

conditions f o r  polo ida l  magnetic f lux  and to ro ida l  f i e l d  which ac- 

cura te ly  represent  t h e  e f f e c t s  of ex terna l ly  driven currents  on the  

a c t u a l  device. The boundary conditions a r e  responsible f o r  forming 

the  post-heating plasma configuration. The s p a t i a l  dependence of 

t h e  poloidal  f lux  along t h e  boundary i s  not a  simple problem t o  



solve s ince the  vessel  i s  a non-conducting s h e l l  (pyrex). We de- 

termine the  r e a l i s t i c  boundary conditions with inductance codes. 

Essent ial ly ,  t he  plasma i s  modeled a s  a toro ida l  current  carrying 

conductor. With knowledge of the  t o t a l  plasma current  and extern- 

a l l y  applied currents  we ca lcula te  the  poloidal  f i e l d  and f l u x  pro- 

f i l e s .  This information i s  fed i n t o  t h e  heating code a s  a boundary 

condition..  Using the  value f o r  plasma current  obtained i n  t h e  

heating ca lcula t ion  we again run t h e  inductance codes t o  generate 

a corrected value of the  boundary condition. The i t e r a t i o n s  a re  

continued u n t i l  t h e  plasma current  used i n  t h e  inductance calcula- 

t i o n  agrees with t h a t  value r e su l t ing  from t h e  MHD heating simula- 

t ion .  I n  t h i s  mqnner, t h e  geometry of t h e  device i s  accurately 

modeled. 

Precise  modeling of t ranspor t  physics is a l s o  important f o r  

accurate  simulation of the  experiment. A one-dimensional, s ingle  

f l u i d ,  d i s s ipa t ive  MHD code with i n e r t i a l  terms included i s  used t o  

study d i f f e r e n t  regimes of parameter space. The one-dimensional 

code requires  much l e s s  computing time than the  two-dimensional code 

and is  therefore t h e  log ica l  choice f o r  extensive numerical experi- 

ments. The key plasma parameters a r e  e l e c t r i c a l  conductivity,  ther- 

m a l  conductivity and low densi ty  behavior. Testing of d i f f e ren t  

numerical schemes is a l s o  much more e a s i l y  accomplished with the  1-D 

code. 

Final ly ,  t he  zero-dimensional code i s  a l so  applied t o  the heat- 

ing phase so a s  t o  gauge t h e  dominant atomic processes during t h i s  

s tage.  A trade-off is made between complex physics modeling and 



complex geometric effects in the simulations. Detailed energy stud- 

ies are performed in the zero-dimensional code loaded with atomic 

physics. Detailed transport studies are performed in one-dimension- 

a1 MHD codes. Detailed external-coil-geometry effects are studied 

using two-dimensional MHD and inductance codes. 

The result of heating is the high beta tokanak state. At this 

time all external currents are crowbarred. Experimental results 

vary depending on the plasma set-up phase. A dirty plasma quickly 

( %lo psec) cools. A warm plasma (100 eV) has been maintained for 

as long as 30 psec. There is experimental evidence of an axially 

shrinking plasma throughout this phase. Recent work indicates pos- 

sible poloidal rotations of the plasma. 

A one-dimensional., single fluid, resistive MHD code without 

inertia terms is used to simulate the high beta tokamak phase. The 

code includes radiative losses and more sophisticated modeling of 

the thermal and electrical conductivities. Plasma evolution id 

time is followed though successive equilibria thereby allowing for 

efficient, inexpensive, long-time-scale simulations. Post-heating 

phase plasma conditions are used as initial conditions. The plasma 

is no longer driven by prescribed boundary conditions at this time. 

Rather, the physics of the t-r:ansport. and 7nss parameters respond to 

the specified initial conditions to yield the decay of the high 

beta state and the eventual loss of plasma confinement. This por- 

tion of the overall simulation has been extremely important in ob- 

taining operating limits due to radiative losses. Maximum tolerable 



impurity levels for different high beta cases are calculated. The 

code has been written so as to be easily adaptable to different 

post-heating phase plasma states. 

The time dependent zero-dimensional calculation has again proved 

useful as a check on the plasma temperature versus time behavior dur- 

ing the high beta tokamak phase of the device. 

The format for the remainder of the thesis is as follows. In 

chapter 11, we derive the equations that make up the mathematical 

model. No reference is made to Torus-I1 since the equations are gen- 

eral. We sketch the derivation of the two-dimensional start-up equa- 

tions since it has been given in detail elsewhere. lo The, complete ,, . , 
one-dimensional transport equations are developed as well as the 

derivation of the inductance equations and the atomic physics rela- 

tions. 

In chapter 111, we discuss the numerical methods used in each 

code. Here we return to the specifics of Torus-I1 when discussing . 

the types of m~difications made on the general model described in 

chapter 11. We also discuss how each code is run, what information 

i s  extracted from it and how this couples with other phases of the 

simulation. 

The results of the Torus-I1 simulation are presented in chap- 

ter IV. An overview of the plasma state and device operation is 

given. Its significance for high beta research is also discussed. 

For completeness, a listing of each code has been included in 

the appendix. 



11. MATHEMATICAL MODEL 

l.A) One- and Two-Dimensional MHD Equations With Inertia 

For completeness we present the equations* of magnetohydro- 

dynamics for a single fluid with finite electrical and thermal con- 

ductivity. In vector form, the continuity equation is 

+ V b  (pv) = 0 - 
a c 

YBe momentum equation is 

The energy equation is 

Faraday 's law. is 

Neglecting the displacement current as usual, Ampere's law ic given 

*All units are c.g.s-Gaussian unless otherwise specified. 



For f i n i t e  e l e c t r i c a l  conductivity,  O h m ' s  law is 

The magnetic f i e l d  i s  everywhere divergence free.  

The above var iab les  are:p = mass densi ty  

T = f l u i d  temperature 

v = f l u i d  ve loc i ty  - 
J = current  densi ty  - 

E =:. e l e c t r i c .  f i e l d  - 
B = magnetic f i e l d  - 
Cv= spec i f i c  heat a t  constant volume 

u = e l e c t r i c a l  conductivity 

K = thermal conductivity 

c  = speed of l i g h t  i n  vacuum 
a 

Pr= radiated power l o s s  term 

= Stokes ' der iva t ive  = a + (vov) - 
~t a t  

The equations a re  wr i t ten  f o r  the  cy l ind r i ca l  coordinate 

system shown i n  Figure 11.1, with axisymmetry about t h e  z-axis ( 4 

i s  an ignorable coordinate).  



1 
Figure 11.1. Coordinate system f o r  which t h e  MHD equations a r e  

wri t ten.  

Define the  two functions Y (r , z,  t) and x (r ,z , t) such t h a t  

We omit the d e t a i l s  of the  usual  der iva t ion ,  see f o r  example (11). 

A br ie£  sketch i s  given here. Clear ly equation 11.1.8 automatically 

s a t i s f i e s  11.1.7. T h i s  i s  one of t h e  two reasons fo r  specifying B - 

a s  above. The o ther  i s  the ease with which boundary conditions may 

bc cxprcssed i n  terms ok 'Y and X. 

From Ampere's law we wr i te  J i n  terms of Y and X. Substi- - 
t u t i n g  J i n t o  O h m ' s  law y ie lds  the  e l e c t r i c  f i e l d  i n  terms of Y ,  - 
x and the  f l u i d  ve loc i ty ,  v. This expression fo r  E i s  then used i n  - - 

Faraday's law. Of the  three  r e su l t ing  sca la r  equations, two a r e  not 



identical. They are the two governing equations for psi and xi. 

Equations 11.1.1-3,9,10 form a system of seven equations for the 

eight unknowns - v, p ,  T, Y, x and p. To close the system, the ideal 

gas law is used as an equation of state. 

where y is the ratio of specific heats for the gas. Equations 

11.1.1-3,9-11 when coupled to a proper set of initial-boundary 

conditions completely determine the plasma state in two dimensions. 

From this point it is trivial to derive the one-dimensional 

equations. Simply set3 - = 0 in the above equations, We omit the 
a z 

details and present only the results. 



a~ + v r a 2  = c2 ( r a  - - l a y  
a t  ar 41~a ar r a r  

For the f l u id  formulation t o  be valid we must have 

where L i s  a character is t ic  length of the plasma (typically on the 

same order as p/Vp), Ad i s  the Debye length o f . t h e  plasma and rg 

is  the Larmor radius of the par t ic le .  



l . B )  I n i t i a l  and Boundary Conditions f o r  the  MHD Equations 

With I n e r t i a  

The equations form a parabolic system although the  cont inui ty 

and momentum equations look formally hyperbolic. A complete d is -  

cussion of appropriate i n i t i a l  and boundary conditions i s  given i n  

( 1 0 1  Brief ly,  i n i t i a l  values of p ,  T ,  Y ,  x and v . a r e  needed - 

everywhere. Boundary values of Y, X ,  T and one component of vel- 

oc i ty  a r e  needed. 

It  i s  easy t o  show t h a t  t h e  functions Y and x have physical 

meaning. I n  p a r t i c u l a r ,  Y i s  r e l a t ed  t o  the  poloidal  f lux  and x 

t o  t h e  t o t a l  poloidal  current.  Following (11) we s t a t e  

Y = poloidal  f lux  
2 IT 

Thuefure ,  it i s  important that t he  boundary values prescribed f o r  

Y and x accurately represent  the  e f f e c t s  of t h e  cur rents  both ext- 

e rna l  t o  and ins ide  the  plasma. Our approach f o r  specifying these 

conditions i s  more carefu l  and r e a l i s t i c  than e a r l i e r  s tudies  s ince 

the  previous work was r e l a t ed  t o  experimental design while we a r e  

concerned with an experimental simulation. Two complementary in- 

ductance ca lcula t ions  a r e  performed making use of elementary c i r -  

c u i t  theory and electromagnetic theory. 



1 . B . i )  ~ o i . 1 ~ ' ~  and EFFI 
13 

The problem t o  be solved is a s  follows. Given a s e t  of toro ida l  

cur rent  carrying conductors with known t o t a l  current ,  ca lcu la te  the  

magnetic f i e l d  everywhere i n  t h e  poloidal  plane. The solut ion is 

ca r r i ed  ou t  i n  two par t s . .  F i r s t  we obtain the  cur rent  d i s t r ibu t ion  

within the  conductors (Coils) and then solve f o r  B (EFFI). Consider - 
t he  geometry i n  Figure II.2.A. Suppose the  t o t a l  current  in . each  

of t h e  conductors i s  known and given a s  Ill I2 and 13. To ca lcula te  

how t h e  cur rents  a r e  d i s t r ibu ted  we proceed a s  follows. (Note: I n  

t h e  general case t h i s  may seem t o  be an exercise  of l i t t l e  i n t e r e s t ,  

however, our ul t imate goal i s  t o  ca lcu la te  poloidal  f lux  along the  

boundary of a t o r o i d a l  fusion device. Such boundaries a r e  always 

c lose  t o  ex terna l  cur rent  windings. Thus, t h e  cur rent  d i s t r ibu t ion  

can be important.) Break each. conductor i n t o  many smaller conductors 

choosing t h e  shape of t h e  smaller conductor t o  match t h e  l a rge r  one. 

See Fiqure II.2.B. Conductor 1 is  broken i n t o  M smaller conductors, 

2 i n t o  N-M and 3 i n t o  K-N. The choice of N ,  M and K depends upon 

t h e  des i red  accuracy of the  current  d i s t r ihu t ion .  For each c o ~ d u c t o r  



Toroidal axis I 

of symmetry 

Toroidal axis 

of symmetry -<2 

I A ' .  3 

Figure 11.2 A) Three toroidal current windings of arbi- 
trary poloidal cross-section. 

B) Filament-splitting model of same three con- 
ductors. 



The f l u x  enclosed by any one of t h e  smal ler  cur ren t  loops i s  

where L i s  the mutual inductance of loopc j and 3 .  For the case 
j s 

j=s we have J. calf  inductance. To t h i s  p o i n t  we 11a.ve 2K urikr~~~lwns 

(Qj ,  I j  j=1, ... K) and only K+3 equations. The following c o n s t r a i n t  

i s  imposed on t h e  system, Each of t h e  o r i g i n a l  conductors 1, 2, 3, 

must be a f l u x  surface. T h i s  i s  only r igorous ly  true i f  - J = 0 

i n s i d e  t h e  conductor, i . e .  p e r f e c t  conductors. Thus, 

where Q1, Q2, Q3 a r e  t h r e e  add i t i ona l  unknowns. The above cons t r a in t  

generates  K new equations.  It i s  easy t o  ex t rapola te  t h e  above f o r  

a system of  C l a r g e  conductors each wi th  a known t o t a l  current .  A 

system of (K+C) equations i s  produced by breaking t h e  C l a r g e  con- . 

ductors  i n t o  K smal ler  conductors. The equations a r e  solved f o r  t h e  

K (Ij: j=1,2 ... K) p lus  C ($ j=1, ... C)  unknowns; thereby obtain- 
5 ' 



ing the current distribution to the desired accuracy. The code 

that performs this calculation is referred to as Coils. Next, con- 

sider the second half of the problem'. Given the current distribu- 

tion, compute the magnetic field everywhere. Basically, a volume 

integration of the Biot-Savart law generates the desired field pat- 

tern, The method is completely explained in U 3 ) .  The code used, 

known as EFFI, calculates the vector potential and electromagnetic 

field for coil systems of arbitrary geometry. The coils are con- 

structed from circular arcs and/or straight segments of rectangular 

cross sectional conductors. Th.e code is also capable of calculating 

magnetic flux surfaces, magnetic force and inductance. A combina- 

tion of analytical and numerical integration of the Biot-Savart 

law for a volume distribution of current is performed. In this 

manner, field values inside and outside the conductors are obtained. 

Thus, Coils and EFFI' .are instrumental in determining boundary val- 

ues of poloidal flux to be used in the two-dimensional MHD start-up 

calculation. 

2,A) One-Dimensional MHD Transport Equations 
14 

The equations are identical to 11.1.1-7 except that the mo- 

mentum equation is simplified by dropping the inertial term. 

vp = J x B  - - - 
C 

The plasma motion is one of diffusion through states of successive 



equilibria. The spirit of the calculation is as follows. March 

the equations for density, temperature and magnetic .field forward 

in time such that 11.2.1 is always true. The details of the deriva- 

tion are given. First, we non-dimensionalize all variables such 

that a subscript "o"  denotes a fixed reference value. 

where R is the.:.ideal.gas constant and u is the radial component of 

velocity, previously written vr. Substitution of the above variables 

into the continuity, momentum and energy equation yield (dropping 

the tilde notation) 



Similar algebraic manipulations with Faraday's law, Ampere's law 

and Ohm's law yield 

J = V x B  - - 

The ideal gas law simplifies to 

P = P T  



Note the physical significance of the dimensionless constants. 

We can think of C4 and Cg  as time scale ratios. 

where 

is a thermal conduction time scale. Similarly, 

where 

is a field diffusion time scale. 

Yhe Constant, cl, can be written as the square of the ratio 

of the thermal speed to the Alfven speed. 

The constant, C2, is the ratio of thermal to internal ener'g~. 



Continuing with t h e  der iva t ion ,  combine 11.2.5-7 t o  g e t  

Combining 11.2.3 and 11.2.6 wi th  a wel l  known vector  i d e n t i t y  

y i e l d s  

For convenience, we c o l l e c t  our r e s u l t s  t o  t h i s . p o i n t  and presen t  

t h e m  i n  s c a l a r  form. The one-dimensional con t inu i ty  equation i s  

a 1  + 1 a b u r ) .  = o 
a t  r ar  

The momentum equation i s  

The energy equation i s  

a - T + u a T = CZT a cur) + c3 (J$+ ~ $ 1  + c4 a - ( ~ l a _ ~ )  - - - a t  a r r ar Pa prar  a r  



The f i e l d  equations have been combined t o  give 

The equations a r e  not y e t  i n  t h e i r  f i n a l  form. By d i f f e ren t i a t ing  

t h e  momentum equation with respec t  t o  time and subs t i tu t ing  the  

above expressions f o r  8 3 ,  a T..and a B we w i l l  generate a  s ing le  ord- - 
a L a t '  a l; 

inary  d i f f e r e n t i a l  equation f o r  the  plasma veloci ty .  We show only 

the f i r s t  few s t eps  of t h i s  procedure. Taking a  time der iva t ive  

of 11-2-16 and using 11.2.8 y i e lds  

Subs t i tu t ing  II.2.15,17,18 and 19 (gives 



where 

Omitting several  pages of algebraic  manipulation we .now wri te  

11.2.20 i n  i t s  f i n a l  form. 

where 



with N ,  Z ,  Q and S given by equations 11.2.22-25 respect ively.  

2 - B )  I n i t i a l  and Boundary Conditions f o r  the  One-Dimensional 

Transport Equations 

Equations 11.2.15, 17, 18, 19 and 26, when combined with 

proper i n i t i a l  and boundary values a r e  solved f o r  p ,  T, and u 

f o r  a l l  time and space. The f i e l d  and energy equations form a 

parabol ic  system, The cont inui ty equation i s  formally hyperbolic 

while the momentum equation i s  an ordinary d i f f e r e n t i a l  equation 

w i t h  a two poin t  Boundary conditiorc. I i i i t ial  values of p ,  TI 

and - B a r e  needed f o r  a l l  r a d i a l  posi t ions.  Boundary values t o  be 

spec i f ied  as funct ions of time a r e  wr i t ten  f o r  temperature (or az), 
a r 

magnetic f ie ld  (or a BI and pl.asma vsl..nc.j..ty. Since the momentum 
aT 

equation does not contain i n e r t i a l  terms, there  should be no need 

t o  prescr ibe  t h e  ve loc i ty  on the  boundary. However, i n  our 

der iva t ion ,  a time der iva t ive  of the  momentum equation i s  taken, 

thereby re-introducing thc  need f o r  spec i f ica t ion  of 1.1 on t h e  

boundary. 



The purpose of the  ca lcu la t ion  i s  t o  follow t h e  plasma evolu- 

t i o n  a f t e r  it has been heated. T h i s  is a long time sca le  problem 

i n  which plasma behavior i s  d ic t a t ed  by d i s s i p a t i v e  processes t h a t  

respond t o  specif ied i n i t i a l  conditions.  The plasma i s  no longer 

driven by external  cur rents  a s  i n  the  s tar t -up calculat ion.  There- 

fore ,  boundary conditions play a passive r o l e  i n  the  t ranspor t  

computation. Equation 11.2.19 f o r  the  time evolution of B, i s  re- 

wr i t ten  f o r  the  case 

where Y i s  the poloidal  f lux  function described e a r l i e r .  Sub- 

s t i t u t i n g  the  above i n t o  51.2.19 y ie lds  

Physical arguments a r e  then used t o  appropriately prescr ibe $Ct) 

on the  bound&$. 

Since de ta i l ed  s p a t i a l l y  resolved experimental da ta  i s  not - 

always ava i lab le ,  some assumptions must be made when specifying 

i n i t i a l  conditions. These assumptions a r e  based on experimental 

data kiivwrl  with cer ta in ty .  The physical arguments and assumptions 

made spec i f i ca l ly  f o r  Torus-I1 a r e  presented i n  chapter I11 

sect ion 2. 



3.1 Zero-Dimensional Atomic Physics Model 15 

This is primari ly  an atomic physics p i c tu re  of t h e  evolution 

of a l l  ion ic  species  while maintaining energy balance. The basic  

equations can be s p l i t  i n t o  th ree  groups. F i r s t l y ,  there a r e  

spec ies  equations t o  be solved, These equations follow the  ion- 

i z a t i o n  and recombination processes of the  main f i l l i n g  gas and 

all impurity elements through.a l1  charge s t a t e s .  Secondly, we 

consider energy equations f o r  two f l u i d s ,  i . e .  e lec t rons  and ions. 

Thirdly,  ohmic heat ing power supplied i n t o  the  plasma must be 

modeled, We forgo  any de ta i l ed  c i r c u i t  modeling of ex terna l ly  

programmed currents  and the  coupling t o  t h e  plasma current.  Instead, 

t h e  plasma cu r ren t  i s  prescribed a s  a known function of t h e .  Em- 

phas is  i s  placed on including a l l  t h e  necessary physics i n  t h e  

energy and species  equations. 

Consider f i r s t  the  species  equations. Let 4 denote t h e  num- 

ber dens i ty  of element x w i t h a  charge of z.  The r a t e  equation i s  

- 3 
where ne = e lec t ron  number dens i ty  (cm 1 

S' = a o l l i ~ i o n a l  ioniza t ion  r a t e  coe f f i c i en t  f o r  atom x with 
X 

a charge s t a t e  of z (cm3/secl 



Z 
a = total recombination rate coefficient for atom x X 

with a charge state of z (cm3/sec) . 

The ionization and recombination coefficients can be obtained from 

various sources. 16'17'18 While each source presents the same func- 

Z 
tional dependence of Sx and a: on temperature and density, they 

each warn that no simple analytical formula is exact. For conven- 

ience, the formulation of (16) is used. The ionization coefficient 

where Te = electron temperature CeV) 

Z .  
Ex = the ionization energy required to produce charge 

state Cz + 1) of atom x CeVl 

The recombination rate coefficient includes both radiative recomb- 

ination and three-body recombination. 

The'radiative recombination rate coefficient is 



The three-body recombination rate coefficient is 

For an element of atomic number Zx, we note that equation 11.3.1 

is only true for z=l,..,CZ,-1). The rate equation for the neutral 
. . 

species is 

The rate equation for the Zx charge state is 

The equations as written, conserve the total number of particles 

for a given species, x. Consider any species,.then the total num- 

ber.density of x i s  given by 

This number must remain constant. To show that this is true, we 

sum the rate equations for z=O,l, ... Zx to get 



2-1 
The contr ibut ion t o  the r i g h t  hand s ide  due t o  dn, i s  almost 

d t  
e n t i r e l y  canceled by the contr ibut ion due t o  s. The remain- 

z  Z 
d t 

Z+l=z+l) which a r e  ul t imately canceled by ing terms a r e  (-nxSx + nx 

t h e  contr ibut ion from &?. This implies t h a t  nx i s  independent 
d t  

of time a s  desired. 

The electron number densi ty  i s  

where the  inner  ~UmmatioIi gives the  contr ibut ion t o  t h e  t o t a l  num- 

ber of e lectrons from any given species ,  x, and the  outer  summation 

i s  the contr ibut ion from a l l  the  species. Siinilarly,  the  ion num- 

ber densi ty  i s  

Next we consider the energy equations (actually a power bal-  

ance).  For the  electron temperature, 



For the ion temperature, 

where each term on the r igh t  hand side of both energy equations 

has uni ts  of ev/cm3/sec. These terms represent various power gains 

and losses. They are, 

'ohm = ohmic..heating power input t o  the plasma 

P = electron-ion energy exchange r a t e  eq, e i  

' b r a  = continuum radiated power due t o  bremsstrahlung rad- 

i a t ion  

P = power associated with ionization of a l l  species 
ion 

= power a s s ~ c i a t e d  with electron-ion recombination pro- 

cesses 

P = power associated with l i ne  radiation of a l l  species 
1.r 

Fcdif f = power associated with transport losses for  a steady 

s t a t e  c lass ica l  plasma 

Ptdiff = power associated with enhanced transport losses due 

to f i e l d  fSirctuat.ions 

'add, e = phenomenological power terms for  electron and/or ion 
I 

equation specif ica l ly  for  experiment being simulated 

P = power associated with heating of ions 
heat 

Analytic formulae are  used t o  model each power term. The 

ohmic heating power delivered t o  the electrons i s  



where.n i s  the  plasma r e s i s t i v i t y  i n  u n i t s  of ohm-m and J i s  t h e  

t o t a l  plasma cur ren t  dens i ty  i n  amps/m2. The electron-ion energy 

exchange r a t e  i s  given by (19) a s  

P zx z 2 = 7 . 9 5 ~ 1 0 - ~ ~  n (Te-Ti) l n A ' { g L  ( Z z l n x ~  ) }  11.3.14 
eq, e i  e 

~ h *  Mx 

where A = 1.55 x l 0 l o  ( ~ : / n ~ ) ' ~  T& 36.2 eV 

5.61 x 1011 (Te/n ) 0 5  T > 36.2 eV 
e . e 

M i s  t h e  mass (grams) of one p a r t i c l e  of species  x. The power 
X 

due t o  bremsstrahlung r ad i a t ion  i s  given by (20) a s  

P 
z x 

= 1.06 x 1 0 - ' ~ ~ ; 5 n ~  C ( 1 n:z2) 
brem X z=1 

The power l o s t  due t o  the  i on iza t ion  of a l l  species  i s  

P 
1 z z z  

ion  
= z (ZX-  E n s ) 

ne x 2=0 x x x 

The power l o s t  through recombination processes i s  

Assuming t h a t  a l l  l i n e  r ad i a t ion  r e s u l t s  from r a d i a t i v e  decay 

following c o l l i s i o n a l  exc i t a t i on  of the  ground s t a t e  of t h e  var ious  

ionization l e v e l s ,  we use an expression f o r  t h e  rad ia ted  power l o s s  



due t o  the resonance l i n e  of an ion i n  a corona model plasma. 

From (21),  

where f i s  an averaged o s c i l l a t o r  s t rength  f o r  t h e  resonance l i n e s  

z 
of species  x i n  charge s t a t e  z. The t e rm AE is an averaged ex- 

X 

c i t a t i o n  p o t e n t i a l  (eV) . 
The c l a s s i c a l  t ranspor t  power l o s s  t e r m  i s  

where T i s  an energy confinement time based upon c l a s s i c a l  argu- 
C 

ments. The enhanced t r anspor t  power l o s s  term i s  

where .rt i s  an energy confinement time modified due t o  f i e l d  f luc-  

tua t ions .  Similar ly,  the  phenomenological power losses  a r e  given 

where the  subscr ip t  "e" denotes e lec t ron  and " i n  denotes ion. 

Such a term is used t o  compensate f o r  any addi t iona l  a r b i t r a r y  



l o s s  not explicitLy taken i n t o  account above. The power assoc- 

i a t ed  with the  heating of ions is given i n  ( 9 ) .  Ions gain energy 

by sca t t e r ing  ion-acoustic f luc tua t ions  thereby obtaining some of 

the  wave energy. 

where the  bracketed term is t h e  r a t i o  of the  energy content of the  

plasma waves r e l a t i v e  t o  the  plasma energy. This i s  a  good measure 

of t h e  turbulence associated with the  exc i t a t ion  of longi tudinal  

plasma waves. 

The two energy equations together with the ( Z x + l )  ion r a t e  

equations f o r  each species,  x ,  form a coupled system of non-linear 

ordinary d i f f e r e n t i a l  equations. To solve f o r  ion temperature, 

e lectron temperature, ion dens i t i e s  and neut ra l  atom dens i t i e s ,  

a l l  a s  functions of time, we must prescr ibe i n i t i a l  values f o r  TeI 

Ti, ( for  a l l  x  and z )  a s  well  a s  plasma current  densi ty  a s  a  

function of time. 



111. NUMERICAL METHODS 

l.A) Solution of the MHD Equations With Inertia 

The solution of the equations is similar to that of Lui and 

10 
Chu. Here we sketch the solution and discuss the significance 

for this new work, i.e. how the equations are modified to repre- 

sent Torus-11. 

We non-dimensionalize all variables discussed in chapter 11, 

seetiun 1. Let 

where a,, po and Koare the initial electrical conductivity, plasma 

mass density and thermal conductivity respectively. B, is a char- 

acteristic value of magnetic field and "a".is the plasma chamber 

half-width. First we write the parabolic equations for 'P, x and T 

in the form (dropping tilde notation) 



where 5 = r ly ] .  The scheme i s  impl ic i t  i n  a l t e rna t ing  d i rec t ions  

. ' 14 
(ADI) .  Thus, fo r  one time s tep ,  subscript  "i" r e f e r s  t o  the r a d i a l  

coordinate and the next , t ime s t e p  it r e f e r s  t o  the  v e r t i c a l  coord- 

inate .  The hyperbolic equations a re  wri t ten i n  conservation law 

form. 

with W =  - 

M I  N,  S and F represent r a d i a l  and a x i a l  fluxes of mass and momen- - - - - 

turn, the  lower order source terms representing curvature e f fec t s  

' 

and the  forcing terms due t o  J x B. To solve the  s e t  of equations, - - 

we wri te  



where $ and 2 a r e  non-unique, 4 x 4 matrices. We use 

An AD1 method is ' a l so  used f o r  t h e  hyperbolic equations. A pre- 

d i c t o r  value, W*, i s  calculated by an e x p l i c i t  Lax-Friedrichs 22 - 
scheme using known values a t  the old  time s tep .  This W* i s  used - 
f o r  nonlinear terms i n  the  parabol ic  equations. We then ca lcu la t e  

n+l n+l and Tn+l n+l 
Yi -. , x i,j i, j' 

Then W i s  obtained by solving the  hyper- 
r J  -- 

bo l i c  equations with - S given by - 5  (s" - + - S* ) , by .5 (F" + F "+11, - - 

AW by . ~ ( A " w ~  + A*W*) and BW by - 5  (B? + B*W*). 
'L- 'L - 'L - 'L- 'L - 'L - 

To improve numerical s t a b i l i t y ,  a Lapidus-type pseudo v is -  

cos i ty  i s  included. Now we proceed t o  the modifications made 

f o r  Torus-11. (Note: For Torus-I1 operating ranges we can e a s i l y  

show t h a t  L>> A d  and I p/Vpl >> r a s  i s  necessary f o r  the  f l u i d  
g 

theory t o  be applicable.) 



l.B) Modification of the MHD Equations With Inertia 

For the simulation of Torus-11, emphasis is placed on trans- 

port modeling, a new low density treatment, more realistic boundary 

conditions and radiation losses. 

(i) Transport Modeling 

We consider kinematic viscosity, thermal conductivity, elec- 

trical conductivity, radiative losses and incomplete ionization 

effects. 

The ion kinematic viscosity coefficient scales as 

where Ti is the ion collision time, Mi is the ion mass and Ti is 

the ion temperature. The corresponding dissipation time scale is 

on the order of 1 msec. This is much longer than the heating time 

of 4 psec. Thus, no kinematic viscous effects are included in the 

equations. 

We are principally concerned with cross field thermal con- 

duction. Using classical perpendicular ion thermal conductivity, 

two cases were studied. A realistic time and'space dependent 

conductivity and a constant conductivity model. It was found that 

any non-smooth behavior in K during the heating phase leads to 

temperature singularities and eventual code failure. This occurs 

quite readily since 



O u r  treatment of energy l.osses i s  not exact i n  other  more important 

respects-radiat ion,  ion iza t ion ,  impurity transport-Thus, t h e  second 

model has been adopted where the  thermal conductivity i s  maintained 

a t  an appropriate fixed value. 

F ie ld  and mass d i f fus ion  a r e  control led by t h e  e l e c t r i c a l  re- 

s i s t i v i t y .  F ie ld  soak-in times sca le  a s  

Class ica l  Spi tzer  values of q f o r  temperatures of 100 eV ykeld 

T~ Q 1 msec. Experimental r e s u l t s  c i t e d  e a r l i e r  i nd ica te  t h e  ex- 

i s t e n c e  of an anomalously high r e s i s t i v i t y  r e su l t ing  from plasma 

turbulence. Physical ly ,  t he  f a s t  t o ro ida l  f i e l d  reversab dr ives  

l a rge  poloidal  e l e c t r i c  f i e lds .  When t h e  electron d r i f t  ve loc i ty  

g rea t ly  exceeds the  ion  acoust ic  speed, unstable plasma ion waves 

d r ive  microturbulence on the  plasma edge. The turbulence "digs" 

i n t o  t h e  plasma r e s u l t i n g  i n  t h e  rapid soak-in of the  f i e l d  observed 

experimentally ($5 psec) .  Typically,  n inon  i s  two orders  of mag- 

ni tude grea ter  than nclass. The r e s i s t i v i t y  i s  scaled l i n e a r l y  

with the  e l e c t r i c  f i e l d  a s  i n  (8). 

where Jo is  the  maximum computed current  density and 



is the empirical Buneman resistivity. To avoid numerical difficulty 

in regions of low current density, a cutoff value is set for q such 

that 

The anomalous resistivity is used for the initial 4 psec of 

the toroidal field reversal. We then switch over (within 2 psecl 

to a Spitzer resistivity for the remainder of the simulation. The .~ 

above model has proven quite effective in simulating Torus-I1 as 

shall be shown in the next chapter. 

Two different radiation models are used in the heating phase 

calculations. The first method is quite simple. Energy losses 

not accounted for otherwise, are lumped into a zero-dimensional 

con£ inement time parameter ( T ~ ~ ~  ) in the energy equation. It is 

chosen ( ~ 1 5  psec) to match experimental results for the ion temper- 

ature decay as obtained from spectroscopic measurements. It has 

the advantage of simplicity while generating realistic plasma be- 

havior. In particular, as temperature decreases, there is an in- 

crease in the classical resistivity (%8i"1*5) resulting in a decay 

of plasma current. In the second case, power loss is calculated 

from radiation curves giv~n in (23) for different elements. The 

dol~iri&il: inlpu~ities irk Torus-I1 tire silicun arid uxyywl. They dfe 



p r e s c r i b e d  a s  a f i x e d  percentage  of  t h e  plasma d e n s i t y .  The fun- 

damental assumption of t h i s  model i s  t h a t  t h e  plasma i s  i n  co rona l  

equ i l ib r ium.  T h i s  i s  n o t  a good assumption dur ing  t h e  hea t ing  

phase  of  Torus-11. Its primary advantage over  t h e  f i r s t  method, 

(zero-dimensional  l o s s  t e rm) ,  i s  i t s  s p a t i a l  dependence. S ince  it 

i s  r a t h e r  cumbersome t o  use  and computa t ional ly  t i m e  consuming 

we've opted f o r  t h e  zero-dimensional l o s s  model dur ing  t h e  hea t ing  

phase .  

I o n i z a t i o n  l o s s e s  a r e  accounted f o r  by d e l i b e r a t e l y  programming 

l e s s  p o l o i d a l  f l u x  through t h e  h o l e  i n  t h e  t o r u s  than t h e  e x t e r n a l  

c o i l s  a r e  capab le  o f  d e l i v e r i n g .  This  a u t o m a t i c a l l y  s t i p u l a t e s  

t h a t  n o t  a l l  energy i s  a v a i l a b l e  f o r  h e a t i n g .  

(ii) A N e w  Low Densi ty  Treatment 

A s  i n  e a r l i e r  works ( e . g .  ( 1 0 ) )  a low d e n s i t y  c u t o f f  va lue  i s  

p r e s c r i b e d  for  two reasons .  F i r s t ,  we wish t o  avoid  t r ea tmen t  of  

a vacuum r e g i o n  and a vacuum-plasma-boundary. Secondly, f o r  extreme- 

l y  low d e n s i t y ,  t h e  Alfven speed becomes l a r g e .  The Courant-Lewy- 

F r i e d r i c h s  number grows such t h a t  e x p l i c i t  schemes become uns tab le  

and i m p l i c i t  schemes lase accuracy.  Typically, 1-10% of t h e  i n -  

i t i a l  f i l l  d e n s i t y  i s  used. 

I n a c c u r a c i e s  may s t i l l  c r e e p  i n t o  t h e  c a l c u l a t i o n .  Thus, 

every  %lo0 t ime s t e p s  each p o i n t  i s  t e s t e d  t o  s e e  i f  it i s  i n  a 

low d e n s i t y  region.  T h i s  i s  done by s impl ing c a l c u l a t i n g  an average 

d e n s i t y  based upon neighboring p o i n t s .  For example, 



If this averags decsity is significantly less than the peak plasma 

density, it is considered to be in a low density region. If that 

is the case, we proceed to smooth out any large grdients in Y and x 

by a simple averaging process. For the poloidal flux, 

+ yilj + + 'it j+l + yi - yi+l ,.j - 
I j -1 'it j) smooth 

A similar expression is written for x . This simple method i , j ) smooth 
has helped tremendously to squash numerical fluctuations. It has 

also been useful in simulating the physics of Torus-11. Recall that 

the vacuum vessel of the torus is an insulator. Thus, any open 

field lines that intersect it must carry zero current. Invariably, 

simulations have shown that these field lines exist in regions of 

Idw plasma density. Since J - is obtained by differentiating Y and x 

we are closer to the condition J - Z 0 by smoothening out these two 

variables in such regions. 

Another phenomena to be modeled is that the low density region 

is probably loaded with all kinds of neutral species. To account 

for this the resistivity is artificially fixed at r) thereby main- 
0 

taining a large resistivity even when J - is small. This is quite 

different from our treatment of the resistivity in the turbulent 



high density plasma region. (See eqn. III..1.5) Augmenting the 

resistivity serves to kill off any remaining currents not taken 

care of by the filtering described above. 

Another characteristic worth simulating is that while the 

impurity levels may be Q1-2% in the bulk of the plasma, they are 

probably quite high sn the low density region. When the average 

ion model is used for radiation losses, the impurity levels in 

the low density region are fixed at 50% oxygen and 50% silicon. 

(iii) Torus-I1 Initial and Boundary Conditions 

For this heating simulation we start from post z-pinch 

conditions. Initial conditions play a passive role in deter- 

mining the final plasma state, whereas, the boundary specifications 

for Y and x are directly responsible for plasma formation and heat- 

inq. Most of our attention has been directed towards realistic 

modeling of boundary conditions. Only a brief statement regarding 

initial conditions is necessary. 

The initial density profile is specified in accordance with 

the total mass of plasma expected after heating. The original 

11criljl~L Lu w i d L l ~  r ; rLiu  i b  Lahurr Lu Lu 2: 1. A uriiEl:l~ri~ teiqleraturc 

of 1 eV is prescribed everywhere- Pressure is readily calculated 

from the ideal gas law. The fluid is initially at rest. Complete 

experimental data for the negative toroidal bias field is available 

along the horizontal midplane. (Figure 111.1) The depth of the 
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Figure  111.1. I n i t i a l  t o r o i d a l  magnetic f i e l d  p r o f i l e  along 

h o r i z o n t a l  midplane f o r  Torus-I1 h e a t i n g  phase 
s imula t ion .  

we l l  dec reases  wi th  d i s t a n c e  away from t h e  midplane. A p e r f e c t  l/r 

dependence i s  p r e s c r i b e d  everywhere above t h e  plasma. A t o r o i d a l  

plasma c u r r e n t  of 35 kA i s  assumed. T h i s  i s  i n t e g r a t e d  once t o  g i v e  

t h e  z-component of  magnetic f i e l d  and i n t e g r a t e d  again  t o  g i v e  t h e  

p o l o i d a l  f l u x  everywhere. 

W e  have a l r e a d y  d i scussed  t h e  boundary c o n d i t i o n s  r equ i red  by 

t h e  d i f f e r e n t i a l  equat ions  ( Chapter  I1 Sec t ion  1.B). However, t h e  

d i f f e r e n c e  schemes r e q u i r e  a d d i t i o n a l  boundary s p e c i f i c a t i o n s  f o r  

plasma d e n s i t y  and t h e  remaining components of v e l o c i t y .  Thus, 

f o r  boundary cond i t ions ,  t h e  temperature i s  h e l d  a t  1 eV, the normal 



component of ve loc i ty  i s  zero and a l l  o the r  ve loc i ty  components a s  

wel l  a s  plasma dens i t y  a r e  extrapolated a t  t h e  wall .  Since t h e  

simulation i s  performed f o r  t h e  upper ha l f  plane only; symmetry con- 

d i t i o n s  a r e  used on t h e  hor izonta l  midplane. The even var iab les  

a r e  

Y (+z) = Y(-z) 

x (+z) = x(-z) 

p(+z)  = P ( - 2 )  

T (+z) = T (-2) 

v  ( + z )  = vr(-z)  r 

while v  and v  a r e  taken t o  be odd about z=0, Since t h e  plasma 
@ 2 

chamber wal l  i s  non-conducting, Y and x must be prescr ibed a s  func- 

t i o n s  of both space and time. Figure 111.2 shows t h e  c o i l  geometry 

of Torus-I1 i n  d e t a i l .  

From Ampere's law, x i s  given i n  terms of c o i l  cu r r en t s  through 

t h e  hole  i n  t h e  v e r t i c a l  d i r ec t i on .  For a  c i r c u l a r  path arourid t he  

wall 
(t) = 2 I ( t )  

e 

We spec i fy  y, (t)  independent of pos i t i on  s ince  poloidal  cur ren ts  
wal l  

can no t  l eak  i n t o  o r  o u t  of t he  device.  A simple l i n e a r  time de- 

pendence i s  used which preserves  cont inu i ty  of x 
wall  ( t = O )  and t h e  

i n i t i a l  condi t ion described e a r l i e r .  



. . 

Copper plates- Carry external 

- -. . 

Copper plate (as above) 
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Figure 111.2. Torus-I1 c o i l  geometry. 



where t i s  1.7 psec f o r  Torus-I1 and x is a  measure of t he  
P  i n i  t 

i n i t i a l  t o r o i d a l  b i a s  f i e l d .  I t  is c r u c i a l  t o  t h e  amount of heat-  

i n g  performed by t h e  t u rbu l en t  po lo ida l  cu r r en t s  generated upon 

t h e  r eve r sa l  of t h e  b i a s  f i e l d .  The experiment can be operated a t  

d i f f e r e n t  hea t ing  power l eve l s .  The parameter x i s  adjusted 
f i n a l  

t o  g ive  t h e  proper f i n a l  vacuum t o r o i d a l  f i e l d  which i s  d i r e c t l y  

r e l a t e d  t o  t h e  heat ing power used i n  t h e  lab .  We simulate two heat-  

i n g  schemes, t h e  so  c a l l e d  qua r t e r  power (12 GW) and ha l f  power ( 2 5  

GW) cases .  For t h e  qua r t e r  power ca l cu l a t i on  x is  s e t  equal t o  
f i n a l  

6 x 1 0 ~  G-cm while f o r  t h e  ha l f  power case we use 8 . 3 ~ 1 0 ~  G-cm. Such 

condi t ions  y i e l d  a  vacuum t o r o i d a l  f i e l d  of 2700 G and 3700 G re-  

spec t ive ly  a t  t h e  major radius  of t h e  device.  

The po lo ida l  f l u x  funct ion,  Y ,  is r e l a t e d  t o  t h e  primary t rans-  

former f l ux ,  t h e  ex t e rna l  v e r t i c a l  f i e l d  f l u x  and the  f l ux  due t o  

t o r o i d a l  plasma cu r r en t s ,  I n  t h e  one dimensional ana lys i s ,  given a 

value of po lo ida l  f l ux  passing through the  cen te r  of t h e  device 

('hole 
1 ,  w e  i n t e g r a t e  var ious  v e r t l c a l  f l e l d  p r o f i l e s  t o  g e t  Y a t  

t h e  ou t e r  wal l .  This  i s  s imi l a r  t o  t he  e a r l i e r  work of H.C. Lui. 

I n  t h e  two dimensional ana lys i s  we consider t h e  e f f e c t s  of t h e  

non-conducting s l d e  wal l s ,  t h e  conducting copper p l a t e s  on t he  top 

and bottom of t h e  device and t h e  t o r o i d a l  plasma cur ren t .  For 

both analyses ,  r e a l i s t i c  values f o r  Y a r e  obtained using inductance 

codes. This i s  a  major dev ia t ion  from the  Lui formulation. 



The reg ion  of  computation i s  15  cm < r < 30 cm and 0 cm~<15.75cm..  - - - -  . 

This  i s  l a r g e r  than  t h e  plasma chamber. Such a domain i s  convenient  

because of  t h e  n a t u r a l  boundary c o n d i t i o n s  along t h e  end l ines  of z .  

S p e c i f i c a l l y ,  a t  z=0 e x i s t s  t h e  h o r i z o n t a l  p lane  o f  symmetry. The 

r e f l e c t i o n  cond i t ion  Y(-z)=Y(+z) d i scussed  above is  invoked he re .  The 

boundary a long z=15.75 cm co inc ides  wi th  t h e  l o c a t i o n  o f  t h e  upper 

copper p l a t e .  These copper p l a t e s  c a r r y  p o l o i d a l  c u r r e n t s  caus ing 

t h e  r a p i d  r e v e r s a l  i n  t o r o i d a l  magnetic f i e l d .  For t h e  t ime s c a l e s  

o f  t h e  s imula t ion ,  t h e  p l a t e s  a r e  modeled a s  f l u x  s u r f a c e s .  

Y ( r ,z=15.  75, t)  = Y (t) 
t o p  

Along t h e  i n n e r  and o u t e r  wa l l s  t h e  f l u x  i s  p r e s c r i b e d  a s  a  f u n c t i o n  

of  t i m e  and h e i g h t .  

The boundary va lues  of  Y a r e  ob ta ined  from EFFI and C o i l s .  The 

t o r u s  i s  approximated by 40 t o r o i d a l  windings (Figure  111.3) a l l  

of  dimensions comparable t o  t h e  windings on t h e  dev ice  i t s e l f .  

Various combinations a r e  run t o  s imula te  d i f f e r e n t  t imes  i n  t h e  exp- 

periment 

I i n n e r  
= I = { ' 0 0  " 

100 kA 



Figure 111.30 Current winding distribution used in 
COILS computation of leakage pattern. 

... . . 
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The results from Coils were surprising. Depending upon the combina- 

tion of currents used, the flux through the hole (i.e. Y at any of 

coil positions 1-12) was 3-8x10~ ~-crn~ (.03-. 08 V-sec) which is re- 

markably close to experimental values of .08 V-sec deliverable by 

the inner transformer. Also from Coils, we consistently found that 

Y % .85 Yhole. This implies that 15% of the flux in the hole 
top 

leaks back into the vacuum vessel. Another surprising result from 

Coils was that Y % 1.25Yhole which implies that the flux due 
outside 

to the outer toroidal windings is almost as important as that due 

to the inner transformer. Thus it is indeed not appropriate to refer to 

these . windings as "vertical field-ohmic heating" coils. The final 
/ 

startling result was that the copper plates have a current of 12- 

25 kA induced flowing opposite to the outer coil currents on the 

outside of the device and returning on the inside of the device. 

These results are summarized in Table 111.1. Equipped with the cur- 

rent distributions supplied by the Coils code, we then use EFFI to 

obtain more detailed information on the magnetic field distribution. 

Results are shown in Figure 111.4 for a plasma current of 35 kA, 



I 
o u t e r  

Y 
hole  

'outside 

'p la tes  

Table 111.1 

Summary of Co i l s  Resul ts  

Average 'B 
z 

on l e f t  

Average B, 
on r i g h t  

inner  winding cu r r en t  of  220 kA and an ou t e r  winding cu r r en t  of 90 k A .  

For comparison, two cases  a r e  shown, with and without copper p l a t e s .  

EFFI c l e a r l y  shows t h e  leakage e f f e c t s  due t o  t he  geometry of t he  

ex t e rna l  windings. Note t h a t  while EFFI a l s o  gives  Y - .03 V-sec, 
hole 

t h e  purpose of these  codes is  not t o  e x t r a c t  exac t  numerical values 

f o r  Y along the  boundary. Rather, t h e  codes a r e  used t o  answer t h e  

following quest ions .  How do Y 
top1 'hole and Y 

compare with 
ou ts ide  

eachother? What a r e  t h e  leakage pa t te rns?  Where i s  the  leakage 

most important? What i s  t he  approximate numerical value of Y 
hole-  

Are t h e  ex te rna l  t o r o i d a l  cu r r en t s  performing the  tasks  f o r  which 



Figure I11.4.A 
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they were o r i g i n a l l y  designed? A l l  of these  questions have been 

s a t i s f a c t o r a l l y  answered. Indeed the  prescr ibed boundary condit ions 

f o r  Y in  t h e  heat ing ca l cu l a t i on  were giveh a  form t h a t  produces 

t he  same leakage p a t t e r n  a s  t h a t  obtained through the  inductance 

ca lcu la t ions .  

By using t h e  inductance codes a s  described above we accurate ly  

simulate t h e  heat ing phase of t h e  experiment. The quest ions  r a i s ed  

and answered by t h e  inductance ca lcu la t ions  a r e  l i s t e d  above. From 

the  heat ing simulation we wish t o  answer t he  following s e t  of ques- 

t i ons .  What a r e  t h e  e f f e c t s  of anomalous t ranspor t?  How does it 

compare with c l a s s i c a l  t ranspor t?  What i s  t he  plasma current?  What 

do t h e  f l ux  sur faces  look l i k e ?  What is t h e  magnetic f i e l d  p r o f i l e ?  

How is t h e  plasma confined? What a r e  t h e  plasma temperature and 

pressure  p ro f i l e s?  What i s  t h e  heat ing mechanism? Can we form a  

high be ta  equilibrium? 



2.A) Solut ion of t h e  MHD Equations Without I n e r t i a  ( 1 - D  Diffusion) 

The d i s c r e t i z e d  forms ofequat ions  11.2.15, 17, 18,  19 and 26 

a r e  omitted. Fu l ly  i m p l i c i t ,  space centered d i f fe rence  schemes a r e  

used. However, we do wish t o  po in t  o u t  t h a t  when each nf these  q u a -  

t i o n s  i s  d i s c r e t i z e d  they are a l l  of the s a m e  form, SymbolicalLy, 



A d o u b l e ~ w e e ~ ~ ~  method is used t o  solve each equation thereby gener- 

n+l  n+l  n+l  
a t i n g c  , T  , B  a n d p  n+l f o r  a l l  pos i t i ons .  Given i n i t i a l  

values f o r  dens i ty ,  temperature and magnetic f i e l d ,  we solve 111.2.5 

t o  ob ta in  t he  appropria te  ve loc i ty  d i s t r i b u t i o n .  This i s  kept a s  

t he  o ld  ve loc i ty ,  5 7 .  Equations 111.2.1-4 a r e  then solved i n  succes- 

s idn  f o r  t he  new dens i ty ,  temperature and magnetic f i e l d  p r o f i l e s  . 
A l l  new cu r r en t s  may then be computed by Ampere's. law and t h e  new 

f i e l d  information. This  i n f o h a t i o n  is used when solving f o r  t h e  

new temperature p r o f i l e .  The f i n a l  s t e p  i s  t o  c a l c u l a t e  t h e  new 

n+ 1 n+ 1 
t r anspo r t  c o e f f i c i e n t s  a and K . We then solve equation 111.2.5 

j j 

f o r  t he  new d i f fu s ion  ve loc i ty .  The so lu t i on  f o r  t h e  new time s t e p  

i s  then complete. The e n t i r e  procedure i s  then repeated.  

B) The MHD Equations Without I n e r t i a  and Torus-I1 

Once again,  f o r  Torus-I1 t h e  emphasis i s  placed upon t r anspo r t  

modeling, t h e  low dens i ty  treatment and r ad i a t i on  losses .  For t h i s  

phase of our  work we s t r e s s  i n i t i a l  condi t ions  over boundary con- 

d i t i o n s .  Recall  t h a t  t h e  t h r u s t  of t h i s  work i s  t o  simulate t h e  

high be ta  tokamak s t a t e .  

(i) Transport  Modeling 

Once again kinematic viscous e f f e c t s  a r e  ignored s ince  t he  dur- 

a t i o n  of t h e  experiment i s  - < 40 psec. 

Since we a r e  no longer d r iv ing  the  plasma on a  f a s t  time sca l e  

one would expect t h a t  some of t h e  f l uc tua t ions  which forced us t o  

use a  constant  thermal conduct ivi ty  would no longer be important. 



Indeed t h i s  i s  p a r t i a l l y  t rue .  Since B i s  no longer rap id ly  re -  
0 

versed and t h e  plasma temperature p r o f i l e  i s  smoother than during 

t h e  heat ing phase, we can s e t  

However, t h e  code can not  handle t h e  n2 dependence i n  t h e  thermal 

conduct ivi ty .  The reason i s  simple.   he Torus-I1 plasma is nar- 

row (a= 3 c m )  and dense (npeakQ1015cm-3) . I f  K i s  allowed t o  be 

propor t iona l  t o  n2 we found t h a t  t h e  thermal conduct ivi ty  drops 

d r a s t i c a l l y  i n  t h e  low dens i ty  regions  r e s u l t i n g  i n  u n r e a l i s t i c  hea t  

concentra t ions  and temperature spikes .  
. ,  ... Thus, we use 111 -2 .6  

thereby allowing K t o  vary somewhat both i n  space and time. 

The plasma turbulence discussed e a r l i e r  is  not  a  f ac to r  during 

t h e  hiqh be t a  tokamak phase. Therefore,  t he  e l e c t r i c a l  resistivity 

i s  modeled c l a s s i c a l l y .  I ts  value i s  given by ( i n  seconds) 

f u ~  T in vV a i d  a Z uf 2, where InA i s  t h e  usual  Coulomb 
e f f e c t i v e  

logarithm. We do not use a  constant  value f o r  t h e  Coulomb loga- 

r i thmbut  r a t h e r  l e t  

A Q ( ~ ~ / p ) "  

This  i s  done s ince  f o r  Torus-I1 operat ing parameters, t h e  Coulomb 



logarithm can vary by as much as a factor of three. We get, 

This can make the difference between a 20 psec diffusion time scale 

and a 60 psec diffusion time scale. For a device with a total pulse 

length of 50 psec, such discrepancies are important. 

The radiation losses are simulated exclusively by using the 

average ion model of (23). Briefly, when the electron collisional 

ionization rate is exactly balanced by the total recombination rate,', 

. o  

a "coronal equilibrium" exists. Radiation is caused by bremsstrah- 

lung, radiative decay due to An=O and An#O line transitions follow- 

ing electron collisional excitation, radiative recombination and 

dielectronic recombination. Post gives results for the ("coronal 

equilibrium") radiation obtained by solving the time dependent, 

atomic physics, rate equations (similar to those presented in Chapter 

I1 ~edtion 3) until a steady state is reached. Radiation power 

levels for silicon and oxygen as functions of temperature are given 

in Figure 111.5. The Torus-I1 plasma does not exactly satisfy the 

condition fnx coronal equilibrium given by (25) as 

It should be a fairly good approximation since, for Torus-11, the 

above will read (for oxygen and silicon at 100 eV) 
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However, s i n c e  it does provide  us  wi th  u s e f u l  informat ion  on time 

and spatially varying coo l ing  r a t e s  it has  been inc luded i n  t h e  c a l -  

c u l a t i o n .  

(ii) Low Density Treatment 

To r e p e a t ,  f o r  t h e  h igh b e t a  tokamak phase,  we s o l v e  an e l l i p t i c  

momentum equat ion .  This  was n o t  t h e  c a s e  i n  t h e  hea t ing  c a l c u l a t i o n .  

There i s  no need f o r  t h e  d e t a i l e d  smoothening of  t h e  f i e l d  q u a n t i t i e s  

a s  desc r ibed  i n  Chapter I1 Sec t ion  1 . B . i i .  The r e s i s t i v i t y  i s  s t i l l  

a r t i f i c i a l l y  inc reased  i n  t h e  low d e n s i t y  r eg ions .  The impur i ty  

l e v e l s  a r e  aga in  f i x e d  a t  h igh l e v e l s  i n  t h e  low d e n s i t y  r eg ions .  

The major d i f f e r e n c e  from t h e  low d e n s i t y  t r ea tmen t  o f  t h e  

h e a t i n g  s imula t ion  i s  t h a t  t h e  t o t a l  c u r r e n t  i s  now s e t  equal  t o  

ze ro  be fo re  computing t h e  temperature i n  t h e s e  regions .  Th i s  i s  t o  

i n s u r e  t h a t  no f i c t i t i o u s  ohmic h e a t i n g  a r i s e s  from numerica l ly  gen- 

e r a t e d  plasma c u r r e n t s  i n  t h e  h igh r e s i s t i v i t y  a r e a s .  

(iii) Torus-I1 I n i t i a l  and Boundary Condi t ions  

During t h e  h igh b e t a  phase of Torus-11, a l l  e x t e r n a l  c u r r e n t s  

are crowbarred. The decay time of t h e s e  c u r r e n t s  wi thout  plasma 



presen t  has been experimentally determined t o  be i n  excess of 100 

psec. 26  However, i n  t h e  presence of plasma, t he  ou te r  windings ex- 

h i b i t  a rap id  decay ( -30 psec) while t h e  inner  winding decay time 

i s  no t  a f fec ted .27  Obviously t h e  decay of plasma cu r r en t  i s  t he  con- 

t r o l l i n g  f a c t o r  i n  t h e  above observations.  Therefore, boundary con- 

d i t i o n s  should always r e f l e c t  t he  e f f e c t s  of plasma c u r r e n t  decay 

and must no t  be used t o  d r ive  t he  plasma t o  any p a r t i c u l a r  s t a t e .  

This  i s  fundamentally d i f f e r e n t  from our treatment of boundary con- 

d i t i o n s  i n  t h e  heat ing computation. Now, plasma evolut ion i s  de te r -  

mined s o l e l y  by prescr ibed i n i t i a l  condi t ions  and the  modeling of 

t r anspo r t  parameters. 

We axe dea l ing  with a one-dimensional ca lcu la t ion .  Temperature 

i s  held  f ixed a t  3 eV a t  each r a d i a l  endpoint. The r a d i a l  ve loc i ty  

i s  set equal t o  zero on the  b0undar.y. A pe r f ec t  crowbar i s  pre- 

sc r ibed  f o r  B Experimental r e s u l t s  i n d i c a t e  t h a t  t h i s  i s  t r u e  f o r  C 
t h e  time s c a l e  of i n t e r e s t .  One must be c a r e f u l  i n  p rescr ib ing  the  

po lo ida l  f l u x  funct ion.  I t  was observed t h a t  by specifying a decay 

r a t e  f o r  f l u x  through t h e  ho le  and f l ux  i n  the  plasma chamber. large 

t o r o i d a l  cu r r en t s  a r e  induced i n  t he  low dens i ty  regions.  The 

reason for this i s  as follows. Plasma responds through d i s s i p a t i v e  

processes t o  i n i t i a l l y  prescr ibed parameters. I f  t he  boundary con- 

d i t i o n  does not exac t ly  match t he  plasma decay r a t e s  it will dr ive  

t h e  plasma t o  some o the r  s t a t e ,  but  not necessar i ly  the  one t o  which 

it would evolve i f  l e f t  unguided. The so lu t ion  decided upon was t o  

ex t r apo la t e  t h e  value of.  t h e  po lo ida l  FIELD a t  both boundary po in t s .  



The r e s u l t s  a r e  astounding.  The plasma decay i s  determined s o l e l y  

by t h e  phys ics  of  t h e  d i s s i p a t i v e  p rocesses  a s  d e s i r e d .  There is  

f u r t h e r  j u s t i f i c a t i o n  f o r  choosing such boundary cond i t ions .  The 

reg ion  of  computation i s  15  cm - < r - < 30 cm. The i n n e r  windings a r e  

l o c a t e d  a t  r = 12 cm. Reca l l  t h e  e a r l i e r  inductance  c a l c u l a t i o n s  

which i n d i c a t e  a  l a r g e  amount of  f l u x  leakage i n t o  t h e  vacuum v e s s e l .  

The r e s u l t  was t h a t  t h e  plasma does no t  s e e  a l l  t h e  f l u x  i n  t h e  h o l e  

b u t  somewhat l e s s .  When t h e  system i s  crowbarred, t h e  c u r r e n t  i n  

t h e  i n n e r  c o i l  slowly decays thereby dec reas ing  t h e  f l u x  i n  t h e  hole .  

Simultaneously t h e r e  must be a  dec rease  i n  t h e  f l u x  leakage i n t o  t h e  

plasma chamber. The n e t  r e s u l t  i s  t h a t  t h e  f l u x  on t h e  i n n e r  v e s s e l  

boundary i s  r e l a t i v e l y  c o n s t a n t .  Thus, any s p e c i f i e d  decay i n  Y 

would be  i n  e r r o r .  By e x t r a p o l a t i n g  B a t  t h i s  wa l l  we can s t i l l  
z 

i n s u r e  t h a t  t h e  f l u x  remains c o n s t a n t . .  Another r eason  f o r  ex t rap-  

.elating B w i l l  become ev iden t  a s  we d i s c u s s  t h e  somewhat d i f f e r e n t  z 

phys ics  a t  work along t h e  o u t e r  wa l l .  Here we must cons ide r  t h e  

p o l o i d a l  f l u x  c o n t r i b u t e d  by t h e  t o r o i d a l  plasma c u r r e n t  a s  w e l l  a s  

e x t e r n a l  c u r r e n t s .  The decay r a t e  o f  t h e  f l u x  from t h e  plasma cur-  

r e n t  i s  determined both  by t h e  r e s i s t i v i t y  and plasma p o s i t i o n .  A 

l a r g e  r e s i s t i v i t y  causes  a  r a p i d  decay i n  plasma c u r r e n t .  The decay 

r a t e  of  t h e  p o l o i d a l  f l u x  then  depends upon t h e  r a d i a l  p o s i t i o n  of  

t h e  plasma s i n c e  f o r  plasma a t  l a r g e  r t h e r e  i s  a  very smal l  p o s i t i v e  

c o n t r i b u t i o n  t o  t h e  p o l o i d a l  f l u x  and a  l a r g e  nega t ive  c o n t r i b u t i o n .  

So a  r a p i d  decay i n  t h e  plasma c u r r e n t  would n o t  l e a d  t o  a  r a p i d  

decay i n  t h e  f l u x .  Another view i s  t h a t  f o r  plasma w i t 1 1  a snlall  



major r ad ius  t h e r e  i s  a  l a rge  v e r t i c a l  component of magnetic f i e l d  

beyond the  plasma. A s  t h e  plasma cu r r en t  decays, t h i s  f i e l d  col-  

l apse s  ( Y  now does decrease rap id ly)  r e s u l t i n g  i n  a l o s s  of con- 

finement. The c r i t i c a l  po in t  here  is t h a t  Y on t h e  ou t e r  wall  de- 

pends on s e v e r a l  d i f f e r e n t  f a c t o r s .  Ry simpling ex t rapola t ing  B 
z 

we avoid having t o  p r e d i c t  t h e  fLi-IX decay but  r a t h c r  can observe I.1: 

a s  a  r e s u l t  of t h e  d i s s i p a t i v e  processes a t  work. Note t h a t ,  i n  one 

dimension, ex t r apo la t i ng  B impl ies  
z 

which impl ies  +H+ J Z 0  
9 

This  i s  very sens ib le .  Recall  our  i n i t l a 1  d i f f i c u l t y  i n  qpecifying 

Y was the  r e s u l t i n g  induced t o r o i d a l  cur ren t  i n  t h e  low dens i ty  re-  

gion. Now we avoid such a  problem with t he  above boundary condi t ion.  

Once again,  t h e  numerical scheme r equ i r e s  a  boundary spec i f i -  

c a t i o n  of plasma dens i ty .  To avoid boundary l a y ~ r  e f f ~ c t s  duo t o  

an improperly spec i f i ed  p ( i , e .  a condit inn which does not  acour- 
w d l l  

a t e l y  re1lec-t t h e  d i s s i p a t i v e  processes of t h e  system) we simply ex- 

t r a p o l a t e  i t s  value t he re .  

Next we tu rn  our  a t t e n t i o n  t o  t.he a l l  important i n i t i a l  con3  

d i t i o n s .  Values f o r  dens i ty ,  temperature and magnetic f i e l d  must be 

given f o r  a l l  r .  Three r e l a t e d  methods a r e  used. F i r s t ,  r e s u l t s  

generated by t h e  s t a r t -up  ca l cu l a t i on  can be used as i n i t i a l  con- 



ditions 'for the high beta tokamak state. Secondly, experimental 

data for this time can be used. Thirdly, arbitrary initial equi- 

librium profiles can be specified. Each has advantages and prob- 

lems associated with it. The heating simulation, as we will see, 

yields important qualitative and quantitative information regarding 

the Torus-I1 plasma. However, to ask exact profiles of it is a bit 

too much. Detailed experimental information of pressure and B pro- - 

files is simply not available. In making arbitrary assumptions 

we run the risk of straying from Torus-I1 conditions. By combining 

the strengths of each method, an effective set of initial conditions 

for the high beta phase can be generated. 

Consider "arbitrary" profile specification. Let w denote plasma 

width, r denote location of peak plasma density and n denote the 
P P 

peak plasma number density. Profiles symmetric about r are con- 
P 

sidered, such that 

n 
min 

n(r) = I 
n 
min 

where n is the cutoff plasma density discussed earlier and x 
mil1 11 

is any positive.rea1 number. 

Similarly, let r denote the location of peak plasma temper- 
T 

ature and T denote the peak plasma temperatwe. Based upon heat- 
P 

ing simulations, we want a temperature profile such that 



kLr f o r  r < r  
TL 

T %{ 111.2.9 
k r 

R 
f o r  r > r  

TR 

where k and kR a r e  s lopes  f o r  those  regions i n  which t he  temperature 
L 

p r o f i l e  is  prescr ibed  a s  a l i n e a r  funct ion of r ,  namely, t o  t h e  l e f t  

(towards i nne r  wal l )  and r i g h t  (towards ou t e r  wal l )  of t h e  peak temp- 

e r a t u r e  pos i t i on .  The p ~ s i t i s n s  where t he  l i n e a r  prnf.il.es are no 

longer  v a l i d  a r e  spec i f i ed  a s  r and r 
TL TR ' 

We requi re  t h a t  t h e  temp- 

e r a t u r e  and i t s  f i r s t  de r iva t i ve  be continuous a t  these  po in t s .  

Therefore,  a t  r 
TL 

dT = kL - and 
dr. 

and a t  r 
TR 

dT = kR - and 
d r  

with T and TR unknown. For a wal l  temperature of T we take  
L .. w I 

where r .  and r a r e  t h e  usual  boundaries f o r  our ca l cu l a t i on  of 1 5  cm 
I, 0 

and 30 cm respec t ive ly .  We choose t o  wr i t e  

r < r < r  
T L -  - T 



where x and x a r e  p o s i t i v e  r e a l  numbers. By such a choice  we 
TL TR 

au tomat ica l ly  s a t i s f y  t h e  d e r i v a t i v e  c o n d i t i o n s  o f  1 1 - 2 - 1 0 .  The 

above a l s o  i n s u r e s  t h a t  dT i s  ze ro  a t  r Severa l  parameters  s t i l l  - 
d r  

T '  

have n o t  been ass igned  va lues ,  they  a r e ,  T 
L I  T ~ l  X~~ 

and x 
TR ' 

With- 

o u t  t h e s e  numbers, k and k remain unknown. Consider  an i n t e g r a -  
L . R 

t i o n  from t h e  i n n e r  wa l l  t o  r 
T' 

S u b s t i t u t i n g  equa t ions  I I I . 2 . 9 , 1 1  and 12,  performing t h e  i n t e g r a -  

t i o n  and rea r rang ing  terms we g e t  

where 

A s i m i l a r  i n t e g r a t i o n  t o  t h e  o u t e r  w a l l  y i e l d s  

where 

Thus, by choosing x and x ("shape  f a c t o r s " )  we can c a l c u l a t e  T 
TR TL L 



and T using 111.2.13 and 14. Then we know dT/dr everywhere and can 
R 

i n t e g r a t e  t o  g e t  T ( r )  i n i t i a l l y .  Such a  temperature d i s t r i b u t i o n  

i s  sketched i n  Figure 111.6. 

Radius 

Figure  111.6 Typical  temperature p r o f i l e  used a s  i n i t i a l  condi t ion 
f o r  s imulat ion of high be ta  tokamak s t a t e  of Torus-11. 

Rather than spec i fy  B we p re sc r ibe  J and i n t e g r a t e  t o  get. 
z 4 

t h e  magnetic f i e l d .  We specify  I t he  t o t a l  t o ro ida l  plasma cur ren t  
P 

and t h e  plasma he igh t ,  h. A continuous cu r r en t  dens i ty  p r o f i l e  i s  

prescr ibed 
r <r<r 

JL-  - J 

r <r<r 
J- - J R  



where r r x and x a r e  given parameters i n  much t h e  same 
JR'  JL' JL J R  

way a s  f o r  t h e  previous temperature discussion.  The peak plasma 

cu r r en t  dens i ty ,  J must be computed. The average plasma cur ren t  
0 

per  u n i t  height  i s  

Subs t i t u t i ng  111.2.15 we can solve f o r  J . 
0 

Again, by specifying the  "shape f ac to r s "  x and x we can com- 
J L  J R  

pute  J above. We then have our i n i t i a l  J ( r )  by using 111.2.15. 
0 0 

The po lo ida l  f i e l d  is ca lcu la ted  from the  one-dimensional r e l a -  

t i o n s  h ip  

I t  i o  c s ~ y  t o  c~rpcr imcnts l ly  ob ta in  E at t hc  outaidc wall  of t hc  
Z 

plasma chamber. Therefore, our i n i t i a l  p r o f i l e  i s  spec i f ied  a s  



Simi la r ly ,  t h e  po lo ida l  f l ux  i s  obtained by in t eg ra t i ng  t h e  v e r t i c a l  

component of t h e  magnetic f i e l d ;  

where Y 
hole  i s  a known value f o r  f l ux  i n  t h e  hole.  

This l eaves  us wi th  t he  t o r o i d a l  magnetic f i e l d  and poloidal  

Current y e t  t o  be determined. A s  i n  t h e  case  of t he  MHD equations 

with i n e r t i a ,  we w r i t e  

with x represen t ing  t h e  usual  po lo ida i  cu r r en t  funct ion.  For a 

vacuum, x is independent of rad ius  and we g e t  B %l/r a s  expected. 
0 

I n  t h e  plasma region,  a diamagnetic wel l  o r  paramagnetic bump w i l l  

e x i s t .  The hea t ing  s imulat ions  i n d i c a t e  t h a t  t he  high be ta  plasma 

of Torus-I1 exh ib i t s  a s l i g h t  iliamagnetism. Therefore,  i f  w e  l e t  

r be t he  deepest  po in t  of t h e  wel l ,  PW t h e  decimal depth of t h e  B 

well  and r r t h e  loca t ions  where B dev ia tes  from l/r  behavior, 
BL' BR @ 

then 

o x r<r  and r>rBH 
BR 

BL 
r ~ ~ - r  

~ ( r )  ={ x ~ { ~ . - P W ( ~  1 r < r < r  
B R - ~ B  

. B -  - BR 

X r - r  BL 
x0{1.-pw( 

BL 
r - r 1 r < r < r  

B BL 
B L -  - B 

111.2.18 



Xo 
is the known vacuum value of the poloidal current function. Again, 

x and x are prescribed "shape factors". Note that 111.2.18 
BR BL 

assures us of the continuity of B at r r and r 
(P B' BL BR ' 

The initial poloidal current density is easily obtained from 

In summation, from heating calculations and experimental data 

we know the plasma width, peak plasma density, location of peak den- 

sity, peak temperature, location of peak temperature, plasma current, 

plasma height, poloidal flux in hole, vertical component of magnetic 

field on outer wall, vacuum toroidal field, and the depth and loca- 

tion of the toroidal field well. Using all the above in conjunction 

with assumed "shape factors" we generate all the necessary initial 

values. 

The high beta tokamak simulation is performed to answer some 

very important questions. How long can the plasma be maintained In 

equilibrium? What are the important loss mechanisms? What are the 

typical profiles of density, temperature, pressure, current density 

and magnetic field? How quickly does the temperature decay? What 

are the maximum tolerable impurity levels? How quickly does beta 

decay? What are the most desirable states to reach through heating? 

That is, what are the optimum initial conditions to be used in order 

to maintain a high beta plasma for times of interest? 



3.A) S o l u t i o n  of  t h e  Zero-Dimensional Atomic Physics  Equations 

A f o u r t h  o r d e r  a c c u r a t e  Runge-Kutta schemeZ8 i s  used t o  so lve  

t h e  equat ions .  Formally, they a r e  w r i t t e n  

'1' 0 1 2, 
w h e r e x  = (t, nx, n - X I " )  nx , ,  T,, Ti) 

and - F(x)  - r e p r e s e n t s  t h e  r i g h t  hand s i d e  of  t h e  r a t e  equat ions  de- 

s c r i b e d  i n  Chapter  I1 Sect ion 3. W e  p r e s c r i b e  - x (0)  and march t h e  

coupled system forward i n  time. Recal l  t h a t  t h e  purpose of t h i s  

c a l c u l a t i o n  i s  t o  s imula te  t h e  i o n i z a t i o n  p rocesses  dur ing t h e  z- 

pinch phase, t h e  "burn through" dur ing  t h e  h e a t i n g  phase and t h e  

c o o l i n g  of t h e  h igh  b e t a  tokamak phase. 

3 . 8 )  Torus-I1 Parameters i n  Zero-Dimensional Simulat ion 

The c h i e f  s p e c i e s  p r e s e n t  i n  Torus-I1 a r e  helium (main f i l l i n g  

g a s ) ,  s i l i c o n  and oxygen ( i m p u r i t i e s  from pyrex w a l l ) .  We can now 

q u a n t i f y  t h e  number of  equat ions  t o  be solved.  They a r e  equat ions  

'0 '+1 2 2  '0 '+8 '0 
for tc nHe, n n n U X t  nSi, . . . . .;I and T for n 

H e '  ~ e '  UX'"'  s i e 1 

t o t a i  of  30 equat ions .  

To compute t h e  i o n i z a t i o n  and recombination r a t e s  we need t h e  

i o n i z a t i o n  e n e r g i e s  f o r  helium, oxygen and s i l i c o n  i n  each charge 

s t a t e .  Th i s  informat ion i s  given i n  Table  111.2. For any tempera- 

t u r e ,  we can s o l v e  t h e  spec ies  equat ions  f o r  helium, oxygen and 

s i l i c o n .  With t h e s e  newly obta ined number d e n s i t i e s  f o r  each i o n i c  

s p e c i e s  we can compute t h e  new e l e c t r o n  number d e n s i t y  and proceed 



t o  t h e  energy equat ions .  

Charge S t a t e  

0  

+ 1  

+2 

+3 

+ 4  

+S 

+6 

+7 

+8 

+9 .  

+10 

+11 

+12 

+13 

Table  111.2 

I o n i z a t i o n  Energ ies  (eV) 2  9  

Helium Oxygen S i l i c o n  

24.6 13.6 8.2 

54.4 35.1 16.3 

- 54.9 33.5 

- 77.4 45.1 

- 113.9 166.8 

- 138.1 205.1 

- 739.3 246.5 

- 871.4 303.2 

- - 351.1 

- - 401.4 

- - 476.1 

- - 523.5 

- - 2437.7 

- - 2673.1 

The ohmic power i n  Torus-I1 v a r i e s  d r a s t i c a l l y  over  t h e  course  

of  t h e  va r ious  phases of o p e r a t i o n .  S ince  we begin  from a  pos t -  

p r e i o n i z a t i o n  s t a t e ,  t h e  plasma i s  on ly  p a r t i a l l y  ion ized  (%1014 

+1 
H e  ) The t o r o i d a l  plasma c u r r e n t  i s  inc reased  t o  %200 ~ / c m ~  wi th in  



2 psec.and held  a t  t h a t  value f o r  an add i t i ona l  2  psec. The plasma 

r e s i s t i v i t y  i s  taken t o  be t he  c l a s s i c a l  (Sp i t ze r )  value. Ins tead 

of using a  z  of 2  a s  before,  we allow it t o  vary s ince  we now 
ef  f 

can follow the  i on i za t i on  of a l l  spec ies  i n  d e t a i l .  This  4 psec 

per iod is t h e  z-pinch simulation.  The to ro ida l  f i e l d  i s  reversed 

and hea t ing  begins.  This  is  simulated by t r i p l i n g  t h e  plasma cur- 

r e n t .  More importantly,  a t  t h i s  time,c:.:we switch t o  an anomalous 

r e s i s t i v i t y .  I n  Torus-11, s i nce  t h e  heat ing i s  caused by po lo ida l  

edge cu r r en t s  which eventual ly  d ig  i n t o  t he  plasma, t h e  cu r r en t  

dens i t y  i s  a c t u a l l y  much higher where VxB i s  l a r g e s t .  Since we a r e  - 

dea l ing  with a  zero-dimensional model we must use an average o r  bulk 

plasma cu r r en t  dens i ty .  The anomalous r e s i s t i v i t y  i s  modeled a s  

described e a r l i e r .  The cur ren t  i s  ramped upwards over 2  psec and 

then decays t o  i t s  o r i g i n a l  value w i th inQ2  psec. A t  t h e  completion 

of t h e  decay t h e  anomalous r e s i s t i v i t y  i s  shu t  o f f .  This  marks t he  

end of  the  heat ing phase. During t h e  ensuing high beta  tokamak 

s t a t e  t he  r e s i s t i v i t y  i s  switched back t o  t he  c l a s s i c a l  form and t h e  

cu r r en t  dens i ty  i s  kept  a t  Q 200 ~ / c m ~ .  I t  is  important t o  r e a l i z e  

t h a t  a s  more i s  learned experimentally about Torus-11, these  cur ren t /  

res is tance- t ime p r o f l l e s  can be e a s i l y  cl~aliged. The above i s  sum- 

marized i n  Figure 111.7. Note t h a t  ohmic power plays  t h e  r o l e  of 

t h e  plasma dr iv ing  term j u s t  a s  boundary values f o r  Y and x d i d  i n  

t h e  s t a r t -up  ca l cu l a t i on  and i n i t i a l  condi t ions  d id  i n  t he  one- 

dimensional d i f fu s ion  ca l cu l a t i on .  The plasma response i s  described 

by the  following l o s s  terms. 



urbulent heating phas 

7 anomalous 

?classical 

TIME (usec) 

Figure IIP.7 Typical plasma current programming 
for zero-dimensional simulation of 
Torus-11. 

The electron-ion energy exchange rate is computed using m m 
He' Ox 

and m in equation 11.3.14. This term alone is not sufficient to 
Si 

explain the ion heating observed in Torus-11. It has been included in 

the calculation since it can be important during the high beta state. 

Ion heating is modeled through equation 11.3.22. Using experimental 

9 results , we can express this term as 

P 
- 3 

heat 
= 2 . 5 ~ 1 0  'eff Te ni 3 - 5  e~ 111.3.2 

cmj-sec 



This  term is  included i n  t he  ion energy equation only during t h e  

hea t ing  per iod.  I t  i s  s e t  equal t o  zero during t he  z-pinch and high 

be ta  phases. This  i s  done simply because t he  above term represen ts  

hea t ing  from t h e  s c a t t e r i n g  of ion-acoustic o s c i l l a t i o n s  by t h e  ions.  

This  e f f e c t  has been observed only during t h e  tu rbu len t  heat ing phase. 

I n  t h e  e l ec t ron  energy equation,  bremsstxab.l..un,g r ad i a t i on  i s  

included. The c r u c i a l  l o s s e s  during t h e  z-pinch and i n i t i a l  por t ion  

of t h e  heat ing phase a r e  due t o  the  ion iza t ion  of t h e  helium, oxygen 

arid s i l i c o n .  A t  low temperatures recombination l o s se s  a r e  important. 

The p i m i r y  l o s s  mechanism during t h e  high be ta  s t a t e  i s  t h e  l i n e  

r a d i a t i o n  of  t h e  impurity elements, oxygen and s i l i c o n .  For com- 

p le teness ,  helium l i n e  r ad i a t i on  l o s se s  have a l s o  been included. 

I n  Table 111.3 we l i s t  t h e  l i n e  t r a n s i t i o n s  considered, t h e  t r a n s i -  

t i o n  energ ies  and correspsnding o s c i l l a t o r  s t r eng ths ,  

Table 111.3 

Line Trans i t ion  Data 30,31 



Table  111.3 (cont inued)  

Other impor tant  e f f e c t s  i n  T o r u s - I I . a r e  t h o s e  due t o  t r a n s p o r t  

l o s s e s .  Long t ime . . c o n s t a n t s  ( Q 1  msec)are  p r e s c r i b e d  i n  equa t ions  

11.3.19 and 11.3.21 dur ing  t h e  z-pinch and high b e t a  tokamak s t a t e s .  

However, a  s h o r t  t ime c o n s t a n t  (Q10 psec)  i s  p r e s c r i b e d  dur ing  t h e  

h e a t i n g  phase i n  equat ion  11.3.20 due t o  t h e  tu rbu lence  p r e s e n t  a t  

thae time. 'l'hese e t t e c t s  should n o t  be  wr i t t en -o f f  s o  r e a d i l y .  It 

i s  d i f f i c u l t  t o  q u a n t i f y  t h e  t ime c o n s t a n t s  p roper ly .  For t h i s  rea-  

son t h e  accuracy of o u r  c a l c u l a t i o n s  dec reases  over  long t imes.  We 

do n o t  expect  much d i f f i c u l t y  o v e r  t h e  e a r l y  t imes.  

The atomic phys ics  c a l c u l a t i o n s  a r e  very u s e f u l  i n  s o l i d i f y i n g  

e a r l i e r  MHD work. The zero-dimensional code i s  t h e  on ly  one capable  

of  d e s c r i b i n g  t h e  z-pinch phase.  I t  has helped t o  answer t h e  follow- 

i n g  ques t ions .  When i s  t h e  helium f u l l y  ionized?  How much power, 



designed t o  hea t  t h e  plasma, is  l o s t  i n  ion iz ing  helium? HOW 

can t h i s  be  corrected? What a r e  t h e  p r inc ipa l  l o s s  mechanisms? 

What a r e  t h e  time dependent ( a s  opposed t o  s teady-s ta te ,  coronal 

model) r ad i a t i on  losses?  What a r e  t h e  necessary ohmic power inputs  

t o  achieve high beta?  Perhaps t h e  most important question of a l l  

t o  be answered is, can we kuxn thxough t h e  oxygen and s i l i c o n  

r ad i a t i on  b a r r i e r s  t o  get t o  i n t e r e s t i n g  temperatures? 



Iv) FESULTS AND CONCLUSIONS 

The results of the Torus-I1 simulation are presented here as 

follows. First we describe the z-pinch predictions of the zero- 

dimensional atomic physics code. Next, we discuss the heating phase 

results from the MHD codes with inertia and the zero-dimensional 

code. We then follow the plasma into the high beta state and give 

the results of the one-dimensional transport code. In each case, 

we relate the results to the important questions raised earlier. 

After describing the present machine operation, recommendations 

are made for an improved experiment. 

1) The Torus-I1 Z-Pinch Phase 

The initial conditions for this simulation are listed in Table 

IV.1. 

Table IV.l 

Tni.tial C o n d i t i ~ n ~  for 2-Pinch Phase 

Ion Temperature - 5  eV 

Electron Temperature . 5  eV 

14 -3 
Helium (neutral) 9 x 1 0  cm 

14 -3 
Helium (+1) 1 x 10 cm 

13 -3 
Oxygen (neutral) 2 x 1 0  cm 

13 -3 
Silicon (neutral) 1 x 10 cm 

The preionization phase does not heat the plasma appreciably, thus 

the low starting temperatures. Typical dirty impurity concentra- 



t i o n s  of 1% s i l i c o n  and 2% oxygen ( S i O  from the  pyrex wal l )  a r e  
2  

used. Two cases  a r e  run. The cu r r en t  i s  increased t o  i t s  maximum 

value within  2 vsec and held f ixed f o r  an add i t i ona l  2 psec. The 

c u r r e n t  d e n s i t i e s  chosen correspond t o  z-pinch plasma cur ren ts  of 

20-40 kA. Figure I V . l  shows the  s l i g h t  heat ing of t he  e lec t rons  and 
. . 

ions .  A t  a temperature of QJS eV, t h e  i on i za t i on  and recombination 

r a t e s  of helium a r e  comparable. Therefore, we see  no appreciable  

i on i za t i on  of helium a t  t h i s  time. By t h e  end of t he  4  vsec period 

only 17% of.  t h e  oxygen content  i s  s ing ly  ionized while Q80% of 

s i l i c o n  is  s ing ly  ionized.  Radiat ive  l o s se s  a r e  not important during 

t h i s  phase. The primary l i m i t a t i o n  of t h i s  ca l cu l a t i on  i s  t h a t  no 

o t h e r  code can he lp  t o  supply t h e  much needed ohmic power inp i l t .  a s  

accura te ly  a s  poss ib le ,  thus ,  we depend upon some uncer ta in  exper- 

imental  r e s u l t s .  I t  s u f f i c e s  t o  say t h a t  a  s i g n i f i c a n t  number of 

n e u t r a l s  a r e  p resen t  a s  we begin t h e  heat ing phase, a  very undesir-  

ab l e  condi t ion.  The above desc r ip t i on  of species  evolution i s  i l l u s -  

t r a t e d  i n  Figure I V .  2. 
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~ i g u r e  XV.1 
Computed electron and ion temperatures from zero-dimensional 
code for Torus-I1 z-pinch phase. 
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Figure IV. 2 
Ionization of impurity 
species during  oru us-11 
z-pinch phase. Peqk 2 
current density 2s 200 ~/cm- . 



2 The Torus-I1 Heating Phase 

2.A) One-Dimensional Heating Study 

To this point little has been said of the one-dimensional MHD 

equations with inertia. This study is performed to define appro- 

priate boundaries in parameter space for Torus-11. One of its many 

important results was that a high beta plasma with excellent radial 

equilibrium can be obtained using the heating scheme of Torus-11. 

The fast reversal of the toroidal magnetic field leads to poloidal 

electric fields consistent with the scaling of the anomalous resis- 

tivity. Typical inputs and results are given in Table IV.2. 

Table IV. 2 

Heating Simulation (1-D) 

Inputs: 

Results: 

B (r=22.5 cm) = 2670 G 
4' 

Bvert ical 
= 200 G in hole 

Linear ramp to "J1 kG in vacuum vessel 

13 - 1 
'anomalous 7 8 x 1012 {1-2--x-L..0 

Jtotal 
=== 

(t=5 psec) "J 8~ x lo5 G-cm 2 
'hole 

Temperature "J 70 - 150 eV 

Density "J 1 x 1015 ~ r n - ~  

%' "J 40% 

I(, plasma "J40-50 kA 

B$, well "J20-60% 



The simplicity of solution of the MHD equations in one dimension 

allows for extensive probing'of parameter space without consuming 

excessive computer time. Indeed, the various methods described in 

chapter I11 which are used to simulate the Torus-I1 heating phase 

are all direct results of exhaustive numerical experiments per- 

formed with the one-dimensional code. For example, different anom- 

alous resistivity models, different switching on and off of the 

anomalous and classical resistivities, the effects of variable ther- 

mal conductivity, different filtering techniques'of numerical oscil- 

lations in the low density regions, varying the flux in the hole and 

other effects were all tested using the one-dimensional calculation. 

Using the values for various plasma parameters obtained from the 1-D 

code, the two-dimensional simulation is performed with emphasis on 

the proper modeling of boundary conditions. 

2.B) Two-Dimensional Heating Study 

(i) Quarter Power Simulation 

By coupling coils, EFFI and the MHD equations, several impor- 

tant characteristics of the plasma state are understood. The coil 

geometry is directly responsible for the greatly elongated, high 

beta plasma and its subsequent evolution. Using the initial con- 

ditions described earlier we follow the plasma heating for 6 psec. 

First consider the quarter power case. Important inputs are..sum- 

marized in Table IV.3. 



Table IV. 3 

Quarter Power Input Summary 

Case number 1 2 3 

yhole (V-sec) .020 .020 .027 

'outer (V-sec) .014 .021 .025 

Y 
top '8'hole 18'hole .9'hole 

Variation in z z8 z 4 z 8 

T w m 
loss 

, The results of case 1 and case 2 differ in that the plasma cur- 

rents at 6 psec are 66 kA and 80 kA respectively.. The magnetic axis 

of case 1 is shifted approximately 1 cm to the right of the magnetic 

axis obtained in case 2 .  All other results are identical. To main- 

tain a manageable number of figures, no graphs of case 2 are included. 

The implications of the similarity of cases 1 and 2 are as follows. 

Since plasma current has increased substantially by changing the 

poloidal flux contributed by the outer toroidal windings, we can con- 

clude that the coupling between the plasma and these windings is 

strong. Indeed it is absurd to refer to such windings as the "ver- 

tical field" coils since they play a significant role in inducing 

the toroidal plasma current. This effect is not as pronounced as 

expected since the flux variation along z is such that the flux (z4) 

leakage is more spread out in case 2. This implies that the plasma 

as a whole does not see as much flux as it would if the leakage was 

restricted to the corners (z8). Another important conclusion is 



t h a t  t h e  hea t ing  of t h e  Torus-I1 plasma must be caused by poloidal  

plasma cu r r en t s .  This  i s  obvious s ince  t he  plasma temperature i s  

t h e  same f o r  both cases  eventhough the  t o r o i d a l  cur ren ts  a r e  q u i t e  

d i f f e r e n t .  

Now we compare case  1 with case  3 s ince  these  a r e  not iceably 

d i f f e r e n t .  Consider Figures  IV.3 and IV.4. (Note: We w i l l  t r y  

t o  give d e t a i l s  i n  our  discussions  and use graphs only t o  i l l u s -  

t r a t e  t he  key po in t s .  This i s  done t o  keep the  number of graphs 

manageable.) A t  1 . 5  psec both cases  exh ib i t  some l o s s  of plasma 

t o  t h e  top of t h e  ves se l .  By 2  psec we observe a  much broader 

plasma f o r  case  3 while  a t  3 psec t he  two a r e  equal ly  wide. A t  4 

psec, note t h a t  a  f a i r l y  well  confined,  hot  plasma has formed i n  

both cases .  A t  6 psec a  s u b s t a n t i a l  l o s s  of plasma t o  t h e  ou te r  

corners  of t h e  device i s  observed f o r  case  1 while case  3 has 

maintained exce l l en t  confinement. So t h e  plasma of case  3 remains 

s q u a t t e r  and b e t t e r  confined than t h a t  of case  1. This e f f e c t  i s  

a l s o  e a s i l y  observed i n  E'igures lV.5 and lv .6 .  Note that at all 

t imes t he re  is  a  g r e a t e r  amount of f l ux  towards t he  i n s ide  of t h e  

device  f o r  case  1 than  f o r  case  3 .  This  i s  caused by the  pre- 

sc r ibed  leakage f l u x  which i s  g r e a t e r  i n  case  1 (20%) than it is 

i n  case  3 (10%) .  The r e s u i t  i s  a  squeezing and elongating of t he  

plasma. The e f f e c t  i s  most evident  a t  2.5 psec. Note t h e  re-  

s u l t i n g  s h i f t  i n  magnetic a x i s  of 1 .5  cm. This  i s  c l e a r l y  caused 

by t h e  s i zeab l e  increased  amount of v e r t i c a l  f i e l d  programmed i n  

case  3 .  The t o r o i d a l  plasma cu r r en t  i s  88 kA a t  6 p e c  f o r  t h i s  



TIKE=2.5 u s e c .  

--BEDS .- - [ TY (13) 

Figure  IV.3. Density p r o f i l e  i n  upper h a l f  p lane  f o r  h e a t i n g  c a s e  1. 
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Figure  I V . 4 .  Density p r o f i l e  in upper half plane f o r  heating case 3. 



Figure .  I V .  4 .  B 
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Poiaidal f l ux  
contours i n  upper 
half plane fo r  
heating case 1. 



Figure  IV.5.C 

F igure  IV.6 

P o l o i d a l  f l u x  
contours  i n  upper 
h a l f  p lane  f o r  
hea t ing  c a s e  3. 
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same case. ~t the risk of over emphasizing a point, Figures IV.7 and 

IV.8 also point to a squatter, better confined current profile for 

case 3. Note the loss of current to the corners for both cases but 

the greater severity exists when the leakage is greater. To re- 

search this point further, simulations were performed with leakage . 

fluxes of 40 - 60%. The result was that no plasma could be confined 

in such a system. Therefore, the leakage flux in Torus-I1 can be 

a problem if it gets too large. 

Next, consider the plasma along the horizontal plane of sym- 

metry, z=0. Figures IV.9 and IV.10 show that due to the better ver- 

tical confinement of case 3 it is always denser (and often broader) 

than the plasma of case 1. The usual plasma bouncing is also seen. 

Figures IV.ll and IV.12 indicate a slightly warmer plasma for case 

3. At early times this is easily explained by the steeper grad- 

ients in B which give rise to larger poloidal currents for case 3. 
4 

Observe how the plasma edge is heated first and then the remainder 

of the plasma. These effects are due to the confinement scheme. 

Less leakage results in a greater plasma density along z=0. This 

in turn results in a deeper, more.lasting3 B / a  r which translates 
4 

into a warmer plasma. Both cases have diamagnetic wells after the 

heating is completed. See Figures IV.13 and IV.14. The larger well 

for case 1 is expected since the plasma beta is higher than in case 

3. (Same pressure but plasma is in 1ower.B region for case .1.) 
4 

The toroidal field soak-in phenomena has been observed experimentally 9 

on the same time scale as illustrated in Figures IV.13 and IV.14. 
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Figure I V . 7  

Toroidal  cu r r en t  
dens i ty  contours 
i n  ilpper half 
plane f o r  h e a t i n g  
case 1. 



Figure  I V .  8 

Toro ida l  c u r r e n t  
d e n s i t y  contours  
i n  upper h a l f  
p lane  f o r  hea t ing  
c a s e  3 .  



Figure I V . 9  

Plasma dens i ty  
p r o f i l e s  along 
hor izonta l  mid- 
plane f o r  heat-  
ing  case  1. 

(A) 



Figure IV.9.C 

Figure IV.10 

Plasma dens i t y  
p r o f i l e s  along 
hor izonta l  mid- 
plane f o r  heat-  
ing case  3 .  



Figure IV.1O.B 

Figure IV.lO.C 



, Figure IV. 11 
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Plasma temperature 
profiles along 
horizontal m i d -  
plane for heating 
case 1. 



Figure IV.ll.C 

Figure IV.12 

Plasm temperature 
profiles along 
horizontal mid- 
plane for h e a t i n g  
case 3. 





Fi.gure I V .  13 
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Toroidal  f i e l d  
p r o f i l e s  along 
hor izonta l  mid- 
plane f o r  heat-  
ing  case  1. 



Figure  I V .  13 .C 

Figure  IV.14 

Toro ida l  f i e l d  
p r o f i l e s  a long 
h o r i z o n t a l  mid- 
p lane  f o r  heat -  
i n g  c a s e  3 .  



Figure  IV.14.B 

Figure  IV.14.C 



Analysis of Figures IV.15 and IV.16 indicates that the magnitudes of 

the toroidal current densities are the same for both cases, however, 

it is spread over a larger region in case 3 thereby resulting in a 

larger plasma current. Published experimental values of plasma 

current are %20 - 30 kA. At the time of this writing there was an 

expressed desire to obtain additional magnetic probe data to confirm 

such numbers. The most recent experimental data indicates that the 

plasma current may be as large as 90 kA during the heating phase. 

The 25 kA measurement was made 20 psec after the toroidal field re- 

versal. While lower values of plasma current have been simulated, 

we have never succeeded in heating to a plasma state with such low 

plasma currents. The codes do indicate a loss of current to the 

corners. Later we will discuss plasma flow patterns and "current 

shedding". Regardless of the magnitude of the plasma current ob- 

tained, its distribution along z=0 as a function of time is always 

characterized by an initial skin effect followed by a soak-in to 

a parabolic shape with marked current reversal on the-plasma edge. 

The current then shifts and piles up on the outside. As the plasma 

returns and moves inward, the plasma current distributes itself 

parabollically again. Further detailed discussion will be pre- 

sented in Chapter IV Section 2.B.ii. In Figures IV.17 and IV.18 we 

observe the compression of the poloidal magnetic field as the plasma 

moves towards the outside and its subsequent relaxation as the plas- 

ma returns inward. Note that the structure of BZ is the same in 



Figure IV.15 

Plasma toroidal 
current density 
profiles along 

. horizontal mid- 
plane for heat- 
ing case 1. 

,> i '3. 3 i 2 j : ~ C 5 / , ~ ) ? .  .i - = . - I.0 U S E e  - - . - - - -  
,=;& >= , ::,-=- -,=iF-s ;:,7+.?* $ I-"! 



3- 
(V

 
1

.. 
C11 

. 
L. 

I: 
:.r 

i
 

I 
\
 

I
I
.
 

IJ
) r 

1
 
-.I 

(1
. 

L
IJ C

I. 
si 

f.fJ 
.1: 

(.I 
1' 

I- 
I 



Figure  IV.16 

Plasma t o r o i d a l  
c u r r e n t  d e n s i t y  
p r o f i l e s  a long 
h o r i z o n t a l  mid- 
p lane  f o r  hea t -  
i n g  c a s e  1. 
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Figure  



Figure IV.17 

Poloidal  f i e l d  
p r o f i l e s  along 
hor izonta l  mid- 
plane f o r  heat-  
ing case 1. 



Figure  IV.17.C 

F igure  IV.18 

P o l o i d a l  f i e l d  
p r o f i l e s  a long 
h o r i z o n t a l  mid- 
p lane  f o r  hea t -  
i n g  c a s e  3 .  



Figure  

F igure  IV.18.C 



both cases .  This should be obvious from the  s i m i l a r i t y  i n  t he  cur- 

r e n t  dens i ty  p r o f i l e s .  The important d i f fe rences  a r e  t he  previously 

mentioned s h i f t  of t he  magnetic ax i s  and the  enhanced value of B 
z  

on t he  outs ide .  Both a r e  caused by the  addi t iona l  v e r t i c a l  f i e l d  

programmed i n  case  3 .  

We omit graphs of plasma pressure  s ince  such information is 

e a s i l y  ex t rac ted  from the  dens i ty  and temperature p r o f i l e s .  A t  6 psec 

t h e  peak be ta  is 85% f o r  case  1 and 78% f o r  case  3 .  There i s  no ex- 

perimental  da t a  f o r  these  e a r l y  times t o  check aga ins t .  I t  i s  impor- 

t a n t  t o  r e a l i z e  t h a t  no r ad i a t i on  o r  ion iza t ion  l o s se s  a r e  included 

i n  t h e  above simulations.  Modeling these  e f f e c t s  would decrease t he  

plasma beta .  

Due t o  t he  elongation of t h e  plasma, even a t  these  l a rge  values 

of t o r o i d a l  plasma cur ren t ,  f o r  case 1 t h e  s a f e ty  f ac to r  has been 

computed t o  be .95 on the  a x i s  and 1.1 on t h e  plasma edge. 

(ii) Half Power Simulation 

Next we consider t h r ee  cases  of ha l f  power heating.  The r e s u l t s  

a r e  s u f f i c i e n t l y  d i f f e r e n t  from those of t h e  previous sec t ion  t o  war- 

r a n t  de t a i l ed  explanation once more. Radiation and ion iza t ion  l o s se s  

a r e  accounted f o r  i n  these  simulations.  The pr inc ipa l  inputs  a r e  

l i s t e d  i n  Table I V .  4 .  

A pos t  z-pinch configurat ion is the  i n i t i a l  conf igurat ion.  Again, 

r a t h e r  than include a l l  t he  graphs generated by t he  code,,we s t a t e  t h a t  



Table IV.4 

Half Power Input Summary 

Case number 

'hole 
(V-sec) 

'outer (V-sec) 

'4' 
t op  

Varia t ion i n  z 

T 
l o s s  (usec) 

Ion iza t ion  co r r ec t i on  

Crowbar 

(sec)  ' 
'anomalous 

' *  'hole 'hole 'hole 
1.8 2'' z8 

Yes No No 

Pe r f ec t  Pe r f ec t  Pe r f ec t  

cases  4  and 6  d i f f e r  t h e  most while case  5 has common c h a r a c t e r i s t i c s  

with both of t h e  o the r s .  For t h i s  reason we w i l l  descr ibe  case  5 

without including an enormous numbqr of graphs. 

The t o r o i d a l  plasma cur ren t  of case  4  a f t e r  6  psec (66 kA) is  

i d e n t i c a l  t o  t h a t  of case  5 a t  t h e  same time. This  is  expected due 

- t o  t h e  spec i f i ca t i on  of i d e n t i c a l  moun t s  of po lo ida l  f l ux  on t h e  

boundaries. 

The peak temperature obtained i n  case  5  (-215 eV a t  2  psec) i s  

t h e  same a s  t h a t  f o r  case  6, however, it does cool l e s s  rapidly .  

This  i s  re la ted '  t o  t he  b e t t e r  confinement of plasma i n  case  5,  

t h a t  is ,  t h e r e  i s  l e s s  plasma near t he  cold wal ls .  The ion iza t ion  



correction listed in Table IV.4 is simply an ad hoc correction to 

the gas constant. Since we are us'ing a single fluid model, 

P = P  + P  =k(nT +n.T.) 
e i e e 1 1  

For T = T E T we get, 
i e 

Depending upon the degree of ionization of the helium we obtain, 

Therefore, we program a time dependent electron number density such 

that the helium is completely ionized after 1.7 psec. This lowers 

the pressure thereby affecting both the momentum and energy equa- 

tions directly. The net effect was determined to be quite small. 

The programmed ionization case was found to be only. slightly (%2%) 

cooler. This indicates that compressional heating is not important 

in Torus-11. It does not imply that poor plasma preparation has no 

effect on heating as will be discussed when we present the results 

of the zero-dimensional computation. Another calculation lending 

support to this claim is that the computed values of pC a T/a t are 
v 

the same order of magnitude as the ohmic heating term, n ~ 2 .  Re- 

turning to the issue of confinement, we note that the only difference 



between cases  4 and 5 i s  the  leakage near t he  copper p l a t e s .  Once 

again we conclude t h a t  more leakage y i e l d s  poorer confinement. The 

f l u x  contours f o r  t he se  two simulations i n d i c a t e  t h a t  a  s izeab le  

magnetic p ressure  due t o  t he  leakage w i l l  tend t o  elongate the  p las -  

ma s u b s t a n t i a l l y .  

Comparing cases 5 and 6 we f ind  a  major d i f fe rence  i n  the  plas-  

ma cur ren t .  The l a t t e r  c a r r i e s  44 kA a t  6 psec compared t o  t he  66 k~ 

of ca se  5. This  i s  due t o  t he  reduced amount of f l ux  used i n  t he  

boundary condi t ions .  Plasma confinement i s  q u i t e  s imi l a r  due t o  t h e  

p re sc r ip t i on  of equal percentages of f l ux  leakage. However, i n  case  

6, plasma i s  l o s t  t o  t h e  ou te r  wall .  This does not  happen i n  case  5. 

This  i s  a  r e s u l t  of t h e  low v e r t i c a l  f i e l d  spec i f ied  i n  case  6. The 

e f f e c t s  of a  l a r g e  plasma cu r r en t  on t h e  temperature i s  evident only 

a t  l a t e r  t imes.  We a r e  r e f e r r i n g  t o  t o r o i d a l  plasma cur ren t .  We 

w i l l  d i scuss  t h i s  mat ter  below. I t  i s  b e s t  t o  now d i r e c t l y  compare 

cases  4 and 6.  

The p r i n c i p a l  d i f f e r ence  i n  t he  inputs  i s  t he  poloidal  f l ux  on 

t h e  boundaries and t h e  amount of leakage. Case 4 exceeds case  6  on 

both counts. The r e s u l t s  of g r e a t e s t  i n t e r e s t  are those r e l a t i n g  

t o  e f fec t iveness  of heat ing and confinement. 

Plasma temperature i s  s l i g h t l y  higher f o r  case  4 than case 6. 

Le t  us  now f i n a l i z e  our ideas  regarding t h e  heat ing mechanism. For 

convenience, the t o r o i d a l  plasma cu r r en t  f o r  each case described 

i n  t h i s  chapter  and t h e  corresponding peak temperature a r e  l i s t e d  

i n  Table I V . 5  Bearing i n  mind t h a t  cases  4-6 contain  t he  phenom- 



Case 

Table  IV.5 

Plasma Heating Summary 

Toro ida l  Cur ren t  (kA) Temperature (eV) 

6 6 140 

8 0  140 

88 145 

6 6 215 

6 6 210 

4  4  210 

eno log ica l  l o s s  t ime c o n s t a n t  whi le  c a s e s  1-3 do no t ,  we must con- 

c lude  t h a t  t h e  h e a t i n g  mechanism can on ly  be  ohmic p o l o i d a l  c u r r e n t s .  

T h i s  must b e  t r u e  s i n c e  t h e  h o t t e r  plasmas a r e  c h a r a c t e r i s t i c  of  

l a r g e r  B and t h e r e  i s  no c o r r e l a t i o n  t o  t h e  t o r o i d a l  c u r r e n t .  The 
9 

r o l e  of  J i n  h e a t i n g  becomes e v i d e n t  a s  we r e t u r n  t o  our  comparison'  
0 

of c a s e s  4  and 6. Note t h a t  t h e  l o s s  c o n s t a n t  f o r  t h e  l a t t e r  i s  

l a r g e r  than  f o r  t h e  former. Thus, we should expect  more r a p i d  cool -  

ing  f o r  c a s e  4. However, t h i s  i s  n o t  observed f o r  two reasons .  

While p o l o i d a l  c u r r e n t s  a r e  r e s p o n s i b l e  f o r  t h e  i n i t i a l  h e a t i n g  of  

t h e  plasma, any l o s s e s  t h a t  a r e  impor tant  over  long t imes  must be  

compensated f o r  by ohmic h e a t i n g  from t o r o i d a l  c u r r e n t s  s i n c e  t h e s e  

l a s t  much longer  than t h e  p o l o i d a l  c u r r e n t s .  Thus, a  plasma w i t h  

a  l a r g e r  J w i l l  coo l  much l e s s  r a p i d l y  eventhough t h e  i n i t i a l  hea t -  
0 

i n g  i s  determined s o l e l y  by t h e  p o l o i d a l  c u r r e n t .  The second reason 

i s  r e l a t e d  t o  plasma confinement. Th i s  w i l l  be d i scussed  aga in  l a t e r .  



Briefly, the plasma of case 6 rests against the cold outer wall and 

looses energy by conduction. The slight discrepancy in the temper- 

ature of cases 4 and 6 (See Figure IV.19 and IV.20) can also be re- 

lated to the way the resistivity is computed. Recall, 

Thus, larger toroidal currents will yield a higher resistivity and 

enhance the heating. It is important enough to repeat, that.barring 

large scale plasma confinement difficulties, plasma temperature is 

directly related to the final reversed toroidal field. A large 

part of plasma cooling is caused by the zero-dimensional loss term. 

As more experimental data becomes available, this term can be ad- 

justed to more closely follow the experiment. With respect to the 

plasma resistivity, several attempts were made to run the code with- 

out an enhanced value. For the known rise times ot the exteriidl 

currents, the code bombed without exception. This implies that an 

enhanced resistivity must be present for successful operation of 

the codes and is probably a good representation of the experiment. 

The difference in the larger toroidal current of case 4 over 

case 6 can not be quickly dismissed as simply due to the boundary 

values of poloidal flux, although such boundary values are impor- 

tant. Note that the current densities of the two case5 are very 

similar (Figures IV.21 and IV.22) for the early times. Indeed, J 4 
profiles for all the simulations are similar for t _< 4 psec. At 

the later times, dependin4 upon the shape ,of t.he confining fields 



Figure IV.19 

Plasma temperature 
profiles along the 
horizontal mid- 
plane for heat- 
ing case 4. . 



Figure  

F igure  I V .  20 

Plasma temperature 
p r o f i l e s  a long t h e  
hor izonral  mid- 
p lane  f o r  hea t -  
i n g  case  6. 



Figure  IV. 20. B 

F igure  IV.20.C 
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Plasma to ro ida l  
cur ren t  p r o f i l e s  
along t h e  horiz-  
o n t a l  midplane 
for ilea.Lcng case 
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F igure  IV.22 

Plasma t o r o i d a l  
c u r r e n t  p r o f i l e s  
a long t h e  hor iz-  
o n t a l  midplane 
f o r  h e a t i n g  case  
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the plasma will lose current. This is the "peel off" effect 

mentioned earlier. Current is lost to the upper regions of the 

vacuum vessel where the flux leakage is concentrated. For case 6 

there is the additional problem of insufficient vertical field needed 

to keep the plasma off the outer wall during the early part of the 

heating. Whenever plasma approaches the outer wall, it encounters 

a greater concentration of open field lines. No current is allowed 

to flow on these lines since they intersect the non-conducting glass 

wall. Thus, the current is squeezed out of the plasma. Additional 

proof of the "peel off" phenomena is presented in Figures IV.23 and 

IV.24. In Figure IV.24.B, plasma flow patterns have been sketched. 

While acceptance of this calculation as a true detailed account of 

the Torus-I1 plasma velocity spectrum is not possible, it is .quite 

useful in showing once again that the outer layer of the plasma 

can move along open field lines to the upper regions of the vessel. 

This has been observed experimentally with streak cameras. 32 This 

flow pattern is caused by the leakage flux into the vessel at the 

inner wall and out of the vessel at the outer wall, thus, this is 

not a transport problem but one of coil geometry. The inner plasma 

regions experience a counter-clockwise poloidal rotation. Experi- 

ments are being conducted to test for this effect. 
3 3 

Continuing with this line of thought, we analyze the poloid- 

a1 flux contours in Figures IV.25 and IV.26. The contours for plas- 

ma subjected to less flux leakage (case 6) are squatter than those 

of case 4 for t < 2 psec, repeating the trend observed in cases 1 - 3. - 



Figure I V . 2 3  

Plasma to ro ida l  
cur ren t  dens i ty  
contours i n  upper 
ha l f  'plane f o r  
heating case  4 .  



Figure  I V . 2 4  

Plasma t o r o i d a l  
c u r r e n t  d e n s i t y  
contours  i n  upper 
h a l f  p lane  f o r  
hea t ing  c a s e  6. 



Figure  I V . 2 5  

P o l o i d a l  f l u x  
contours  i n  
upper h a l f  p lane  
f o r  h e a t i n g  
c a s e  4. 
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Figure  IV.26 

P o l o i d a l  f l u x  
contours  i n  
upper h a l f  p lane  
f o r  hea t ing  
c a s e  6. 



Figure  

Figure IV.26.C 



However, unl ike  t he  e a r l i e r  r e s u l t s ,  t h e  f l ux  contours do not remain 

squat.  Case 4 exh ib i t s  squa t t e r  contours than case 6 f o r  times be- 

tween 2 . 5  and 5 usec. The reason f o r  t h i s  i s  t h a t  t he re  i s  not 

enough v e r t i c a l  f i e l d  t o  confine t he  hot  plasma i n  case  6. By now 

it should be evident  exac t ly  how confinement is  a f f e c t e d  by t h e  

po lo ida l  f l ux  spec i f i ca t i on .  In  most high be t a  devices ,  t h e  plasma 

i s  confined by diamagnetic poloidal l .currents  crossed with t he  toroid-  

a 1  magnetic f i e l d .  This occurs t o  some ex t en t  i n  Torus-11. How- 

ever,  t he  geometry of t he  ex te rna l  t o r o i d a l  windings a r e  a l so  very 

important f o r  Torus-11. A s  plasma is heated it s h i f t s  r a d i a l l y  

outward. For given values of Y and 'outer' i f  t h e  r e tu rn  leak- hole  

age along the  i n s i d e  of t h e  device i s  high (>20%),  - t h e r e ' i s  a l a rge  

magnetic pressure  supplying an add i t i ona l  outward push on the  plas-  

ma. Another way t o  look a t  t h i s  phenomenon is t h a t  t h e  leakage 

f l ux  e f f e c t i v e l y  reduces t h e  v e r t i c a l  f i e l d  applied ex te rna l ly .  I f  

t he re  is  a l a rge  f l ux  leakage ou t  of t h e  ves se l  towards t h e  ou te r  

wal l  it w i l l  push plasma inward. The plasma f inds  i t s e l f  squeezed 

i n  t he  middle thereby assuming an elongated shape and squ i r t i ng  ou t  

t o  t he  top  and corners.  Again, another way t o  look a t  t he  leakage 

on t h e  ou ts ide  of t h e  device i s  t h a t  t h e  v e r t i c a l  f i e l d  i s  improperly 

shaped. I t  should be d i r ec t ed  inwardly a t  l a r g e r  heights .  The 

Torus-I1 c o i l  geometry produces t h e  opposi te  pa t t e rn .  Plasma con- 

finement improves with decreasing leakage s ince  t he  f i e l d  l i n e s ,  

which e x e r t  a smaller  pressure ,  can be more e a s i l y  compressed. In  

doing so ,  t he  boundary condit ions a r e  such t h a t  t he  f i e l d  l i n e s  tend 



to bend over the top of the plasma maintaining excellent vertical 

equilibrium. (See for example Figures IV.6.B and IV.25.B) However, 

for case 6 the contours do not remain squat for reasons other than 

the flux leakage. In this simulation the amount of vertical field 

is simply too small. Therefore, the hot plasma easily compresses 

all the field without the characteristic "bending over" of magnetic 

pressure. This is not a new result. 'LOO little exleiiial vertical 

field has long been known to lead to loss of plasma confinement. 

The weaker vertical field also manifests itself in a smaller com- 

puted B . T.ypically, it is 500 G smaller for case 6 than all z 

others. The position of the magnetic axis along r is again dictated 

by 'outer' with larger fluxes pushing the axis inward as expected. 

Direct viewing ot the plaspna d e n s l t y  u v e i  the upper half plane 

(Figures IV.27 and IV.28) or along the horizontal midplane (Figures 

IV.29 and IV.30) substantiates the above discussion of confinement. 

Case 6 is different from all others. This is the first time plasma 

hits the outer wall. There is a resulting decrease in plasma density. 

Earlier we sketched briefly the dynamics of the plasma motion. It 

is best now to describe it in detail. 

I n  all cases, upon initial hcstiriy ( b  ,- 1 pscc), thr. plasm 

expands along r while contracting slightly along z. As the plasma 

temperature increases, it begins to move outward radially, expanding 

in width while doing so. Depending upon the shaping of the pre- 

scribed boundary conditions, the plasma is compressed along z to 



Figure IV.27 

Plasma density 
distribution in 
upper half plane 
for heating case 4. 
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Figure IV.28.B 
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Figure IV.29 

Plasma density 
profiles along 
the horizontal 
midplane for 
heating case 4. 



Figure IV.30 

Plasma density' 
profiles along 
the horizontal 
midplane for 
heating case 6. 
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some extent. When the outer edge of the plasma encounters a large 

enough vertical field it ceases its radial motion. The trailing 

edge of the plasma continues moving outward until the plasma pres- 

sure is balanced by the magnetic pressure. The contraction of the 

plasma along z continues. Since the plasma has finite inertia it 

over-compresses the field on the outside. The plasma is then pushed 

radially inward, expanding both along r and z. This motion continues 

until the magnetic pressure - near the inner wall is sufficient to rc- 

tard the plasma motion. If the prescribed vertical field is too 

large, this balance will not occur and the plasma strikes the inner 

wall. Such results were observed but are not presented here. The 

elongation along z is dictated by the relative squeezing of the 

plasma due to leakage patterns. After radial motion has stopped, . 

the plasma continues to flow in the vertical direction to the outer 

corners of the vessel. For this reason we believe that the plasma 

shrinks. Thus, the plasma elongation of %5:1 presented here does 

not exist at later times. It may shrink as low as %2.5:1. 34 This 

behavior has not been simulated due to the computational costs of 

running the two-dimensional code for such long times. 

After 6 vsec we compute all components of PDv, J_ x B - and VP. 

The results are interesting. For regions of appreciable plasma 

density ( p > 10% p - peak 1 we find that 



is  t r u e  half-way up t h e  plasma column. The cond i t ion  

is  t r u e  i n  r eg ions  c l o s e  t o  t h e  h o r i z o n t a l  midplane only.  No com- 

ponents  o f  VP and - -  JxB a r e  equal  nea r  t h e  t o p  of  t h e  plasma column. 

T h i s  i s  i n  agreement wi th  t h e  cont inued f low/ loss  o f  plasma i n t o  t h e  

c o r n e r s  of  t h e  v e s s e l .  I t  i s  impor tant  t o  r e p e a t  t h a t  t h i s  i s  inde- 

pendent o f  any l o s s  mechanism o t h e r  than  t h e  c o i l  geometry of  t h e  

device .  Due t o  t h i s  flow, we a r e  unable t o  compute t o  t h e  p o i n t  

where p r e s s u r e  i s  a  f u n c t i o n  of t h e  p o l o i d a l  f l u x  a lone .  That  i s ,  

P=P(y) .  While t h e  plasma i s  i n  e x c e l l e n t  equ i l ib r ium along z=0, 

. . 
t h e  "information" on plasma s t a t e  i s  n o t  communicated a l l  a long t h e  . 

f l u x  contour.  Rather ,  a t  t h e  top ,  equ i l ib r ium does n o t  e x i s t  and 

t h e  "flow of  information" i s  d i s r u p t e d .  Thus, along t h e  lower p a r t  

of  t h e  plasma column we f i nd  

P, = PL(Y 1 PR = PR(y)  p L ( V  # PR('l') 

where t h e  s u b s c r i p t s  L,R r e f e r  t o  l e f t  and r i g h t  o f  t h e  magnetic 

a x i s .  S t r i c t l y  speaking,  we a r e  unable t o  h e a t  t o  a  two-dimensional 

MHD equi l ibr ium.  We do n o t  c l a im t h a t  one does n o t  e x i s t  i n  Torus-I1 

b u t  on ly  t h a t  it may t a k e  longer  t o  achieve  than t h e  s tudy pe r iod  of  



6 psec. 

Figures IV.31 and IV.32 again illustrate the rapid soak-in of 

the toroidal magnetic field. This is consistent with the results 

obtained by (8). At 6 vsec we compute peak plasma beta values of 

33% and 39% for cases 6 and 4 respectively. Due to the inclusion 

of the large loss term in the energy equation, plasma temperature 

drops to 37 eV for case 4 and 31 eV for case 6. IYhe accuracy of 

such a rapid decay is debatable. As experimental results are obtained 

from Thompson scattering measurements, the phenomenological loss term 

can he adjusted to give an appropriate B decay. For completeness we 

exhibit profiles of B and pressure along the horizontal midplane 
z 

after heating. (Figures IV.33 and IV.34) The poloidal field com- 

puted at r=30 cm agrees very well with recent experimental probe data. 

A brief discussion of the plasma safety factor, q, is in order. 

We compute q at 6 psec by numerically integrating 
2 

Such a calculation is suspect since we do not have a strict equilib- 

rium even at 6 psec. However, j . t  cer taj .nl .y  gives us a rough guanti-  

tative estimate of the plasma q-profile. In Figure IV.35 we exhibit 

such profiles for cases 4, 5 and 6. We can weakly state that within 

the limits of certainty of the numerics (finite grid spacing-numeri- 

cal integration), q 4 1 in all cases. For the values of plasma cur- 
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Figure  IV.31.C 

Toroidal f i e l d  
p r o f i l e s  along 
the  horizontal  
mi.dp3,ane for 
heating case 6. 



Figure IV.32.B 

Figure IV.32.C 



Figure I V . 3 3 . A  

Poloidal  f i e l d  
p r o f i l e  along 
the  horizontal  
midplane f o r  
heating case 4 .  

Heating case 6 



Figure I V . 3 4 . A  

Plasma pressure 
p r o f i l e  along 
the  horizontal  
midplane f o r  
heating case 4. 

B) Heating case 6 
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Figure IV-35 

Profi les  of safety factor for three half-power 
heating simulations after 6 usec. 



rent computed in the half power case (40-70 kA), this result appears 

surprising. It is the %5:1 elongation that saves the large current 

carrying plasma from going kink unstable (q <I). As the plasma 

shrinks it is accompanied by a loss of current. While we have not 

quantified such a phenomena over long times, we expect the loss of 

plasma current to balance the plasma shrinking such 'that the safety 

factor remains greater than one throughout the duration of the ex- 

periment. 

Implicit in all the above discussion is that the external cur- 

rents are heating at least a singly ionized (and usually double 

ionized) helium ion. MHD can not simulate ionization processes. 

Therefore, to test if Torus-I1 can indeed "burn through" the ion- 

ization of helium and subsequently overcome impurity radiation 

losses, we must use the zero-dimensional atomic physics code de- . 

scribed earlier. 

2.C) Zero-Dimensional Heating Study 

The results of this phase of our work are particularly sen- 

sitive to the amount of time for which we use the anomalous re- 

sistivity. The heating phase is characterized by the switching on 

of the anomalous resistivity. This is done immediately after the 

4 pec z-pinch phase has been simulated. To emphasize the varying 

results possible we present three typical cases in Table IV.6. 



Table I V .  6 

Inputs  f o r  Zero-Dimensional Heating Study 

Case number 1 2 3 

Z-pinch 
Peak cur ren t  (A/cm2.). 200 

Heating 
Peak cur ren t  (A/cm2 500 

HeaCiag Liue (psec) 3 4 4 

% Oxygen 2 2 2 

% Si l i con  1 1 1 

I n  Figures IV.36 and IV.37 we exh ib i t  t h e  computed ion and elec-  

t r o n  temperatures. The important po in t  t o  be emphasized from these 

r e s u l t s  is t h a t  f o r  t yp i ca l  Torus-I1 parameters, t he  heat ing mechan- 

i s m  can "burn through" the  ion iza t ion  and r ad i a t ion  ba r r i e r s .  

. F i g ~ ~ r e  IV.38 shows the  time histon1 o f  fully ionized helium. Wc 

c l e a r l y  s ee  t h a t  t h e  ion iza t ion  of helium occurs during the  heating 

phase. For each case,  ion iza t ion  is complete within 3  psec a f t e r  

t h e  onset  of t h e  tu rbulen t  po lo ida l  currents .  Minor d i f fe rences  

+ 
e x i s t .  Por example, He e x i s t s  f o r  a longer time i n  case  1 than 

case 2 o r  case  3 .  However, s ince  T > 40 eV a t  6 psec f o r  t he  th ree  
e 'L 

simulations,  t h e  ion iza t ion  r a t e  i s  l a rge  enough t o  give s imi l a r  

++ 
values  of He ( t) .  

-1-4 
For the  colder  temperatures of case  1 we obta in  and S i  . 

The ho t t e r  temperature of case 3 y ie lds  oxC5 and sif6 a t  the  end 
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Ion temperature from eero- Eleatron temperature from 
dimensional simulation of zero-dimensional simulation 
Torus-I1 heating phase. of Torus-I1 heating phase. 



of heating.  Thus, both plasmas w i l l  continue t o  r a d i a t e  power away. 

We observe a 2 psec delay i n  ion heating i n  every simulation desp i te  

t h e  anomalous ion-wave heating term. This i s  coincidental  w i t h  the 

rap id  ion iza t ion  of helium. oxygen and s i l i con .  Thus, d ( n i ~ i )  / d t  

includes  a l a r g e  dn . /d t  component. When t h i s  vanishes a t  6 psec we 
1 

observe heat ing of the ions ,  Here w e  have another e f f e c t  of poor 

plasma preparat ion.  

These r e s u l t s  c l e a r l y  i nd ica t e  t h a t  i f  Torus-I1 i s  t o  become 

ho t  w e  must have a successful  onse t  and susta ined turbulen t  period. 

The heat ing mechanism i s  enough t o  produce i n t e r e s t i n g  temperatures 

d e s p i t e  poor plasma preparation.  The dominant l o s s  mechanism during 

t h e  ea r ly  p a r t  of t h e  heat ing is due t o  ion iza t ion .  A s  t he  plasma 

is heated, t r anspor t  l o s se s  become a more important p a r t  of t he  

simulation. When t h e  turbulence i s  shut  o f f ,  t he  p r inc ipa l  l o s s  

Process i s  impurity. lint2 radiation. T h i s  l e a d s  11s t o  01.m next topic 

of discussion,  t h e  descr ip t ion  of t he  high be ta  plasma s t a t e .  
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3 ) The Torus-I1 High Beta Tokamak Phase 

W e  now combine t h e  information supplied by t h e  heat ing simula- 

t i o n s  with a l l  a v a i l a b l e  experimental da t a  t o  s e t  up appropria te  

i n i t i a l  high be t a  plasma s t a t e s  and follow t h e  decay processes. 

A) Quarter Power Study I 

The heating phase simulation produced high temperature plasmas, 

Q 100 e V .  Recal l  however t h a t  no r a d i a t i v e  l o s se s  were included. 

3 2 
Experimentally, t h e  peak plasma temperature has been reported a s  

Q30 eV. Also f r o m  (321, t h e  plasma i s  set up fu r the r  towards t h e  

ou t s ide  (r = 24 cm) than  predicted by the  heat ing simulation (r=22 cm). 

Specifying a plasma cu r r en t  of 40 kA and an elongation of 3:1, we 

vary t h e  oxygen and s i l i c o n  content.  A t  t h i s  temperature, t he  average 

ion  model p r e d i c t s  a maximum i n  t he  r ad i a t ed  power l o s t  due t o  oxygen. 

The.pLasma cools  wi th in  10 psec. Figure IV.39 shows the  c e n t r a l  

plasma temperature a s  a funct ion of time f o r  d i f f e r e n t  impurity levels. 

W e  see t h a t  t h e  s i l i c o n  concentra t ion is not  important a t  t he se  tem-  

peratures .  The qua r t e r  power case is not a promising candidate fo r  

high beta research  due t o  t h i s  rap id  cooling.  A t i m e  s c a l e  ana lys i s  

was performed f o r  t h e  above i n i t i a l  condi t ions .  Using da t a  gener- 

a t ed  by t h e  one-dimensional t r anspo r t  code, we found t h e  following. 

T = 240 usec 
C 

T = 190 psec 
h 

T = 70 usec 
0 



(A) 4% Oxygen . 

0 
4 8 1 2  ' 1 6 .  20 

TIME (usec)  
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.I-1 ,% S i l i c o n  
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Figure  IV.39 C e n t r a l  plasma temperature decay dur ing  t h e  high b e t a  
tokamak phase. I n i t i a l  cond i t ions  a r e  pos t -quar t e r  
power hea t ing  phase. 



T = 40 Psec 
.b 

T = 1 Psec 
r 

where T represents a convective (flow) time scale, =h 
is the thermal 

C 

conduction time scale, 
=o 

is an ohmic heating time scale due to tor- 

oidal plasma currents, T is a magnetic diffusion time scale for a 
b 

classical resistivity, and r is a radiation time scale for 1% oxygen. 
r 

The decay rates of the fields measured in Torus-I1 are iii  ac&3rdanee 

with our computed T This calculation illustrates the difficulLies 
b ' 

associated with a high beta plasma resulting from quarter power heat- 

ing. For these reasons, the effort devoted to the quarter power 

heating and diffusion simulations was considerably less than that 

devoted to the half power operating case. We forgo discussion of 

profiles for the quarter power case and proceed immediately to the 

half power simulation. 

B ) Half Power Study 

Using our one-dimensional dittusion code, we sixnulate the high 

beta state resulting from half power heating. Again we make use of 

the heating simulation results and experimental observations to pre- 

ocribo il~itial ~:crn?itians. S i n c t  the pp.gillP.'..s nf planma hcating aan 

never be completely .(or totally accurately ) known either through 

simulations or experimental measurements, we also ask the question, 

what if the plasma state is ..... ? This is related to the "arbi- 

trary" initial conditions discussion of chapter 111. Two-dimensional 

35 diffusion design studies of Torus-I1 were performed by Chu and Byrne. 



Present ly ,  H.C. Lui. i s  working on a  two-dimensional d i f fu s ion  code 

t h a t  w i l l  eventually be appl ied t o  Torus-11. 

Extensive probe da ta  i s  ava i l ab l e  f o r  t h e  t o ro ida l  magnetic 

f i e l d  a s  a  funct ion of r a d i a l  pos i t i on  along the  hor izontal  mid- 

plane9 f o r  t h e  quar te r  power case. Linear ex t rapola t ion  from t h i s  

50 kV case  t o  70 kV (half  power) y i e ld s  t h e  t o ro ida l  f i e l d  p r o f i l e  

used a s  t h e  i n i t i a l  condi t ion f o r  t h e  high beta  simulation. The max- 

i m u m  wel l  depth is 10%. The plasma is 6 cm wide.with a  peak dens i ty  

of 1015 cm-3 located a t  a  major r ad ius  of 25 cm. The height  of t h e  

plasma is set t o  12 cm. We perform the  necessary i n t eg ra t i ons  de- 

sc r ibed  e a r l i e r .  The t o r o i d a l  plasma cur ren t  is  25 kA and t h e  

poloidal  f lux ,  Y ,  i n  t he  hole  is . O 1  V-sec. The i n i t i a l  B i s  set 
z  

t o  1.5 kG on t h e  ou t e r  wall.  Three d i f f e r e n t  i n i t i a l  temperatures 

a r e  run (65 eV, 130 e V ,  175 eV) f o r  combinations of oxygen and s i l i -  

con concentra t ions  of .5% and 2% yie ld ing  12 simulated cases .  We 

w i l l  descr ibe ,  i n  d e t a i l ,  t h e  b e s t  and worst cases  f o r  each of t h e  

i n i t i a l  temperature spec i f ica t ions .  Based upon e a r l i e r  d iscussions  

it should be obvious t h a t  t h e  b e s t  prospects  f o r  high be ta  research 

a r e  f o r  impurity l e v e l s  o f . . 5 %  oxygen and .5% s i l i con .  The worst 

cases  a r e  those of 2% oxygen and 2% s i l i c o n .  We w i l l  b r i e f l y  men- 

t i o n  t h e  intermediate cases  a s  we proceed. Table IV.7 summarizes 

t he  i n i t i a l  temperature and impurity l e v e l s  f o r  each case.  

Consider f i r s t  t h e  plasma with an i n i t i a l  temperature of 65 eV. 

During t h e  very ea r ly  times ( t  610 psec) t he  power radiated by sil i-  

con ( ~ 2  MW) dominates t he  cooling.  When the  plasma temperature 



Case Number 

Table IV.  7 

Summary of High Beta Tokamak Study 

I n i t i a l  
'T 
" pqpk 

(x10 K) 

Oxygen S i l i con  

reaches %40 eV, t h e  oxygen r ad i a t ed  power l o s s  (6.5 MW) destroys  t h e  

plasma. T h i s  is i l l u s t r a t e d  i n  Figure I V . 4 0  where we see  t h e  plasma 

r ap id ly  cooling o f f .  The rad ia ted  power l o s s  i s  obtained trom a 

numerical volume in t eg ra t i on  of t h e  power d e n s i t i e s  supplied by Post .  

We conclude t h e  obvious, t h a t  oxygen i s  the  primary cause f o r  con- 

ce rn  a t  these  temperatures. 

Whenever plasma undergoes rap id  cooling ( t yp i f i ed  by cases  1 

and 2 )  the  bas i c  assumption of our ca l cu l a t i on  must be examined. 
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Figure IV-40 Central plasma temperature decay during high beta tokamak 
phase. Initial temperature (peak) i s  65ev. 



Recall, the code calls for diffusion through states of suc- 

cessive equilibria so that we can ignore the inertia terms in the 

momentum equation. Figure IV.41 allows us to follow the plasma den- 

sity distribution in time for cases 2 and 3,. As expected, plasma 

is lost to the outer wall for the case of large impurity content. 

The cooling results in an increase in plasma resistivity. This 

causes a decay in toroidal plasma current and diamagnetic poloddal 

currents (disappearance of toroidal field well) leading to the sub- 

sequent loss of confinement. Figures IV.42 and IV.43 follow these 

processes. 

Calculations show that while both cases start with peak beta 

values of 23%, case 3 decays to 10% and case 2 drops to 2%. Analysis 

of code flow data indicates that both cases 2 and 3 have velocities 

on the order of the plasma diffusion velocity, lo4-lo5 cm/sec for 

temperatures of 2,O-65 eV thereby justifying our ignoring of the 

inertia terms. This does break down in case 2 by 30 psec when the 

plasma velocity reaches lo6 cm/sec and equilibrium is no longer 

maintained. The plasma motion about the minor axis is a typical 

diffusive spread accelerated by the increasing plasma resistivity. 

The plasma motion along the.major radius is more subtle. We claim 

that the ultimate state is that of zero plasma current. Of course 

confinement is lost before such a state is ever reached. As the 

plasma approaches this state, we expect B to approach its vacuum 
Z 

profile which is everywhere positive. Therefore, the magnetic axis 

shifts slowly towards the inner wall resulting in a peaked toroidal 
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current along the inner half of the plasma: At these late times, 

the toroidal current is the only heating source in that only it can 

compensate for radiative losses. The result is that the plasma 

temperature profile is skewed such that it is hotter on the edge 

closer to the inner wall. The resulting pressure profiles are shown 

in Figure IV.44. Note that VP is much larger in the positive radipl 

direction. Also, for Torus-11, since B is equally strong on either 
z 

side of the plasma and B %l/r, the total magnetic pressure is less 
0 

towards the outer wall. These field and pressure characteristics 

tend to shift the plasma outward towards the wall. This is observed 

experimentally as well as computationally. There are important impli- 

cations. The loss of confinement to' the wall is caused by loss of 



T l M E  1.50E-05 SE 

Figure IV.42.A 

Toroidal  cur ren t  
densi ty  f o r  cases  
2 and 3 of t h e  
high be ta  tokamak 
simulation. 

T I M E  2.50E-05 SEC 

Case 2 



T IME ' 3 . O D E - 0 5  SEC 

Figure IV.42 

C) Case 2 

0 6  K A D  I I!:, 

T I M E  3.03E-05 S E C  
Case 3 



T l M E  5 .00E-06  SEC 

Figure IV. 43 .A 

Toroidal field 
for cases 2 and 3 
of the high beta 
tokamak simulation 

T l M E  1.50E-05 SEC 

Ti l?E STEP : !O  6fi3 

Case 2 



T I M E  3.03E-05 SEC 

Figure IV.43 

C) Case 2 

T I ME 1 .50E-05 SEC 
Dl Case 3 



T I M E  3.00E-05 SEC 

Figure 

Case 3 

plasma current. In the one-dimensional transport calculatibn this 

is due to increasing resistivity resulting from radiation losses. 

However, any loss of plasma current will yield the same result. 

Recall that our two-dimensional heating simulations indicated that 

the coil geometry alone leads to a loss of plasma current. Thus, 

Torus-I1 must battle both types of current loss to maintain con- 

finement. It can not. No experiment has lasted 35 psec beyond 

the onset of plasma heating. Does heating to high temperatures 

help? 

Consider an initial plasma temperature of 130 .eV as in cases 

5, 6, 7, and 8. Throughout most of these simulations the dominant 
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energy loss mechanism is silicon radiation ( 5.6 MW). Not until 

much .later times (=20 psec) does the oxygen content play a signi- 

ficant role (7 MW) in plasma cooling. The central plasma tempera- 

ture as a function of time for these cases is given in Figure IV.45. 

This clearly illustrates the importance of the silicon content. The 

oxygen content is not a factor until the plasma temperature has cooled 

to %35 eV. Figure IV.46 permits us to follow the plasma density 

evolution for cases 6 and 7. The two simulations are drastically 

different. For a 2% silicon level, the plasma pinches thereby be- 

coming skinnier and more dense, contrary to the earlier spreading 

out observed in cases 1-4. However, case 7 (.5% silicon) remains 

perfectly confined. The plasma pinching is best explained as fol- 

lows. As silicon rapidly radiates away energy from the plasma there 

is a large drop in the thermodynamic pressure. This occurs on a time 

scale of %10 psec. This is much faster than the diffusion time scale 

of %300 psec for a 130 eV classical plasma. As energy is lost and 

temperature decreases, the diffusion time scale is greatly decreased. 

To maintain equilibrium, as required by the code, the plasma seeks 

to fight the decrease in pressure. This can be done in two ways. 

First by increasing density, that is, the pinching effect observed'. 

Secondly, by fighting the energy loss through increased ohmic heat- 

ing. This is accomplished by pinching of the plasma current density 
B 

since 
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Case 7 

Through the pinching of J and p the plasma seek.s to minimize the 
9 

rate 05 pressure loss. The pinching of toroidal current is readily 

observed in Figure IV.47 for case 6. Note that since case 7 does 

not experience a rapid loss of energy its current density does not 

pinch but rather undergoes a gradual resistive decay. Also note 

that in case 6, the pinching process is eventually overtaken by a 

sharp resistive decay due to severely deflated temperatures. Thus, 

there is a large drop in J from 30 to 35 psec. 
9 

The plasma has yet another mechanism to maintain equilibrium. 

Xt can increase its total pressure not only through the thermodynamic 

pressure as described above but also by increasing the magnetic 

pressure. Thus we note the appearance of a paramagnetic bump in 
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~ i g u r e ' I V . 4 8  f o r  t h e  case  of 2% s i l i c o n .  This  r e s u l t s  i n  paramag- 

n e t i c  cur ren ts  which a i d  i n  confinement much a s  the  diamagnetic 

cur ren ts  previously.  Once again f o r  t h e  case  of .5% s i l i c o n  w e  see  

a more gradual disappearance of t he  t o ro ida l  f i e l d  wel l  with no on- 

s e t . ~ £  paramagnetism evident a t  these  times. While both cases  begin 

with a peak be ta  of 46%, case  6 decays t o  a be ta  of 4% and case  7 t o  

one of 19% a f t e r  35 psec. The evolut ion of t h e  pressuxe p r o f i l e  i s  

shown i n  Figure IV-49 f o r  case  7. 

Analysis of t h e  plasma ve loc i ty  gives  t h e  following r e s u l t s .  

For case  6, t h e  plasma moves a t  t he  d i f fu s ion  speed throughout t h e  

temperature decay. Thus, we a r e  moving through successive e q u i l i b r i a ,  . '  

bu t  r a t h e r  rapidly .  Typical  v e l o c i t i e s  a r e  10' ,cm/sec. Calculat ions  

i nd i ca t e  t h a t  t h e  po lo ida l  cu r r en t  con t r i bu t e s  s i g n i f i c a n t l y  t o  con- 

f inqnent.  Plasma ve loc i ty  i n  case  7 is q u i t e  impressive. I t  never 

exceeds l o 4  cm/sec, of t en  hovering around l o 3  cm/sec ! Confinement 

i s  exce l l en t  throughout t h e  simulation.  Perhaps what is most im- 

p ress ive  i s  t h a t  case  7 near ly  exac t ly  matches ha l f  power experi-  

mental r e s u l t s  f o r  temperature decay presented i n  ( 9 ) .  This c l e a r l y  

i l l u s t r a t e s  t h e  p o t e n t i a l . o f  Torus-I1 a s  a high be ta  research device. 

The l a s t  s e t  of cases we w i l l  consider a r e  f o r  an i n i t i a l  p las-  

ma temperature of 175 eV. Throughout t h i s  s e t  of ca lcu la t ions  t h e  

dominant energy l o s s  is  due t o  r ad i a t i on  of s i l i c o n .  The power 

l o s s  g e t s  a s  l a rge  a s  6 MW. For cases  where t h e  oxygen content  is  

2% the re  is  s i g n i f i c a n t  coolirly a t  latei. ( ~ 2 5  vsec) times. The 
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c e n t r a l  plasma temperature a s  a funct ion of time f o r  cases  9-12 is  

shown i n  Figure IV.50. This provides a c l e a r  i l l u s t r a t i o n  of t h e  

dominance of t h e  s i l i c o n  rad ia t ion .  Again, we observe a rap id  drop 

i n  temperature due t o  r ad i a t i ng  oxygen a t  lower temperatures (b40 eV). 

A s  before,  w e  follow the  evolut ion of t h e  plasma dens i ty  p r o f i l e  f o r  

two cases  i n  Figure IV.51. The r e s u l t s  a r e  q u i t e  d i f f e r e n t  from 

eachother. For a . h i g h  s i l i c o n  content ,  we observe a doubling of t he  

peak plasma dens i ty  along with t h e  formation of an extremely narrow 

plasma. This  is t h e  pinching e f f e c t  described e a r l i e r .  Once again 

it accompanies t h a t  case  where plasma cooling is most rapid .  Case 

11 increases  i ts peak plasma dens i ty  by roughly 20%. For t h e  130 eV 

cases  w e  observed a pinching of t h e  t o r o i d a l  plasma cu r r en t  a t  25 psec ' . 

followed by a rap id  r e s i s t i v e  decay (e.g. Case 6 ) .  Since our i n i t i a l  

temperature is now higher,  t h e  plasma cu r r en t  does not  begin t o  pinch 

u n t i l  35 psec f o r  case  10. For t h e  simulation with a low s i l i c o n  

content  we observe a very slow decay i n  plasma cu r r en t  without pinch- 

ing. (Figure IV.52) 

The t o r o i d a l  f i e l d  evolut ion (Figure IV.53) is  character ized 

by t h e  development of a paramagnetic bump. Unlike e a r l i e r  simula- 

t i o n s  t he  bump now appears i n  t h e  slow cooling case  a s  wel l  a s  t he  

f a s t .  It i s  much more pronounced i n  case  10 and a l s o  appears very 

e a r l y  ( t  ~ 1 0  psec) .  Both cases  begin with a peak plasma be ta  of 

61%. Case 10 decays t o  a peak be t a  of 7.5% and case 11 decays t o  a 

peak be ta  of 27% both within  35 psec. The evolution of t h e  pressure  

p r o f i l c  f o r  both cases  i s  shown i n  Figure IV.54. 



TIME (usec) 
Figure IV.50 Cent ra l  plasma temperature decay during t h e  high beta 

tokamak phase. I n i t i a l  temperature (peak) i s  175 eV. 
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I n  keeping with our e a r l i e r  procedure, we now analyze the  com- 

puted plasma veloci ty .  For case 10 the  plasma velocity i s  10' cm/sec 

f o r  t h e  i n i t i a l  30 vsec and climbs t o  l o 5  cm/sec by 35 vsec. A 

descr ip t ion  of the  dynamics of t h e  plasma motion is i n  order. For 

t 25  psec, t h e  plasma ve loc i ty  i s  everywhere i n  the negative r ad ia l  

d i rec t ion .  However, t h e  ve loc i ty  increases a s  we move outward. Thus, 

plasma is swept inward and the  pinching process begins. A t  l a t e r  

times the d i r ec t ion  of plasma flow i s  modified such t h a t  the plasma 

near the  inner wall begins t o  move outward while the  plasma near the  

outer  wall continues t o  be swept inward resu l t ing  i n  a more rapid 

pinching. The primary reason f o r  t h i s  type of motion i s  the evolution 

of t h e  toro ida l  plasma current .  A t  ea r ly  times, the well centered 
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toroidal current is crossed into a centered B generating a force of 
Z 

J BZ inwards. The diamagnetic currents in the poloidal direction 
4 
are also centered.. However, the toroidal field is not symmetric about 

the point of maximum plasma density. Thus, the force J B pointing 
2 4 

radially outward also decreases as we move radially outward. This 

results in the observed increasing negative plasma velocity. As the 

plasma pressure.continues to drop, the inward sweeping is no longer 

sufficient to maintain an equilibrium. The toroidal plasma current 

then shifts inward, away from the plasma center. The paramagnetic 

bump becomes quite large and the resulting J x B force pushes the - 
inner plasma towards the outer wall in an attempt to slow down the 

pressure decay. ' For case 11 the velocity never exceeds lo4 cm/sec. 

As in case7, the plasma moves through successive equilibria much 

more slowly than when the large silicon content forces a rapid cool- 

ing. For most of the simulation (t ,< 30 psec) the sweeping of plas- 

ma inward described above is sufficient to maintain a one-dimensional 

equilibrium. 



Conclusions and Future Work 

The different operating stages of Torus-I1 and the resulting 

plasma states have been studied. Many important questions have been 

answered, some qualitatively and many quantitatively, through the 

use of MHD, atomic physics and inductance codes. The singular, most 

important ~onclusion we have reached is that Torus-I1 is quite capa- 

ble of ohmically heating to a high beta plasma configuration. The 

heating is indeed a turbulent process resulting from large poloidal 

currents. An anowlous resistivity must be used for the MHD codes 

to match experimental field data. The amount of heating is critically 

sensitive to the duration of the turbulent period. Thus, experimen- 

tally, a typical "cold/bad shot" is one in which the turbulence is 

quickly damped and the plasma never gets hot. We've shown that the 

present device is able to "burn through" to a hot, high beta plasma. 

Radiative losses are a problem at later times. If the plasma heats 

to 30-40 eV (typical of quarter power heating) there is a rapid ra- 

diative loss of energy due to oxygen resulting in a second type 

of "cold/bad shot". Similar problems arise if we heat. to the silicon 

radiation barrier. The important point is that high beta experi- 

mental results have been reproduced computationally. 

Equally important has been the ability of the simulations to 

point out some problems associated with the device. Clearly radia- 

tive power loss is orie such problm. Another is the nature of the 

coil geometry. ' We studied the difficulties associated with the 

"shortness1' of the inner and outer windings, the problems caused by 



the leakage flux and the effects of the copper plates. Experimental 

values for the toroidal plasma current are now under careful scrutiny 

due to code predictions. Coupling'between the plasma current and 

external toroidal windings has been researched, the results of which 

have led to new programming of these external currents. The coil 

geometry leads to a decay of the plasma state a's badly as impurity 

radiation. The two are not independent problems since a more effec- 

tive programming of external currents can keep plasma away from the 

walls resulting in a cleaner discharge. The high beta tokamak state 

has been observed as successive high beta (but decaying) plasma equi- 

libria. 

work is in progress to modify the present Torus-I1 experiment. 

We will address the problems cited above while holding on to the 

fundamental operating characteristic of the device. That is , keeping 

the toroidal field reversal as the heating scheme, how can we set 

up a more stable plasma state? How do we shape the external windings 

to avoid the loss of plasma to the top and.corners? H ~ W  can we de- 

crease the impurity levels? Should we switch to a quartz vacuum 

vessel? . Is it desirable to maintain a large toroidal current during 

the high beta state to offset plasma cooling? How can this be done 

without going kink unstable? Should we decrease plasma current by 

decreasing the external current in the inner and/or outer windings? 

Can we operate at higher heating powers, i.e. larger toroidal fields? 

These and other questions are now under consideration. 
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PROGRAM NAME: CUlLS 
WRITTEN BY: R. 1220  
CBNTRIBUTOR: G. ERLEBACHER 
LANGUAGE: FORTRAN 
CBMP l LAT l UN DEV I CE : CDC 7600 
REFERENCESiFUR GUUD DISCUSSIUNS UF INDUCTANCE CALClLATlUNS 

SEE LANDAU AND L IFSHITZ,  'ELECTR?DYNAMICS UF CON- * 

TINUUUS MEDIA . PARIS AND HURD, BASIC EM THEURY'; 
HALLEN, ' E L E C T ~ S M A ~ N E T  I C THEURY ' 
FUR CALCULATION? U= INDUCTANCES SEE GFUVER, 'INDUCTANCE 
CALCULATIUNS'; NATIUNAL BUREAU OF STPND4RDS 1912  VUL.8'  

AN INDUCTANCE CALCULATION QF THE GENERAL FUFM P H I = L * I  I S  
USED TU CALCULATE CURRENT -3ISTRIBUTIBNS I N  PLL  EXTE3NAL CUILS, 
I N  THE PLASMA, AND I N  THE CUPFER PLATES UN TOP AND BUTTUM 6 6  
TBRUS-I1 THE SELF INDUCTANCE I S  CALCULATED USIN(3 .=INITE GEU- 
METRY CONS I DERAT I UNS WH I LE THE MUTUAL I NDUCTANCE I s BAS I CALLY 
A FILAMENT APPRBXIMRTIUN. A COMPLETE DESCRlPTldN UF VAR- 
l ABLE LABELS, ETC . , FBI-LOWS . 

CALL DRePFILE(0)  
CALL CREATE(6, INEUUT",3. - 1 : ~  
DdUBLE PA, B , X 
DlMENSleN A ( 1 2 )  B l ( 5 )  Q L r 4 4  4 4 )  Q ( 2 1 )  R ( 4 4 ) ,  

1 ~(44,44),2(44j,~~(46,49),&(491,X(49! 

UU: MAGNETIC PERMEABILITY 1N F3EE SPACE 
N: NUMBER: UF EQUATIONS UR UNKWUWNS 

UU=4. *3 .1416E-07  

... . - 
NS: HALF THE NUMBER UF C ~ E L S  
C6HM: CURRENT I N  INNER TURelDRL WINDINQS (AMPSI 
CPLA: PLASMA CURRENT' (AMPS): 
CVER: CURRENT I N  UUT'ER TUR€2lD& WINDINQS (AMPS) 

NS=22 

A :  MAJUR 6 ~ 0 1 1  UF BRIQINAL LARGE COILS 
8 1 :  MINOR RADI I  UF NEW S M A U  ~ I L S  USED TU REPRESENT LARGE ONES. 
FBR EXAMPLE, I N  THIS CODE, 1 2  CUlLS ARE USED TB REPRESENT THE 
I IJNER T6HU I DAL W I ND I INQS . 



Z :  H E I G H T  OF C O I L  A S  MEASURED FRO,'I HURIZUNTAL M I D P L A N E  
D 4 T A  A /  1 5 .  , 2 6 . 2 5 , 3 0 .  , 1 5.  , 1 7 ,  , 1 9 ,  , 2 1  . ,23, ,25. , 27. ,29. , 3 1  . / 
D 4 T A  B 1  / .  5 1 . 5 ,  - 5 ,  .75, .25/ 
D 4 T A  2/10.875,9.125,7.375,5.625 2.625, . 8 7 5 , 5 . 5 , 1 . 5 , 1 1  .,9,,7., 

1 5.  ,3 .  1 7 . 6 . 1 7 . 6 . 1 7 . 6  1 7 . 6  17.b. ,  1 7 . 6 , 1 7 . 6 , 1 7 . 6 , 1 7 . 6  
2 -10.8f5,-9.125,-7.376,-5.625 - 2 . 6 2 5 , - . 8 7 5 , - 5 . 5 , - 1 . 6 ,  
3 - 1 1 . .  -9 . .  -7 . .  -5 . ,  -3 .  - 1 6 . 3 ,  -16.3, - 1 6 . 3 ,  - 1 6 . 3 ,  - 1 6 . 3 ,  
4 - 1 6 . 3 ,  - 1 6 . 3 ,  - 1 6 . 3 ,  - 1 b . 3 /  

* * * * * * * * * * * * * . * *CkLCULATE INDUCTANCES ( H E N R I E S ) * * * * * * * * * * *  

Q :  S E L F  INDUCTANCE 
Q ( 1 ) :  S E L F  INDUCTANCE U F  ANY SMALILER C O I L  USED T U  REPRESENT 
INNER TOROIDAL W I N D I N Q .  
Q ( 2 ) :  O l T T U  FUR PLPSMA. 
~ ( 3 ) :  D i i i u  FUR ?JUTERT~RUIDAL WINDINQS. 

0 0  1 I = l , 3  
Q(I)=O.Ol*UO*A(I)*(B1(I~xB1~I)/24./A(I)/A~l~-l.75+~l.+Bl~l~*Bl~1~ 

1 /8./A(I)/A(l))*ALUG(8.*A(l)/Bl(I))) 
CUNT l NUE 

S E L F  INDUCTANCES FOR THOSE C O I L S  REPRESENTINQ CUPPER,PLATES 
ne, 6 I = A .  12 
~ ~ 1 ~ = 0 . 0 ~ * ~ ~ * ~ ~ l ~ ~ ~ ~ 1 ( 4 ~ * ~ 1 ( 4 ~ / 2 4 . / A ( 1 , / A ~ l ~ - 1 . 7 5 + ~ 1 . + B 1 ~ 4 ~ * B 1 ~ 4 ~  

1 /B./A(I)/A(I))*ALOG(8.*A(I)/B1(4))) 
Q(1+9)=.Ol*UO*A(Il*(B1(5)*B1~5~~'24./A~I)/A~l~-1.75+ 

1 (l.+B1(5)*B1(5)i8./A(I)/A(l))aALOG(8.*A(l)/Bl(5))) 
CeNT l NUE 

NClW W F  TAKF 'CClMMClN' INFClRMATIRN LNn n l S T R l R U T E  I T  APPRClP- ..... - -- -... - 7 . .  - ....... .-,. ,.,. - -.- .... -- . -  - . ... . .--. 
R ~ ~ T E ~ Y  FOR EXAMPLE, A L L  OF SMALLER CU l L S  1 -6  AND 23-28 HAVE 
THE SAME MI NOR AND MAJOR RAD I I AND THEREFORE SELF I NDUCTANCE 
SINCE THEY EACH REPRESENT A PART t i i ~  THE I N N E ~  TURUIDAL WIND IN^. 

1 0 3  
1 0 4  C Q L :  INDUCTANCE M A T R I X .  
1 0 5  C R :  MAJdR R A D I I  U F  SMALL C O I L S .  
1 0 6  
107 

NNER T U R U I D A L  
DO 2 1=1, ,6  
J = I + N S  
Q L ( I , I ) = Q ( l )  
R ( I ) = A ( l )  
Q L ( J ,  J I = Q (  1 )  
R ( J ) = A ( l )  
CONT l NUE 

W I N D I N G  

i i 7  
1 1 8  C PLASMA R I N G  
1 1 9  DO 3 1 = 7 , 8  
1 2 0  .J= I +NS 



Q L (  I ,  I ) = Q ( 2 )  , 

R (  I ) = A t 2 1  
Q L (  J, J ) = Q ( 2 )  
R ( J ) = A ( 2 )  
CUNT l NUE 

OUTER T U R B I D A L  
D b  4 1 = 9 , 1 3  
J =  I +NS 
Q L ( I , I ) = Q ( 3 )  
R (  I ) = A ( 3 )  
Q L ( J , J ) = Q ( 3 )  
R ( J ) = A ( 3 )  
CUNT 1.NUE 

WINDSNG 

TUP AND BUTTOM CUPPER :PLATES 
DU 8 1 z i 4 . 2 2  
J= I  +NS 
Q L ( I , I ) = Q (  
Q L ( J , J ) = Q (  
R ( I ) = A ( I - 1  
R ( J ) = A ( I - 1  
CUNT l NUE 

% % * * % * C A L C U L A T E  MUTUAL INDUCTANCES** * * * * * * * *  
D I F F E R E N T  A P P R d X l M A T l U N S  ARE HADE DEPENDING UPON THE R E L A T I V E  
S P A C I N G  U F  THE TWU C O I L S  B E I N G  CBNSIDERED. 

DU 5 J = l , N M G  
K = J + l  

DU 5 I = K , N M 5  
D ( I , J ) = A B S ( Z ( I  
X K = (  ( R (  l ' ) + R ( J I  
X K 1 = 2 . * S Q R T ( R (  
I F  ( X K l  . G T .  . 
I F  ( X K l .  L E .  
V = A L ~ G (  4 .  / ~ ~ 2 j  

TI4E FOLL6WING W R I T E  STATEMENT AND DO LUUP I S  FUR UUTPUTTINQ 
INDUCTANCES. THESE L I M E S  MAY B E  R E I N S T A T E D  FUR DEBUGQINQ. 

W R I T E ( 6 , 1 5 0 )  



W R I T E  ( 6 , 1 0 0 )  ( Q L ( I , J ) , J = l , I )  
7 CONTINUE 

WE W R I T E  THE E N T I R E  SYSTEM U F  EQUATIONS 
COMBINE P H I = L  .* I AND T U T A L  CURRENT=SUM 
CURRENTS T U  GENERATE A A * X = B .  

DO 3 1  I = N M 4 . N  

AA(i ;NSB.&4j=- l  
CUNT l NUE 

DU 3 4  I = 9 , 1 3  
A A ( N M 2 , 1 ) = 1 .  
A A ( N M 2 , 1 + N S ) = l .  
A A (  I , N M 2 ) = - 1 .  
A A (  I + N S . N M 2 ) = - 1 .  
CUNT l NUE 

DU 35 1 = 1 4  22 
A A ( N M l , l ) = I .  
A A ( N ,  I + N S ) = l  . 
A A ( I , N M l ) = - 1 .  
A A ( I + N S , N ) = - 1 .  
CONT I NUE 

M A T R I X  FORM, 
S M A L L  C U l  L 



241 C SOLVE THE MATRIX EQUATIUNS BY GAUSSIAN EL I f l lNAT lUN 
2 4 2  CALL GAUSS(AA,B,X N)  
2 4 3  C OUTPUT THE CURRENT 1 N EACH SMALL CUl L TcHE PUS1 T I  UN OF THE CU1 L, 
2 4 4  C THE AVERAGE MAGNETIC F IELD THROUGH T H ~  HOLE UF THE TORUS THE 
2 4 5  C AVERAGE FI ELD TU THE LEFT AND RIGHT UF .THE PLASMA, AND  HE VALUES 
2 4 6  C OF PULU 1DP.L FLUX CUPiPLbTED ALUNQ THE URl GI  NAL W I  NDI NOS. 
2 4 7  WRITE ( 6 . 1 6 0 )  

2 4 9  
2 5 0  DB 51 I= l ,NM5 
251 51 WRITE ( 6 , 1 7 0 )  I , R ( I ) , Z ( I ) , X ( I )  
2 5 2  
2 5 3  

WRITE ( 6 , 1 8 0 )  ( X ( I ) , I = N M 4  N1 
BHULE=X(NM4)*1 . E + O 8 / 3 . 1 4 1 8 / h ( l  ) / A (  1 )  
B L E F T = ( X ( N M 3 ) - X ( N M 4 ) ) * 1 . E + 0 8 / 3 . 1 4 1 6 / ( A ( 2 ) * * 2 - A ( 1 ) ~ * 2 )  
B R G H T = ( X ( N M 2 ) - X ( N M 3 l ) * l . E + 0 8 / 3 . 1 4 1 6 / ( A ( 3 ) * * 2 - A ( : 2 ) ~ * 2 )  
WRITE ( 6  1 9 0 )  BHUUE,BLEFT,BRGHT 
FURMAT ( ! 0 ~ 1 0 . 3 )  
FURMAT ( "  I NDUCTIUbV MATRIX" 11 
FURMAT ( "  COIL NO. ' 

1 CIIRRFNT 1 M A  I " I 
RAD l US Z '  -- ..,. -.-, . . ,-, 

'FURMAT (5X, 1 2 , 8 ~ , 3 ( ~ 1 5 , 7 ) 1 j  
FURMAT ( I / "  THE FLUX SURFASES ARE (WEBEWS): "/;5E15.7//) 
FURMAT ( THE CURRESPUNDING AVO. VERTICAL FIELDS ARE (QAUSS):" 

1 / /  3 E 1 5 . 7 1  
CALL E L S E  ( 6 
CALL E X I T ( 2 )  
STOP 

2 7 4  C 
2 7 5  C GAUSSIAN ELIMINATIUN ROUTINE UBTAINED FROM JBHNSUN AND RIESS, 
2 7 6  C 'NUMERICAL ANALYSIS' 
2 7 7  SUBRUUT 1 NE GAUSS ( LB, BB, X, N 
2 7 8  DOUBLE A3, BB. X, TEH?, Q 
2 7 9  DIMENSION A B ( 4 9 , 4 9 ) , B B ( 4 9 ) , X I 4 9 )  
2 8 0  2 0 0  FURMAT ( 1 1 )  
2 8  1 NMl =N-1 see ~ i . 2 5  ~=I ,NMI  
2 8 3  DU 2 3  J= I  N 
2 8 4  I F  ( A B ( J  1 )  .EQ. 6.1 GU TU 23 
2 8 5  DO 2 2  K = ~ , N  
2 8 6  TEMP=AB(I,K) 
2 8 7  A B ( I , K ) = A B ( J , K )  
2 8 8 2 2  AB(J,K)=TEMP 
2 8 9  TEMP=BB(I)  
2 9 0  B B ( I ) = B B ( J )  
2 9  1 BB( J =TEbIP 
2 9 2  GU TU 2 4  
2 9 3  2 3  CUNTI NUE 
2 9 4  Gb TO 2 8  



A B ( K , J ) = Q * A B ( I , J )  +AB(K,J )  
I F  (AB(N .N)  . E Q .  0 . )  QU TU 2 8  
X (N)=BB(N) /AB(N ,  N) 
NPl  = N + l  
DU 27 K = l  ,NMl 
Q=O. 
NMI<=N-K 
06 2 6  J = l , K  
Q=Q+AB(NMK,NPl-J)*X(NPl-J) 
X(NMK)=(BB(NMK)-Q)/AB(NMK,NMK) 
I ERR= 1  
WRITE ( 6 , 2 0 0 )  IERR 
RETURN 
I ERR=2 
WRITE ( 6 , 2 0 0 )  IERR 
RETURN 
END 



1 C. ..CODE: ZERO-DIMENSIBNAL ATOMIC PHYSICS CUMPUTATIUN 
2 C. ..WRITTEN BY: R. I Z Z e  
3 C...LANGUAGE: FORTRAN 
4 C. ..CUMPILATION DEVICE: CDC 7 6 0 0  
5 C...REFERENCES: THE TkU ORTOLAN1 PAPERS (LBS ALAMUS AND PADUVA 
6 C . . .  REPURTS) HAVE BEEN INSTRUMENTAL I N  THIS WORK. 
7 

1 9  
2 0  C. ..WE DEFINE ALL VARIABLES AS THEY ARE ENCOUNTERED I N  THE CODE. 
3 1 

- - 

3 0 CBMMUN/T2/RNEl,RNE2 RNIl,RN12,RNH2,RNUQ RNS2 TEI ,  
3 1 INHPI ,NUPI ,NSPl , EH.E~.ES, TIME,RN,TI, ~ 2 , ~ ! 3 , ~ 4 ,  $ ~ . D T  
3 2 1 ,NH,Flb.NS 
n n 
J J 

3 4 CALL DRUPFILE(0) 
3 5 CALL BPEN( 10, "DATA", O,O) 
3 6 CALL CRE.4TE(6 ,"UUTZERU",E, - l )  
3 7 
38 C. . .ATBMIC NUMBERS FUR HELIUM, OXYGEN AND SILICON. 
3 9 NH=2 
4 0 Nd=8 

WAVE 



74 C. ..U;CYGEN AND S l L l C U N  AS PERCENTAQE OF TUTAL HELIUM. 
7 5 p a = .  0 2  
7  6 pS= 1 oT 
77 C * * * * * ~ x * * * * * i N I T I A L I Z E  NUMBER DENSITIES AND TEMPERATURES*********** 
7 A 
79 C . . . . I N I T I A L  HELIUM NUMBER DENSITY. 
8  0 H E I N I T = l  . E + 1 5  
8 1 
82 C . . . I N B T I A L  FRACTIBN UF HELIUM SINGLY IUNIZED.  
8  3  lkilU=. 1  

8 5  C . . . R N H l ( J )  R N H 2 ( J ) :  NUMBER DENSITY UF HELIUM I N  CHARGE STATE ( J - 1 )  
8 6  C. . . AT 6LD AND NEW T I  ME RESPECTIVELY. 
8  7 R N H 2 ( l ) = H E I N I T * ( l  - H l U )  
8  8  R N H ~ ( ~ ) = H E I N I T * H I ~ J  
8  9  RNH2(3 )=0 .  
90 
9 i  C . . . A L L  UNI<NBWNS ARE STORED I N  MATRIX Y ( I  J ) .  THE FIRST INDEX RUNS 
9 2  C. ..FROM 1  TO 3 0  (TUTAL NUMBER BF UNKNOWNS). THE SECUND INDEX I S  1  UR 2, 
9 3  C . . .FBR OLD UR NEW VALUES. 
9  4  Y ( 2 . 1  )=RNH2( I!) 

iii c . .  
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 8  
1 1 9  2  
1 2 0  

N I T I A L L Y ,  ALL UXYGEN 
RNB2(1 )=HEIN IT*PU 
Y ( 5 . 1  )=RNU211) 
~ ( 5 ; 2 1 = k N B Z i i  j 
DU 1  J=2,NUPl 
RNU2(J)=O.  
Y ( J + 4 , 2 ) = R N U 2 ( J )  
Y ( J + 4 , 2 ) = R N U 2 ( J )  
CUNT l NUE 

N I T I A L L Y ,  ALL SILCCUN 
RNS2( 1 ) = H E I N I T * P S  
Y ( 1 4 , 1 ) = R N S 2 ( 1 )  
Y (14 ,2 )=RNS211)  , 

Db 2  J=2 .NSP l  

I N  NEUTRAL STATE. 

RNS2 ( J ) Eb',--. 
. 

Y ( J + l 3 , l ) = R N S 2 ( J I  
Y ( J + 1 3 , 2 ) = R N S 2 ( J )  
CUNT l NUE 

NEUTRAL STATE. 



121 C. . .NITMAX:  MXXIMUM NUM3ER OF iTERATiONS (TIME STEPS) 
1 2 2  NITMAX=70001 
133 . -- 
124  C . . . I N I T I A L I Z E  ELECTRON AND Ie,!N TEMPERATURE. 
125 T I  1 = 1 . 5  
1 2 6  TE1=1 . 5  
127 
128 C . . . I N I T I A L I Z E  TOTAL ELECTRON .AND ION NUMBER DENSfTY. 
129  RNE2=RNH2(2) + RNU212) + RNS2t2) 
! 29 RN12=RNE2 
I JI  
132  C . . . I N I T I A I - I Z E  ITERATleN COUNTER AND TlME 
133  N I  T=O 

42 C.. .VARIUUS TIMES DURING THE SIMULATION I N  MICRt3SECONDS. FOR 
4 3  C...EXAMPLE, START OF HEATING, SWPTCH ON OF ANBMALOUS RESISTIVITY,  
44 C . . . E T C . .  

UEU 

, 
TRAL 

I O U  

161 C. . . NBEQ: NUFBER OF EQUATI ONS. 
162  NBEQ=30 
163 3 CONT I FlUE 
164  
165 C . . .DT :  TlME STEP. HAS DIFFERENT 'JALUES DEPENDING ON PHASE 
166  C . .  . BEING SIMULATED. USUALLY SMALLEST DURINB TURBULENT HEATING. 
167  DT=5. E - 1 0  
168 I F  ( ( T I M E  .GT.. T2 )  .AND. ( T I H E  .LT .  T 5 ) )  D T = l O . E - I 1  
169 
170  C. . .NITW: WRITE EVERY N l T U  ITERATIONS. 
171 FIITW=100.~ 
172  I F  ( ( T I M t  .GT. T2) '.AND. -(Tl iME .LT .  T 5 ) )  NITU=5000 
173 
174  C. . .SULVE THE 3 0  URDINAKf COUPLED !DIFFERENTIAL EQUATIUNS., 
175  CALL RGIClJT(NBEQ,DT,NIT,Y)1 
176  
177  C. . .STURE THE SOLUTION I N  THE MIRE FAMILIAR VARIBLES. 
178 T I M E = Y ( l , l )  
179  
180 D0 4 J = l  ,NHPl 



181 R N H l ( J ) = Y ( J + l , l )  
182  4 C6NT I NUE 
183 
i 84 DU 5 J = l , N U P l  
185  R N U l ( J ) = Y ( J + 4 , 1 )  
186  5 CUNT l NUE 
187  
188  DU 6 J= 1, NSPI 
1 8 9  R N S l ( J ) = Y ( J + 1 3 , 1 )  
1 9 0  6 CUNT l NUE 
191 
1 9 2  TE2=Y ( 2 9 . 1  

! 2: T I  2=Y ( 3 0 . 1  
8 47 

195  C. ..RPJHE: NUMBER DENSITY UF ELECTRONS FROM IONIZATIUN UF HELIUM 
196  RNHE=RI4Hl(2) + 2.*RNH1(3) 
197  C. . . RP4BE : NUMBER DENS1 TY d F  ELECTRUNS FROM l UNl ZATl UN UF OXYGEN 

--- 
2 0  1 RNBE=RNUE + Z * R N U l ( J I  
2 0 2  1 6  CUNTINUE 
ZULI 
2 0 4  C. ..RrJSE: NUMBER DENSITY UF ELECTRUtJS FRUM IONIZATION OF S I L I C U h  
2 0 5  RNSE=O. 
2 0 6  DU 1 7  J=2 .NSPl  
2 0 7  Z = J - 1  
2 0 8  RNSE=RNSE + Z * R N S l ( J )  
2 0 9  17  CBNTINUE 
21 0 
211  C...CUMPUTE TUTAL ELECTRON NUMBER DEt4SITY 
21 2 RNEl=RNHE + RNUE + RNSE 
21 3 
21 4 
215  C. ..COMPUTE TUTAL NUMBER DENSITY UF HELIUM (RNH), UXYOEN (RNB) 
2 1 6  C. . .AND SILICON (RNS) IONS. 
21 7 RNH=O. 
21 8 DO 1 8  J=l ,FIHPl 
21 9 RNH=RNH+RNHl ( J 
2 2 0  1 8  CUNTINUE 
22 1 
222 RNB=O. 
2 2 3  DU 1 9  J= 1, NUPI 
2 2 4  RNU=RNB+RNUl(J) 
225  19  C6NTI NUE 
226 
2 2 7  RNS=O. 
2 2 8  DU 2 0  J = l , N S P l  
2 2 9  RNS=RNS + RNS1 ( J )  
2 3 0  20  CUNTI NUE 
33 1 
H32 RN=RNS+RNH+RNU 
2 3 3  RNIl=RNH+RNU+RNS-RNHl(1)-RNUl(1)-RNSlCl) 
2 3 4  
235  I F  (MUD(NIT,NITW) .EQ. 1 )  GU TO 21 
2 3 6  GU TU 3 
2 3 7  
2 3 8  C .  .OUTPUT THE NEW DENSITIES AND TEMPERATURES. 
2 3 9  2 i  WRITE ( 6 , 1 0 0 1  )TIME,NIT RNEl TE- 1 1 2  RNH,RNO,RNS, 
240 I ~ R N H I ~ L ~ , L = I , N H P I ~ , ~ R N ~ ~ ~ L ~ ~ L = ~ ~ N ~ P ~ ~ , ~ R N ~ ~ ~ L ~ , L = ~ , N ~ P ~ ~  



1001 FORMAT(lHl,"TIME= ",,E11.4,"ySEC CYCLE= " 16/ 
1-ELECTRON DENSITY= , EI 1 . 4  CMA - 3 )  + " ' E ~ E C T ~ O N  TIEMPERATUREZ ,, 
I , E I I . ~ , ~  E V ~ / ~ I O N  TEMPERATU~E= , E I I . ~  E V " / ~ A L L  UNITS 
2 BELOW ARE C M ( - 3 ) " /  TOTAL HELIUM= " , E ~ ~ . ~ / " T O T A L  OXYGEN= " 
3E l1 .4 / "TOTAL SILIICBN= ,E11.4/"HELIUH O= " ,E11.4/"HELIUM 1; " 
4 , E l l  .4/"HELIUM 2=  E11.4/"OXYGEN O= E11.4/"€SXYGEN 1= " 
5E11.4/"ClXYGEN 2 -  ", E ~ ~ . ~ / " O X Y G E N  3: ", lk11.4/"OXYGEN 4 =  ;;, 
6El l .4 / "UXYGEN 5 =  ",E11.4/"UXYGEN 6 =  ",E11.4/"OXYGEN 7= , 
7E11 .4/"BXYGENt,8= " , E l  1,4/"SILICON,,O= " , E l l  . 4 /  
B"S1LICON 1=  ,E11 .4 / "S IL ICON 2=  ,E I l .A / "S IL ICeEN 3= " E 1 1 . 4 /  
9"SILICfYN 4= " ,E11 .4 / "S IL ICON 5 =  " , E l l  . 4 / "S IL IC€N 6= ' ~ : ~ 1 1  , 4 /  
1"SILICBM 7 =  ~ ~ , E 1 1 . 4 / " S I L I C O N  8= " ,EL1,4/"SILICeY\I  9= " ,E11 .4 /  
2"SILICON 10= , E 1 1 . 4 / " S I L I C 6 N  11= " ,E l l1 .4 / "S lL ICBN 12= " ,E11.4/  
3 "S IL ICON 13= " , E 1 1 . 4 / " S I L I C d N  14= " ,E81.4)  

I F  ( N I T  . L T .  N I T W X )  GO TO 3 

2 6 3  
2 6 4  C. . . T H I S  I S  A FOURTH ORCIER RUNQE-KUTTA SUBRdUTlNE SUPPLlED BY 
2 6 5  C . . . G .  ERLEBACHER WHICH ACTUALLY SOLVES THE COUPLED SET OF EQUATIONS. 
2 6 6  

2 5 0  
2 8 9  
2 9 0  
291 C . .  . 
2 9 2  C . .  . 
293 

SUBROUTlNE RGKUT(WRECJ,H, 
DIMENSION Q 1 ( 3 0 ) , Q 2 ( 3 0 1 ,  
HH=H/2. 
DO 11 I = 1 NBEQ 
Y ( 1  2 ) = ~ ( i , l )  
Q I ( I )=F [Y  1 , 2 )  
Y ( I  1 ) = ~ ( 1 , 2 ) + ~ ~ * 8 1 ( 1 )  
DO 21 I = l , N B E Q  
Q 2 ( 1 ) = F ( Y , I , I )  
Y . ( l , l ) = Y ( 1 , 2 ) + H H * G 2 ( I )  
DO 31 I=l ,FIBEQ 
Q 3 ( 1 ) = F ( Y , I , l )  
Y ( l , l ) = Y ( 1 , 2 ) + H * Q 3 ( 6 ,  
DB 41 I= l ,NBEQ 
Q 4 ( 1 ) = F ( Y . I , 1 )  
Y( I. 1 ) = Y (  1 ,2 )+H/6 .  * ( Q l ( l  
CONT l NUE 
N I T = N I T + l  
RETURN 
END 

N I T  Y )  
a s t h o )  ,ad (  

FUNCTION (XItlTAINS TEE ALGdRlTHMS NECESSARY FOR THE ATOMIC 
PHYSICS CALCULATIONS. 

- - - 
3 0 0  CUMMON/T2/RNEl, RNE2, I?NI 1 ,RNI 2, RNH2, RNW,RNS2, TE l ,  



lNHP1, NUPI, NSPl , EH, EU; ES, TIMEI RN., TI , T2, T3, T4, T5, DT 
2,NH,NU, NS 

-aus . 
304 C...I: CUUNTER FROM RUNGE-KUTTA SUBRUUTINE THAT TELLS FUNCTION 
305 C.. . WHICH U.D.E. IS BEING SOLVED. THIS ALLOWS US TO AVOID 
?I35 C.. . NEEDLESS CUNPUTATIBNS. 
eu I 
308 C...F=TIME DERIVATIVE UF DIFFERENT VARIABLES DEPENDING UPON 'I'. 
309 
31 0 IF ( I  .GT. 1 )  GU TU 1 
31 1 

31 6 
317 C...CUMPUTE THE IBNIZATIUN, RADIATIVE AND THREE-BBDY RECUMBINATIUN 
318 C...CUEFFICIENTS FUR HELIUM. 
31 9 HIUN(l)=l.E-5*SQRT(Y(29,J)/EH(2))/EH(2~**1.5/(6.+Y(29,J)/EH(2)) 
320 l*EXP(-EH(2)/Y(29.J)) 
32 1 dIUN(2)=1.E-5*SQRT(Y(29,J)/EH(31)/EH(3)**1.5/(6.+Y(29,J)/EH(3)) 
322 l*EXP(-EH(3)/Y(29,3)) 

F=RNE~*(-HIUN(I)*Y(~,J)+HREC(~)XY(~,J)) 
RETURN 

340 
341 2 IF=RNE2%(HlUN(l)*Y(2,J)-(HREC(2)+HIUN(2))*Y(3,J)+HREC(3)*Y(4,J)) 
342 'RETURN 
343 
344 3 .F=RNE~x(HIUN(~)*Y(~,J)-HREC(~)*Y(~,J)) 
345 RETURN 
346 
347 4 IF ( I  .GT. 13) GU TO 7 
348 IF ( I  .GT. 51 GU TO 5 
349 
350 C...CBMPUTE THE IUMIZATIUN, RADIATIVE AND THREE-BODY RECUMBINATIUN 
351 C. ..COEFFICIENTS FOR OXYGEN 
352 U I ~ N ( l ) = l . E - 5 * S Q R T ( Y ( 2 9 , J ~ / E 6 o * * l . 5 / ~ 6 . + Y ~ 2 9 , J ~ / E U ~ 2 ~ ~  
353 l*EXP(-EU(2)/Y(29.J)) 



F=RNE2*(-010N(l)xY(5,J)+OREC(2)*Y(61J)) 
RETURN 

382 F=RNE2*lOlON(I-5)~*Y(r-1,J)-(OIBN(I-4),BREC(1-4))*Y(lIJ~+OREC(l-3) 
383 l * Y ( I + l , . J ) )  
384 RETURN 
385 
386 6 O 1 ~ N ( 8 ) ~ = 1 . E - 5 * S Q R T ( Y ( 2 9 , J ) / E U ( 9 ) ) / E B ( 9 ) * * 1 . 5 / ( 6 . + ' Y ( 2 9 I J 1 / E O ( 9 ) 1  
387 l * E X P ( - E O ( 9 ) / Y ( 2 9 . 3 ) )  

C . .  . 
C . .  . 

F=RNE2nCOION(81*Y<12,J)-UREC~9)*Y(13,J)) 
RETURN 

COMPUTE THE IONIZAT'ION, RADlATlVE AND THREE-BBDY RECOMBINATION 
COEFF l C l ENTS FOR S l L l CON 
SlON(l)=l.E-5*SQRT(Y(29,J)/ES(2))/ES(2)**1.5/(6.+Y(29,J)/ESC2B) 

l * E X P ( - E S ( 2 ) / Y ( 2 9 , J ) )  - - .  

F=RNE2*(-SIUN(l)*%(14,J)+SREC(2)*Y(15eJl) 
RETURN 



--- 
433  F = R N E ~ * ( S I U N ( I - ~ ~ ) * Y ( I - ~ , J ~ - ( S ~ U N ( I - ~ ~ ) + S R E C ( ~ - ~ ~ ) )  
434  l * Y ( I ,  J ) + S R E C ( I - 1 2 ) * Y ( I + l , J ) )  
435  RETURN 
436 

446 F = R N E 2 * ( S 1 U M ( 1 4 ) ' * Y ( 2 7 1 J ) - S R E C ( ' 1 5 ) * Y ( 2 8 , J ) )  
447  RETURN 
448  
449  C .CUMPUTE THE EL.ECTRUN AND ION NUMBER DENSITY AS BEFORE. 
450  i0 RNkIE=Y(3,J) + 2 . * Y ( 4 , J )  
45 1 
7-, 

4 5 2  RNUE=O. 
4 5 3  DU 1 6  J J = 6 , 1 3  
454  Z = J J - 5 .  
455  RNUE=RNUE + Z * Y ( J J , J )  
4 5 6  16  CUNTl NUE 
457 

RNSE=O. 
DB 1 7  JJ=15,28 
Z = J J - 1 4 .  
RNSE=RNSE + Z * Y ( J J , J )  
CUNT I NUE 

RNE2=RNHE + RNUE + RNSE 

RNH=O. 
DB 1 8  J J = 2 , 4  
RNH=RNH+Y(JJ,J) 
CONT l NUE 

RNU=O . 
DU 1 9  J J = 5 ,  ' 3  
RNB=RNB+Y(JJ, J I  
CUNT l NUE 

RNS=O. 
DU 2 0  J J = 1 4 . 2 8  
RNS=RNS + Y i J J , J )  
CdNT I NUE 



C . .  . 

1 3  

C . .  . 

WRITE NEW NUMBER DENS,ITIES IPk  FAMILIAR FORM 

DU 11 J J = l , N H P l  
R N H 2 ( J J I = Y ( J J + l , J )  
CUNT I NUE 
DU 1 2  J J = l , N U P l  
l ?NU2(JJ )=Y(JJ+4 ,J )  
CUNT l NUE 
DU 13  J J = l , N S P l  
R N S 2 ( J J ) = Y ( J J + 1 3 , J )  
CUN'T I NUE 

SOME NUMBERS THAT APPEAR REPEATEDLY. 
Z2H=0. 
DU 14  JJ=2 ,  NHPI 
Z = J J - 1  
Z ~ H = Z ~ H + Z * Z * R N H ~ ~ J J I  
CUNT I NUE 
22U=O. 
06- 1 5 -  J J = ~ , N U P ~  
Z = J J - 1  
Z26=Z2U+Z*Z*RNU2CJJ3 
CUNT l NUE 

Z = J J - 1  
Z ~ S = Z ~ S + Z * Z * R N S ~ C J J : I  . 
CUNT l NUE 
Z2M=(Z2H/4. +Z2U106. +ZZS/28 . ) *6 .02E23  
I F  ( Y ( 2 9 . J )  . L T .  3 6 . 2 )  P = l .  
I F  ( Y ( 2 9 , J )  .GE. 3 6 . 2 1  P=36.2/Y(2gIJ)  

5 1 6  C. . .XLAM: COULOMB LOGARITHM 
51 7 XLAM=l .E5E10*A*SORT4Y(29 ) IJ )~ *33 'RNE2)  
5 1  R - . -  
5 1 9  C . . . P E Q E I :  ELECTRON-ION ENERGY WCHANQE 
5 2 0  PEQEI=-RNE2*7.95E-33*ALBO(XLAM:~*Z2M*(Y(3O,J~-Y~29,J))/Y(29,J)**l.5 
5 2  1  I F  ( I  .GT. 2 9 )  GB TB 2 2  
522 - -- 
5 2 3  DU 2 3  J J = l , N H  
5 2 4  H I U N ( J J ) = ~ . E - ~ * S Q W T ~ ( ~ ~ , J ) ~ E H ~ J J + ~ ) ) ; E H ( J J + ~ ) * * ~ . ~ / ( ~ . + Y ( ~ ~ , J ) ~  
5 2 5  I / E H ( J J + ~ ) ) * E X P ( - ~ ( J J + ~ ) / Y ( ~ ~ , J ) )  
5 2 6  2 3  CONTINUE 

DU 2 4  -JJ= 
U l U N ( J J ) =  

l / E U ( J J + l )  
CUNT l NUE 
DU 2 5  J J =  
S I U N ( J J ) =  

l / E S ( J J + l )  
CUNT l NUE 

5 3 6  C . . .P IUNH:  PUWER LUST TU IUNIZATIUN UF HELlUM 
5 3 7  C.. .P16NU: POWER LUST TU lUNlZAT lUN UF OXYGEN 
5 3 8  C. . . P I  ONS : PUWER L..UST TU l UNI ZATI'UN UF S l  L l  CUN 
5 3 9  PIBNH=O. 
5 4 0  DU 2 6  J J = l , N H  



I 
5 4  1 PIUNH=PIUNH+EH(JJ+l)*RNH2(JJ)*HlUN(JJ) 
5 4 2  2 6  CUNTINUE 
5 4 3  PIUNH=RNE2*PIUNH 

PlUNU=O. 
DU 2 7  JJ=l  NU . 
PIUNO=PIUN~+EU( JJ+ 
CBNT 1 NUE 
PIONB=RNE2*PIUNU 
PIBNS=O. 
DU 2 8  J J = l , N S  
PIUNS=PIUNS+ES(JJ+ 
CBNT l NUE 

558 C . . . P C D I F F :  PUWER LUST DUE TU CLASSICAL TRANSPURT 
5 5 9  PCD1FF=1.5*RNE2*Y(29.J)/l1E-3 
5 6 0  
561 C. . .PTDIFF:  POWER LUST DUE T d  TURBULENT TRANSPURT 
5 6 2  PTDI FF=O. 
5 6 3  I F  ( ( T I M E  .GT. T21 .AND. (TIME .LE.  T 5 ) )  PTDIFF=1.5*RNE2*Y(29,J)  
5 6 4  1 / 1  . E - 5  
5 6 5  
5 6 6  C...PBREM: BREMSSTRAHLUNG RADIATION 
5 6 7  PBREM=1.06E-l3*RNE2*(22H+22d+Z2S)*SQRT(Y(29,J)) 
568 

57 i R A ~ R E C = ~ . ~ E ~ ~ ~ * Z * S Q R T ( E H ( L ) / ~ ( ~ ~ , J ) ) * ( . ~ ~ + . ~ * A L U G ( E H ( L ) / Y ( ~ ~ , J ) )  
5 7 2  1 + . 4 6 9 * ( Y ( 2 9  J ) / E H ( L ) ) * * . 3 3 3 )  ' 

5 7 3  TREC=l . 4 ~ - 3 1 * ( ( 2 + 1  ) / Z I * * 6 * ( E H ( L ) / Y ( 2 9 ,  J ) ) * * 2  
5 7 4  l*EXP(EH(L)/Y(29,J)/(2+2)/(2+2)1 
5 7 5  HREC(L)=RADREC + RNE2*TREC 
5 7 6  2 9  CUNTINUE 
5 7 7  DU 3 0  L=2,NUPl 
578 Z=L-1  

5 8 4  3 0  CBNTINUE 
5 8 5  DU 31 L=2,NSPl 
5RFi 7=1 - 1  

5 9 3  
5 9 4  C. ..PRECH: PUWER LUST DUE TU RECUMBINATIUN OF HELIUM 
5 9 5  C.. .PRECU: PUWER LdST DUE TO RECUMEINATIUN UF OXYGEN 
5 9 6  C.. .PRECS: POWER LUST DUE TU RECUMBINATIUN UF S l L l C U N  
5 9 7  PRECH=O . 
5 9 8  DU 3 2  JJ=2,NHPl 
5 9 9  PRECH=?RECH+HREC(JJ)*RNH2(JJ) 
6 0 0  3 2  CUNTl NUE 



3 4 

C . .  . 

PRECH=RNE2*PRECH* 
PRECB=O . 
DU 3 3  J J = 2  NBPI 
PRECU=PREC$+BREC: 
C6NT I NUE 
PRECU=RNE2*PRECBx 
PRECS=O. 
DU 3 4  J J = 2  NSPl 
PRECS=PREC&+SREC I 
CUNT l NUE 
PRECS=RNE2*PRECSx 

CflMPUTE PLASMA 2-EFFECTIVE 
ZEFFH=O . 
DU 3 5  JJ=2,WHPl 
Z = J J - 1  
ZEFFH=ZEFFH+Z*RNHE(JJ) 
CUNT I NUE 
ZEFFU=O . 
DU 3 6  JJ=2.NUP1 
Z = J J - 1  
ZEFF6=ZEFFU+Z*RNB2( 
CUNT l NUE 
ZEFFS=O. 
DU 37 JJ=2,NSPl  
Z = J J - 1  
ZEFFS=ZEFFS+Z*RNSZ( 
CUNT l NUE 
ZEFF=(ZEFFH +ZEFFU+ 

631  C...CUMPUTE PLASMA RESISTIVITY,  CURRENT AND BHflIC PBUER 
6 3 2  CMIN=2. E6 



669 F=2./3./RNE2*(PdHM-PEQEI-PBREM-PIUNH-PIUNS-PIUNU 
670 1-PRECH-PRECC-PRECS-PCDIFF-PTDIFF-PADDE-PLR - 
67 1 2Y(29 ,J ) /RNE2* (RNE2-RNEl ) /DT  
672 
67% 

RETURN 

674 C . P 4 D D I :  PHENUrENdLUGlCAL ION POWER LOSS TERM 
675 22 PADDI=1.5~RN12*Y(30,J)/l.E-3 
676 
677 C. . .PWAVE:  IUN WAVE HEATING TERM 
678 PWAVE=O. 
679 I F  ( ( T I M E  . 8 T .  T 2 )  .AND. ( T I M E  . L T .  T 5 ) )  
680 lPWAVE=1.65E-3*ZEFF*Y(29,J)*SQRT(RN12)  
68 1 
682 F=2. /3 . /RN12*(PEQEI-PADDI) -Y(30,J) /RN12*(RN12-RNl l ) /DT+PWAVE 
6.8 3 RETURN 
684 END 
685 *CHATR I=ZERUD,LlE=(T' ,F') ,X=CUNTRUZ,D=SYMBUL,GU 



1 C PROGRAM NAME: ONE-DIMENSEUNAL MHD CODE ( W i  I N E R T I A )  
2 C WRITTEN B Y :  H . C .  L U I  
3 C M O D I F I E D  B Y :  R .  1 2 2 6  
4 C LANGUAGE: FORTRAN 
5 C .  C U M P I L A T I U N  D E V I C E :  CDC 7600 
6 
7 
8 
9 

1 0  
1 1  C . . . . . T H E  F U L L  S E T  U F  R E S E S T I V E  MHD EQUATIONS FOR A 6 1 N D L E  F L U I D  ARE 
1 2  C . . . . . S U L V E D  NUMERICAL&" W I T H  BNLY A R A D I A L  S P A T I A L  DEPENDENCE. T H I S  
1 3  C . . . . . C B D E  I S  VERY USEFUL I N  CARRYING BUT NUMERBCAL EXPERIMENTS 
1 4  C .  . . . .  T U  TEST FUR PROPER PLUDELING bF TRANSPORT PARAMETERS, E T C , . .  
1 5  C . . . . . V A R I A B L E S  ARE D E F I N E D  A S  THEY ARE ENCOUHTERED I N  THE CODE. 
1 6  
1 7  
1 8  
1 9  
2 0 
2 1  C************x***u***MAIN I P R U G ~ A M * X X * * * * * * * X * * ~ , * * * * *  
22 
23 
2 4  
25 D I M E N S I U N  W ( 3 , 5 1 1 2 ) , S G ( 5 1  , 2 ) , C N ( 5 1 , 2 ) , R C S l  ) , A A ( 1 5 D J 9 )  
2 6 1 , B B ( 3 , 3 :  , P ( 6 , 5 1  ) , F ( 3 , 5 1 , 2 ) , P S I  ( 5 1  , 2 ) , X I  ( 5 1  , 2 )  
2 7 2 , B 2 ( 5 1 , 2 ) , B C ( 5 1 , 2 J , Q ( 5 1 , 2 ) , C C ( 5 1  , 2 ) , G A ( S l  ) , G B ( ' 5 1 l , Q C ( 5 1  1 
28 3 , G D ( 5 1  ) . E ( 5 1 ) , R U ( 5 1 ) , B X J ~ 5 1 ~ , G R A D P ( 5 1 ~ ~ , C C Z ~ 5 1 ~  
2 9 
3 0 CUMMUN SG, R, AA, CN,BB, CUE, DUE, BZ ,  BC,  CZ, CC, QA, GB,QC* QD 
3 1 
3 2  C. . . . . F K :  RAT1  U U F  S P E Z I  FI  C HEATS 
33 C . . . . . C :  SPEED U F  L I G [ i T  I N  VACUUM 
3 4  C .  . . . . F R :  H E L I  IJM GAS CBNSTANT 
35 C . . . . . C V :  S P E C I F I C  HEAT AT C U W T A N T  VOLUME 
36 C . . . . . M S :  STUP AFTER T H I S  MAN'f TI lME STEPS 
37 C . . . . . M W :  WROTE AFTER iUHIS MANY T I M E  STEPS 
38 C . . . . . K :  T I H E  INDEX 
3 9 
4 0 DATA FK.  C/ 1 . 6 6 6 6 6 6 , 2 . 9 9 8 E +  1 0 /  
4 1 F R = O a 6 2 3 1 E + 0 8  
4 2 C V = F R / ( F K - I . )  
4 3 K =  1 
4 4 M S = 4  
4 5  MW=250  
4 6 
4 7 C A L L  D R B P F I L E ( 0 )  
4 8 C A L L  U P E N ( 5 , " I N P U T " , 3 , 0 )  
4 9 C A L L  CREATE(6 ,  "UUTPUT". 3. -1  11 
5 0 C A L L  K E E P 8 0 ( 1 , 2 )  
5 1 C A L L  D D e O l D ( 6 H T U R U S 2 , I )  
5 2 
53 C . . . . . S E T  UP THE R A D I A L  G R l D  



5 4  C . . . . . D X :  SPAC.E INCREMENT 
55 
56 JB=2 
57 , J E = 5 0  
58 J S =  JB- 1 
59 J D =  J E + l  
6 0 J P =  J E -  J S  
6 1 D X = 2 .  / J E  
6 2 D U  3 J = J S , J D  
6 3 S J = J  
6 4 R ( J ) = ( S J - l . ) * D X  + 1 5 . / 7 . 5  
6 5 W R I T E  ( 6 , 1 0 1  J , R ( J )  
6 6 3 C U N T l  NUE 
6 7 ,  1 0 1  FORMAT ( 1 H  ,"J=".13,"RADIUS=",E14.7) 
6 8 
69 C . . . . . R B I G :  MAJOR R A D I U S  I N  CM 
70 C.  . . . .  RSM: CUMPUTATIUNAL VESSEL HALF-WIDTH 
71 C. . . . .SMALL:  ANY NUMBER SMALLER THAN' THIS w l i L  BE SET TU ZERO 
72 C . . . . . B T U R :  C H A R A C T E R I S T I C  MAGNETIC F I E L D  
73 C . . . . . E M A S S :  MASS O F  ELECTRUN 
7 4  C . . . . .CHARGE:CHARGE OF l U N  
75 C . . .  . . D N :  I N I T I A L  FILL D E N S I T Y  
7 6  C . , . . . B M I N :  I N I T I A L  ( B I A S )  T U R U I D A L  F I E L D  U U T S I D E  PLASMA 
77 C . - . . . B V I ,  B V 0 :  I N I T I A L  V E R T I C A L  COMPONENTS U F  MAGNETIC F I E L D  T U  THE 
78 C I N S I D E  AND O U T S I D E  U F  PLASMA REGION 
79 C . . . . . . C C T :  I N I T I A L  TURUIDAL.  CURRENT D E N S I T Y  
80 C . . . . . B M I N l :  B I A S  T U R U I D A L  F l E L D  1NS:IDE PLASMA 
8 1  C . , , . . . B V T :  EXTERNAL V E R T I C A L  F I E L D  I N  HOLE U F  TORUS 
82 C . .  . . . U N :  CHARACTERISTIC  ALFVEN V E L O C I T Y  
8 3 R B I G = 2 2 . 5  
8 4 SMALL=O. I O E - 1 6  
85 R S M = 7 . 5  \ 

8 6 Q=RSM/RBIG 
87 . B T U R = 4 0 0 0 .  
8 8 E M A S S = 9 . 1  E - 2 8  
8 9 C H A R G E = 2 . * 4 . 8 E - 1 0  
90 D N z 0 . 2 4 E - 0 8  
9 1 BM I N= - 1 333. /BTUR 
9 2 B V I = - 1 7 5 O . / B T U R  
9 3 B V U = + 1 7 5 0 . / B T U R  
9 4 C C T = ( B V U - B V I ) / ( R ( 3 9 ) - R ( 1 3 ) )  
95 B M I N l = - 2 5 0 O . / B T 0 R  
9 6 BVT=6OO. /BTUR 
9 7 UN=BTUR/SQRT(4.*3.14159*DN) 
9 8 
99 C . .  . . .DT:  NURMALIZED T I M E  S T E P  

1 0 0  C . . . . . T P 0 , 1 , 2 , 3 , P E T I M E :  IMPORTANT T I M E S  DURING START-UP 
1 0 1  C . . . . . F L U X H , Z :  NORMALIZED P U L U I D A L  FLUX FUNCTION THROUGH H0L.E AFTER 
1 0 2  C H E A T I N Q  AND 2 - P I N C H  
1 0 3  C . . . . . S G U :  . CHARACTERISTIC  ANUMALOUS C U N D U C T I V I T Y  
1 0 4  C .  . . . .XJM:  MAXIMUM T O R U S - I I  CURRENT D E N S I T Y  (NURMALIZED)  
1 0 5  C . . . . . C N U :  CHARACTERISTIC  THERMAL CUNDUCTIV ITY 
1 0 6  C . . . . . C M I N :  CUTOFF CURRENT TO A V O I D  I N F I N I T E  C U N D U C T I V I T Y  REGIONS 



107  C . . . . . M :  ITERATIUN COUNTER 
1 0 8  DT=O.lOE-OB*UN/RSM 
109  TPO=4.0E-O6*UN/RSM 
1 1 0  TPl=4.7E-06*UN/RSM 
111 TP3=6.OE-06xUN/RSM 
1 1 2  TP2=18.OE-06*UN/RSM 
1 1 3  PETIME=1.70E-06*UN/RSM 
1 1 4  FLUXH=5,0E+05/BTUA/RSM/RSM 
115  FLUXZ=2.0E+05/BTUR/RSM/RSM 
116  SGU=8.OE+12 
117  X J M = 1 . 5 E + 1 3 * 4 . * 3 . 0 4 1 6 ~ R S M / B T C l R / C  
118  CNU=0.28E+07 
119  CMI N=XJM/ 166. 
1 2 0  M=O 
121 
1 2 2  C. . . . .  SOME OUTPUT 
123 WRITE ( 6 , 1 0 2 )  
124  1 0 2  FURMAT(" THESE ARE NURMALi:ZED RESULTS. Tt3 DlMENSlUNALlZE 
125 1 DU THE FBLLUW I NO : " 
126  WRITE ( 6 , 1 0 3 1  
127  103 FURMAT (1H , "DENSITY=W(l)*DM VELUCITY=W(2)*UN/W(lB TEHP=W(3)*UN* 
128 lUN/CV JTUR=CC*BTCR*C/A/4/PE JPUL=CZ*BTUR*C/A/4/PI") 
129  WRITE ( 6 . 9 8 )  

1 3 2  C . . . . . F L E A K :  FRACTION UF RETURN LEAKAGE INTO VESSEL 
1 3 3  FLEAK=O. 
134  
135 C . .  . . . I N I T I A L  CUNDlTlUNS ( A L L  VARIABLES ARE NUfWALIZED) 
136  C . . . . . W ( l , J , K ) :  DENSIT' AT GRID PBINT J AND TIME K 
137  C . .  . . . X I :  PULUIDAL CURRENT FUNCTIUN 
138  C. . . . .  SG: ELECTRECAL CUNDUCTIVITY 
139  C . . . . . C N :  THERMAL CONDUCT l V l  TY 
1 4 0  C . . . . . B C :  TBRUIDWL MAGNETIC F IELD 
141 C . .  . . .BZ: 2-CUMPUNENT UF MAGNETIC F I E L D  
1 4 2  C . .  . . . P S I :  PULUIDNL FLUX FUPiCTIUN 
143  C . . . . . C C :  TURUIDKL CURRENT DENSITY 
1 4 4  C . . . . . C Z :  Z-CUMPUNENT UF CURRENT DENSITY 
145  C . . . . . W ( 2 , J , K ) :  RADIAL VELUCITY 
1 4 6  C. . . . . W ( 3, J. K : TEMPERATURE 
147  DU 5 K = 1 , 2  
148  
149  DU 21 0 J=JS,  1 3  
1 5 0  W ( l , J . K ) = . 0 5  
151 X I  (J ,K)=BMIN/Q 
1 5 2  SG(J,K)=166.  
153  C N ( J , K ) = l .  
1 5 4  B C ( J , K ) = X I ( J , K ) / R ( J )  
155  B Z ( J . K ) = B V I  



160 W(2, J,K)=O. 
161 210CUNTlNUE 
162 
163 DU 211 J=14,39 
164 XI (J,K)=BMINl/Q 
165 CN(J,K)=l. 
166 BC(J,K)=XI(J,K)/R(J) 
167 BZ(J,K)=BZ(13,K)+CCT*(R(J)-R(l3)) 
168 PSI(J,K)=(PSI(13,K)+(R(J)*R(J)-R(l3)*R(l3))/2.*BZ(l3,K)+ 
169 lCCT*(R(J)**3/3.+R(13)**3/6.-R(J1**2*R(13)/2.))*(l.-FLEW) 
170 CZ( J,K)=O. 
171 W(2, J,K)=O. 
172 CC(J,K)=-CCT 
173 SG(J,K)=166. 
174 IF (J .LE. 26) W ( l , J , K ) = W ( 1 , 1 3 , K 1 + 5 . 9 * ~ R ( J ~ R ( 1 3 ) )  
175 IF (J .GT. 26) W(l,J,K)=W(l,26,#)-5,9*(R(J)-R(26)) 
176 IF (J .LE. 26) W(3,J,K)=W(3,13,K)+l.E+04*CV/UN/UN*(R(J)-R(13)) 
177 IF (J .GT. 26) W(3,JIK)=W(3,26,K)-l.E+04*CV/UN/UN*(R(J)-R(26)) 
178 21 1 CONTINUE 
179 
180 DU 212 J=40, JD 
181 W(l,J.K)=.05 
182 XI (J,K)=BMIN/Q 
183 SG(J.K)=166. 
184 CN(J.K)=l. 
185 , BC(J,K)=XI(J,K)/R(J) 
186 BZ( J,K)=+BVU 
187 IPSI(J,K)=(PSI(~~,K)+(R(J)*R(J)-R(~~~*R(~~))*BZ(J,K)/~.)*(~.-FLEAK) 
188 GC(J,K)=O. 
189 CZ(J,K)=O. 
190 W(3,J,K)=lOOOO./UN/UN*CV 
191 W(2, J,K)=O. 
192 212 CONTINUE 
193 
194 5 CUNTl NUE 
195 
196 C.....TIME: REAL TIME 
197 C.....HU: MINIMUM PLASMA DENSITY 
198 C.....CUE: OFTEN USED NUMERICAL FACTOR 
199 C.....DUE: Dl TTU 
200 C. . . . . TX: Dl TTU 
20 1 TIME=O. 
202 HU=O. 01 
203 CUE=C*C*DT/ (4 . *3 .14159*UN*RSM*SBU)  
204 DUE=CNU*DT/(DNrCV*UN*RSM) 
205 TX=DT/DX 
206 K= 1 
207 FLUXJD=PSI(JD,K) 
208 
209 6 M=M+l 
21 0 TIME=TIME+DT 
21 1 
212 C.....SPECIFICATIUN UF BOUNDARY VALUES FUR THE POLOIDAL FLUX AND CURRENT 



2 1 3  C . . . . . F U N C T l O N  
2 1  4  I F  ( T I M E  .GT.  PET IME)  GO TO 4 3  
2 1  5 XI(JS,K+l)=(BMlN+TIME/PETIME)/Q 
2 1  6 XI(JD,K+l)=(BMIN+TlME/PETIME)/Q 
2 1 7  4 3  I F  ( T I M E  .GT.  T P I I  GU TO 4 2  
2 1  8 PSI(JS,K+l)=FLUXZ+(FLUXH+BVT*R(JS)**2/2.-FLUXZ)*TIME/TPl 
2 1  9 PSI(JD,K+l)=FLUXJD+(FLUXH+BVT*R(JD)**2/2,-FLUXJD)*TlME/TPl 
220 P S I J S = P S I ( J S , K + l )  . 
22 1  P S I  JD=PS I  ( J D , K + l )  
222 G0 TO 4 4  
223 4 2  PSI(JS.K+l)=PSIJS-(TIME-TPl)/TP2*FLUXH/S. 
2 2 4  PSI(JD,K+l)=PSIJD-(TIME-TP1 ) /TP2*FLUXH/S.  
225 
226 C . . . . . S B L V E  F6R  NEW VALUES 0F DENSITY, VELOCITY, TEMPERATURE AND MAGNETIC 
227 C . . . . . F I E L D .  
228 4 4  CALL I MPL (K, TX, DT, DX, CV, FK, JB, JE. JP,  UN, SX.3, CNO, *I, F, PS l , X I  . M  
229 
230 1 1 8  FORMAT ( 1 H  , 2 ( 1 1 0 D )  
23 1  
232 C . . . . . C H E C K  FBR NEGATIVE TEMPERATURE AND SMALL VELOCITY.  
233 C . . . . . S E T - U P  THE ELECTRICAL COtJDUCTIVITY. I S  I T  ANOMBLOUS, CLASSICAL 
2 3 4  C . . . . . S W I T C H I N G  BETWEEN THE TWO, ETC, .?  
235 D 0  1 2  J = J B , J E  
2 3 6  I F  ( W ( 3 , J , K + l )  . L T .  0 . )  WRITE ( 6 , 1 1 8 )  J,W 
237 I F  ( W ( 3 , J , K + l )  . L T .  0 . )  OO TB 34 
238 I F  (ABS(W(2 ,  J ,K+13 . L T .  SMALL) W ( 2 ,  J , K + l I = O .  
239 I F  ( A B S ( P S I ( J , K + l S )  . L T .  SMALL) P S I ( J , K + I ) = O .  
2 4 0  I F  ( T I M E  .GT.  TPO:l GO TO 60 
2 4  1  CT=SQRT(CZ(J,K+l)xCZiJ,K+l)+CC(J,K+l)*CCCJ,K+l)~ 
2 4 2  I F  ( C T  . L E .  CMIN) S G I J , K l = l G B .  
2 4 3  I F  (CT  .GT.  CMIN)  S G i J , K l = X J M / C T  
2 4 4  GB TB 1 2  
2 4 5  6 0  SG(J,K)=1.3E+13*(UN*UN/C~*W~3,JIK+1~/116O~,~~*l.5~~SGO 
2 4 6  I F  ( T I M E  .GT.  TP31 G0 TU 1 2  
2 4 7  S G R = ( ( T I M E - T P O ) / ( T P 3 - T P O W 3  
2 4 8  CT=SQRT(CZ(J ,K+ l  )*CZ(J,K~l)+CC(J,K+ll*CC[J,K+l ):I 
2 4 9  I F  ( C T  . L E .  CMIN)  SGA=lGE. 
250 I F  ( C T  .GT. C M I N I  SGA=XJF/CT 
25 1  SG(J ,K )=SGR*SG(J ,K . I+ ( l  . -SGR)*SGA 
252 1 2  CONTINUE 
253 
2 5 4  C . .  . . .  EXTRAPBLATE DENSITY AT TI-E BOUNDARY 
255 W ( l , J S , K * l ) = W ( l , J B . K + l )  
256 W ( l , J D , K + l ) = W ( l , J E , K + l )  
257 
258 C . . . . . S E T  'NEW' VALUES TO 'OLD' VALUES. 
259 D 0  1 4  J = J S ,  J D  
260 DO 1 5  L = 1 , 3  
26 1  1 5  W ( L ,  J .K )=W(L ;  J , K + l  ) 

262 P S I  ( J , K ) = P S I  ( J , K + l  I 
263 X I ( J . K ) = X I ( J , K + l )  
2 6 4  1 4  CONTINUE 
2 6 5  



266 C.....LUW DENSITY TREATMENT 
267 JBB= JB+ 1 
268 JEE= JE- 1 
269 DU 2 J=JBB,JEE 
270 IF (J .EQ. JBB) GU TU 208 
27 1 IF (J .EQ. JEE) GU TU 208 
272 RU(J)=(W(l,J,K)+W(l,J+1,K~+W~1IJ-1IK~+W(l,J-2,K~+ 
273 2W(1,J+2,K1+W(1,J+31K)+W(1,J-31Kl)/7. 
274 GU TU 209 
275 208 RU(J)=(W(l,J,K)+W(l,J+1,K~+W~1IJ+2,K)+W(lIJ-l,K~+W~lIJ-2IK~~/5. 
276 209 IF (RU(J) .LE. 0.2) SG(J,K)=l. 
277 2 CUNTI NUE 
278 RU(JB)=(W(1,JS,K)+W(1,JB,K)+W~1,JB+1,K~+W~1,JB+2,K~~/4. 
279 RU(JE)=(W(l,JE-2,K)+W(lIJE-1,K~+W~lIJEIK~+W~l,JDIK~~/4, 
280 IF (RU(JB) .LE. 0.2) SQ(JB,K)=l. 
28 1 IF (RU(JE) .LE. 0.2) SG(JE,K)=l. 
282 
283 DU 13 J=JB, JE 
284 IF (ABS(W(2,J.K)) .LT. SMALL) W12,JIK)=O. 
285 IF (ABS(PSI(J,K)) .LT. SMALL) PII(J,K)=O. 
286 IF (W(1.J.K) .LT. HU) W(l,J.K)=HU 
287 13 CONTINUE 
288 
289 SG(JS,K)=SG(JB,K) 
290 SG( JD,K)=SG( JE,K) 
291 W(1, JS,K)=Wil, JB,K) 
292 W(l,JD,K)=W(l, JE,K) 
293 
294 IF (MUD(M,MW) .EQ. 1 )  GU TU 28 
295 GU TU 29 
296 28 CONTINUE 
297 SIME=TIME*RSM/UN 
298 WRITE (6,104) M,SIME,DT.FR,CV,C~E,UN 
299 104 FURMAT ( l H O , " C Y C L E = " , 1 4 , " T I M E = " , E 1 4 . 7 , " D T = " , E 1 4 . 7 , " F R = " , 4 E 1 5 . 7 )  
300 WRITE (6,105) 
301 105 FURMAT (lH0,2X,"1",4X,"TURUIDAL B",4X,"PULUIDAL BZU,4X, 
302 l"TEMPERATURE",4X,"DENSITY",5X,"VELUCITY",6X,"PULUIDAL CZU,8X, 
303 2"PSI ", 9X, "TURBID CC" 
304 
305 C.....MURE LUW DENSITY TREATMENT. SMUUTHEN THE FIELD QUANTITIES. 
306 ' DU 204 J=JB,JE 
307 IF (RU(J) .GT. 0.2) GU TU 204 
308 PSI(J,K)=(PSI(J-l,K)+PSI(JIK)+PSI(J+1,K))/3. 
309 XI(J,K)=(XI(J-1,K)+XI(JIK)+XI(J+1,K))/3. 
31 0 204 CUNTl NUE 
31 1 
31 2 DU 32 J=JB,JE 
31 3 BC(J,K)=XI(J,K)/R(J) 
31 4 CZ(J,K)=(XI(S+I,K)-XI(J-l,K))/(R(J)*2.*DX) 
31 5 BZ(J,K)=(PSI(J+1,K)-PSI(J-l1K))~(2,*DX*R(J)) 
31 6 32 CONTINUE 
31 7 
31 8 BC(JS,K)=XI(JS,K)/R(JS) 



31 9 BC(JD,K)=XI (JD,K)/R(JD) 
320 B Z ( J S , K ) = ( P S I ( J S + ' , K ) - P S I ( J S ) r D X )  
32 1 B Z ( J D , K ) = ( P S I ( J D , K ) - m ( J D - l l K l ) / ( R ( J D ) r D X )  
322 
323 DU 203 J=JB, JE 
324 IF (RB(J) .GT. 0.2) GU T3 203 
325 BZ(J,K)=(BZ(J-l,K:~+EZ(J,~)+5Z(J+l.K))/3. 
326 203 CUNT I NUE 
327 
328 DU 27 J=JB,JE 
329 C C ( J , K ) = - ( B Z ( J + l , K ) - B Z ( J - 1 , E E 1 ) / ( 2 . * D X : u  
330 27 CONT I NUE 
33 1 
332 DU 31 J=JS,JD 
333 BC(J,K)=BC(J,K) 
334 BZ(J.K)=BZ(J,K) 
335 F( 1, J,K+l )=W( 1 ,  J,K) 
336 F(3, J,K+l )=W(3, J,K) 
337 F(2, J,K+l )=W(2, J,k)IW(l, J,K> 
338 WRITE (6,106) J,BZ( J,K),BZ(J,K),F(3, J,K+l), 
339 1F(l,J,K+l),F(2,J,K+1~,CZ~J,U~,PSI~J,Kl,CC~J,K~ 
340 31 CONTINUE 
341 106 FORMAT t1H ,13,8E15.7) 
342 
343 C.....SET UP DATA FUR PLUTTINO. 
344 DO 1 1  J=JS,JD 
345 P(2,J)=F(l,J,K+l)*DN 
346 P(l,J)=F(3,J,K+l)QUN*UN/CV 
347 P(6,J)=P(lBJ)*P(2,JI*FR 
348 P(5,J)=BC(J,K)*BTBR 
349 P(4, J)=BZ(J,K)*BTOR 
350 P(3,J)=CC(J,K)*C*eTUR/(4.*3.1413*RSM) 
35 1 CCZ(J)=CZ(J,K)*C*ETOR/(4.*331416*RSM) 
352 1 1  CONTINUE 
353 CALL PLOT1 (P,R, JD,M) 
354 
355 29 CONTINUE 
356 IF (M .GT. MS) GU TO 34 
357 GU TO 6 
358 34 CONTINUE 
359 
360 C. . . . .CHECK UN GRAD P AND J X B 
36 1 DR=2.xRSM /JE 
362 DU 10 J=JB, JE 
363 BXJ(J)=ABS( (P(6, J'l*Pi5, J:I-CCZ(J)WP(~,JI l/C) 
364 GRADP(J)=ABS((P(~,J+I)-PI~,J-~))/(~,*D~)) 
365 E(J)=(GRADP(J)-BXJ(J))/CGRADP(J)+BXJJ)) 
366 WRITE (6,107) R(J:~,E<J),BXJ4J),GRADP(3),SD(J1K) 
367 10 CONTINUE 
368 107 FORMAT (1H , "RADIUS=",E13.6," EQUILIBRIUM =" ,  E13.6, 
369 1" GRAD P =",E13.6," J Y B =",2(E13.6)) 
370 CALL PLOTE 
37 1 CALL EXIT(2) 



3 7 2  END 
3 7 3  
3 7 4  
3 7 5  
3 7 6  
3 7 7  
3 7 8  C. . . . .  THIS SUBROUTINE SOLVES FUR THE NEW VALUES UF DENSITY, VELUCITY, 
3 7 9  C.....TEMPERATURE, PULUIDAL FLUX FUNCTION AND PULOIDAL CURRENT FUNCTION. 
3 8 0  C . . . . . T H E  EQUATIONS ARE WRITTEN I N  THE FORM A X ( J - 1 )  + B X ( J )  + C X ( J + l )  = D 
381  C.. . . .WHERE EVERYTHING UN THE LEFT S lDE ( X I  I S  AT THE NEW TIME AND THE 
3 8 2  C . . . . . R I G H T  S lDE ( D l  I S  AT THE ULD TIME. I F  WE SET FAC AND FFAC EQUAL TO 
3 8 3  C . . . . . T U  UNE, THE SCHEMES ARE FULLY I M P L I C I T .  A SETTING OF ZERU I S  FULLY 
3 8 4  C. . . . .  EXPLICIT .  CAUTION: THE CODE HAS NEVER SUCCESSFULLY OPERATED AT A 
3 8 5  C . . . . .SETTING UF LESS THAN . 9  
3 8 6  
3 8 7  
3 8 8  SUBROUTINE IMPL(K.TX,DT,DX,CV,FR,JB,JE,JPIUN,SGU,CNOIW,FIPSI,  
3 8 9  1XI  , M I  
3 9 0  DlMENSlUN W ( 3 , 5 1 , , 2 ) , S Q ( 5 1 , 2 ) , C N [ 5 1 , 2 ) , R ( 5 1  ) ,AA(150,09)  
3 9  1 l,BB(3,3),F(3,51,2),PSI(51,2~.Xl [51,2) ,TYY(51) ,TXY(51)  
3 9 2  2 , B Z ( 5 1 , 2 ) , B C ( 5 1 , 2 ~ , C Z ( 5 1 , 2 ) , C C ( 5 1 , 2 ) , G A ~ 5 l ~ ~ G B ~ 5 l ~ , G C ~ 5 l ~ , G D ~ 5 1 ~  
3 9 3  CUMMUN SG, R, AA, CN, BB, CUE, DUE, BZ, BC, CZ, CC, GA, GB, GC, GD 
3 9 4  
3 9 5  FAC=l . 
3 9 6  FFAC=FAC 
3 9 7  .JD= J E + l  
3 9 8  .JS= JB-  1 
3 9 9  
400  C . . . . . S E T  UP NUMERICAL DISSIPATION (LAPIDUS TYPE) 
4 0  1 DU 1 J=JS,  JD 
402  T Y Y ( J ) = 0 . 4  
403  TXY(  J)=o. 'o 
404  1 CUNTl NUE 
4 0 5  
406  C . . . . . S E T  UP PSI  EQUATION I N  FORMAT DIESCRIBED ABOVE AND I N  DISSERTATION. 
407  DU 1 9  J=JB,JE 
4 0 8  ~SC(J1=FFAC*CUE*R(J)/(SQ(JIK)*DX*DX*(R(J-l)+R(J))/2.) 
409  1 + F F A C * D T * W ( 2 , J , K ) / W ( l I J , K ) / ( 2 . * ~ D X )  
41 0 GA(J)=FFAC*COE*R(J)/(SG(J,Kl*DX~DX*(R(J+l)+R(J))/2,) 
41 1 1-FFAC*DT*W(2,J,K)/W(l,J1K)/(2.*DX) 
41 2 GB(J)=l.+FFAC*CUE*R(J)/(SG(J,K)*DX*DX) 
41 3 1*(2./(R(J+I)+R(J))+2./(R(J-l)+R~(J))) 
41 4 GD(J)=PSI(J,K)*(l.-(CUE*R(J)*(l.-FFAC)/DX/DX/SG(J,K))* 
41 5 1(2./(R(J+l)+R(J))+2./(R(J)+R(J-l)))) 
41 6 2~+PSI(J-l,K)*(l.-RFAC)*(W(2,J,K)*DT/22/DX/W(l,J,K)+ 
41 7 3CBE*R(J)/DX/DX/SQ(J,K)/(.5*(R(J)+R(J-I))))+ 
41 8 4PSI(J+l,K)*(l.-FFAC)*(-W(2IJ,K)*DT/2./DX/W(l,J,K)+ 
41 9 5CBE*R(J)/DX/DX/SG(J,K)/(.5*(R(J+l)+R(J)))) 
420  6+0.5/4.*TX*TXY(J)*(ABS(W(2,J+1,K)/W(l,J+lIK)-W(2,J,K) 
4 2  1 7/W(l,J,K))*(PSI(J+1,K)-PSI(J,K))-ABS(W(2,J,K)/W(lIJ,K) 
422  8-W(2,J-l,K)/W(l,J-l,K))*(PSI(JIK)-PSICJ-1.K))) 
4 2 3  1 9  CUNTINUE . . 
424 



425 C. . . . .  SULVE TRI-DIAGONAL MATRIX. 
426 CALL CRUUT(M,K,JB,JE,JP,JD,GA,GBIGC,GDIPSI) 
427 
428 C.....SET UP EOUATIUN FUR PULOIDAL CURRENT FUNCTION. 
429 DU 22 J=JB, JE 
430 GC(J)=FFPC*CUE*R(J)/(DX*DX*(SG(J-lIK)+ 
43 1 ~SG(J,K))/~.*(R(J-I)I+R(J))/~.)+FFAC*DT*R(J) 
432 l*W(2,J-I,K)/W(l,J-l,K)/(2.*DX*R(J-l)) ' 

433 GA(J)=FFPC*CUE*R(J)/(DX*DX*(SQ(J+l.K)+ 
434 lSG(JIK))/2.*(R(J+I)+R(J))/2.)-FFAC*DT*R(J) 
435 2*W(2,J+l,K)/W(l,J+l,K)/(2.*DX*R(J+l)) 
436 GB(J)=l.+FFAC*CUE*R(J)/DX/DX*(l1/~~SG(J*lIK~ 
437 l+SG(J,K))/2.*(R(J+I)+R(J))/2.)+ 
438 21./((SG(J-l,K)+SQ(JIK))/2.*(R(J-l)+R(J))/2.)) 
439 GD(J)=XI(J,K)*(l. + CUE*R[J)*(l.-FFAC)/DX/DX*(-44/l(SO(J+1,K) 
440 1 + S G ( J , K ) ) * ( R ( J + 1 ) + R o ) ) ~ - 4 . / ~ ~ S Q ~ J 1 K ~ + S G 1 J - 1 , K ~ ~ * ~ R ~ J ~ + R ~ J - 1 ~ ~ 1 ~ ~  
44 1 2+XI(J-l,K)*((l.-FFAC)*(R(J)*DT*W(2,J-l,K)/2./DX/R(J-l)+ 
442 3CUE*R(J)/DX/DX/(.25*(SQ(J,K)+5(3(J-lIK))*(R(J)+R(J-l))))) 
443 4-XI(J+l,K)*(l.-FFAC)*(W(2,J+1,K)*R~J~*TX/2./R~J+l~.fW~lIJ+l,K~ . 
444 5-CUE*R(J)/DX/DX/(.25*(SG(J+1,K)+SQ(JIK))*(R~(J)+R(J+l)))) 
445 6+0.5/4.*TX*TXY(J)*(ABS(W(2,J+1,K)/W(lIJ+l,K)-W(2,J,K) 
446 7 / W ( l , J , K ) ) * ( X I ( J + l . K ) - X I ( J I K ~ ~ - A B S ~ W ~ 2 , J I K ~ ~ W ~ l I J I K ~  
447 8-W(2,J-l,K)/W(l,J-1,K))*(XI(JIK)-XI(J-1,K))3 
448 22 CONTINUE 
449 
450 CALL CRUUT (M, K, JB, JE, JP, JD, GA, GB, GC , OD, X I 
45 1 17 CONTINUE 
452 
453 C.....CALCULATE NEW FIELDS AND CURRENTS FROM NEWLY UBTAIf4ED VALUES OF 
454 C. . . . .  PSI AND XI. 
455 DU 32 J=JB, JE 
456 BC(J,K+l)=XI(J,K+lI/R(J) 
457 CZ(J,K+1)=+(XI(J+l,K'+1~-XI~J-lIK+1))/1R~J~*2,~DX~ 
458 B Z ( J , K + l ) = + ( P S I ( J + l , K + 1 ~ - P S I ~ J - 1 , K + l ~ ~ / ~ 2 , * ~ 3 X % R ~ J ~ ~ ~  
459 32 CONTINUE 
460 BC(JS,K+l)=XI(JS,K+l)/R(JS) 
461 BC(JD,K+l )=XI (JD,K+l )/R(JD) 
462 BZ(JS,K+l)=(PSI(JS+lIK+1)-PSI<JS,K+1))/IRiJS)*DX) 
463 BZ(JD,K+l)=(PSI(JD,K+l)-PSI(JD-l,K+l))/lRCJD)~DX) 
464 DU 27 J=JB, JE 
465 CC(J,K+l)=-(BZ(J+l,K+l)-BZtJ-l1K+1))/(2.*DX> 
466 27 CONTINUE 
467 
468 
469 C.....SET UP MATRIX TU SULVE FUR NEW W-VECTOR. NOTE THAT THIS MATRIX 
470 C.....WILL ALSg BE TRI-DIAGONAL, HOWEVER. EACH ELEMENT IS A 3 K 3 MATRIX. 
471 DU 107 J=l,JP 
472 IF (J .EQ. 1 )  GU TUi 415 
473 AA(3*J-2,1)=0. 
474 AA(3*J-2,2)=-0.5*FAC*TX*R(J)/R(J+l) 
475 AA(3*J-2,3)=0. 
476 AA(3*J-l,l)=+0.5*TX*R(J)/R(J+Q)*( 
477 l(W(2,J.K)/W(l,J,K))**2)-0.5*(FK-l.)*FAC*T~<*W(3,J~K~ 



AA(3*J-l,2)=-TX*R(J)/R(J+l)*(W(2,J,K)/W(l,J,K)) 
AA(3*J-1.3)~-0.5*(FK-1.)*FAC*TX*W(1,J1K) 
AA(3*J8l)=0.5*(FK-1.)*TX*R(J)/R[J+1)*W(2,JIK)* 
1W(3,J+lIK)/W(l,J,K)**2 
AA(3*J,2)=-(FK-l;)*TX*R(J)/R(J+l)*W(3,J+l,K)/W(l,J,K) 
AA(3*J,3)=-0.5*FAC*TX*W(2,J+lIK3/W(1,J+l,K) 
l - F A C * D O E / ( R ( J + l ) * D X * D X ) * 0 . 2 5 * ( C N ( J + l ~ + C N ~ J I K ~ ~ * ~ R ~ J + l ~ + R ~ J ~ ~ /  
2W( 1, J+l ,K) 

415 CONTINUE 
1F (J . E Q .  JP) .GO T O  416 
AA(3*J-2,7)=0. 
AA(3*J-2,8)=+0.5*FAC*TX*R(J+2)/R(J+l) 
AA(3*J-2,9)=0. 
AA(3*J-1,7)=-0.5*TX'*R(J+2)/R(J+l)*( 
l(W(2, J+2,K)/W( 1, J+2,K) )**2) 
2+0.5*(FK-1. )*FAC*TX*W(3, J+2,K) 
AA(3*J-l,8)=+TX*R(J+2)/R(J+l)*( 
lW(2, J+2,K)/W( 1, J+2,K) 1 
AA(3*J-1,9)=+0.5*(FK-l1)*FAC*TX*W(l,J+2,K) 
AA(3*J,7)=-0.5*(FK-l.)*TX*R(J+2)/R(J+l)*W(2,J+2,K)* 
lW(3,J+l,K)/W(l,J+2.K)**2 
AA(3*J,B)=(FK-l.)*TX*R(J+2)/R(J+l)* 

1W(3,J+l1K)/W(l,J+2,K) 
AA(3*J,9)=0.5*FAC*TX*W(2,J+lIK)/W(1,J+1,K) 
1 ~ - F A C * D U E / ( R ( J + 1 ) * D X * D X ) * 0 . 2 5 * ( C N ( J + 1 , K ~ + C N ~ J + 2 , K ~ ~ * ~ R ~ J + 1 ~ + R ~ J + 2 ~ ~  
2/W(l,J+l,K) 

416 CONTINUE 
AA(3*J-2,41=1. 
AA(3*J-2,5)=0. 
AA(3*J-2,6)=0. 
AA(3*J-1,4)=0. 
AA(3*J-1,5)=1. 
AA(3*J-1,6)=0. 
AA(3*J,4)=0. 
AA(3rJ. 5)=0. 
AA(3*J,6)=l.+FAC*DUE/(R(J+1)*DX)*0.25*((CN(J+lIK)+CN(J+2,K))* 
~ ( R ( J + ~ ) + R ( J + ~ ) ) + ( C N ( J + ~ , K ) + C N ( S , K ~ ) * ( R ( J + ~ ~ + R ~ J ~ ~ ~ / W ~ ~ , J + ~ ~ K ~  

107 CONTINUE. 
IDO 108 J=JB,JE 
F(l,J,K)=W(l,J,K)-(l.-FAC)*(R(J'+l)*W(2,J+lIK~'-R~J-l~*W~2IJ-lIK~~ 
l+0.5/4.*TX*TYY(J)*(ABS(W(2,J+l1K)/W(1,J+l,K)-W(2,J,K) 
2 / W ~ 1 , J , K ~ ~ * ~ W ~ 1 , J + 1 , K ~ - W ~ 1 , J , K ~ ~ - A B S ~ W ~ 2 , J , K ~ / W ~ 1 , J , K ~  
3 - W ( 2 , J - 1 . K ) / W ( 1 . J - 1 , K ) ) * ~ W ~ 1 , J 1 K ~ - W ~ 1 , J - l I K ~ ~ ~  
F(2,J,K)=W(2,J,K)+FAC*DT*(CC(JIK+1)*BZ(J,K+1)-CZ(JIK+1)*BC(J,K+1)) 
l+0.5*(2.*FAC-l.)*TX*~FK-1.~*(W(1IJ+1IK)*W~3,J+l,K~ 
2 - W ( 1 , J - 1 , K ) * W ( 3 , J - 1 , K ) ) + 0 . 5 / 4 . * T X * T X * T Y Y ~ J * A B S W 2 1 J + 1 1 K / W 1 I J + 1  . 
2 , K ) - W ( 2 . J , K ) / W ( 1 , J , K ) ) * ( W ( 2 , J + 1 , K ) - W ( 2 , J I K ~ ~ - A B S ~ W ~ 2 , J , K ~ / W ~ l 1 J 1 K ~  
3-W(2.J-l.K)/W(l,J-1,K))*(W(2,JSK)-W(2,J-1,K))) 
4+(1.-FAC)*DT*(CC(J,K)*BZ(J,K)-CZ(J.K)*BC(J,K)) 

F ( 3 . J , K ) = W ( 3 . J , K ) + C U E / S O ( J , K ) ~ ( l , - F A C ) *  
l(CC(J,K)**2+CZ(J,K)**2)-(1.-FAC)*W(2,J,K?/W(l,J,K)* 
2(W(3,J+l1K)-W(3,J-1,K))*TX/2. +DUE*(l.-FAC)/W(l,J,K)/RtJ) 
3/DX/DX*(.25*(R(J)+R(J+1))*(CN(JIK)+CN(J+lIK))*(W(3,J+l,K) 



53 1 4-W(3,J,K))-(.25*(iR(G)+R(J-l!)*(CN(JIK)+CN(J-lIK))* 
532 5(W(3,J,K)-W(3,J-1,K))))+0.5~'4.*TX*TYY(J)*(ABS(W(2,J+~,K)/W(lIJ+V 
533 2 , K ) - W ( 2 , J , K ) / W ( 1 , J 1 I ( ~ ~ ~ ~ W ( 3 , J + 1 , K ~ - W ( 3 , J , K ~ ~ - A B S ~ W ~ 2 , J , K ~ / W ~ 1 , J , K ~  
5 3 4  3-W(2,J-l,K)/W(l,J-1,K))*(W(3,J1K)-W(3,J-1,K))) 
535 4+FAC*CUE*(CZ(J,K+1)**2+CC(J,K+1)~*2~/SG~J,K~/W~lIJ,K~ 
536 1 0 8  CUNTI  NUE 
537 J P P = 3 *  J P  
538 A A ( ~ - ~ , ~ ) = A A ( ~ - ~ , ~ ) - O , ~ X F A C * T X * ( F K - ~ , ) * W ( ~ , J S , K )  
539 F(2,JB,K)=F(2,JB,K)+0.5*IFK-1. )*W(l,JS,K)*FAC*TX*b4(3,JS,K+l) 
5 4 0  F(3,JB,K)=F(3,JB,K)+FAC*DBE*O.25*((CN(JSIK)+CN(JBIK))*~R(JS1+ 
5 4  1 1 R ( J B ) ) * W ( 3 , J S , K + l : + ) / ( W ( l 1 J B ) * D X * D X )  
5 4 2  2 + .  5 * F A C * T X * W ( 3 ,  J S , K + l  )*W[2,.JBIK)/W( I I JB,K)  
5 4 3  AA(JPP-1,4I=AA(JPP-1,4~+0.5~FAC*TXU(FK-ll. ) * W ( 3 , J D I K )  
5 4 4  F(2,JE,Kl=F(2,JE,K)~.5*IFK-1.1*W(lIJD,K~*FAC*TX*M(3,JD,K+l1 
5 4 5  F(3,JE,K)=F(3,JE,K)+IFAC*DUE@OO25*((CN(JCtIK)+CN(JE,K))*tR(JD)+ 
5 4 6  lR(JE))*W(3,JD,K+lI)~(W(l,JE,K)*R(JE)*DX*DX) 
5 4 7  2-.5*FAC*TX*W(3,JD.K+1)*W(2,JEIK)/W(lIJEIK) 
5 4 8  
5 4 9  C . . . . . S U L V E  THE M A T R I X  EQUATIONS FUR THE W-VECTOR. 
550 C A L L  CRU(K, TX, DT, DX,FK, JB, JE, JP ,  UN, SOU, CNU, W, F) 
55 1 RETURN 
552 END 
553 
5 5 4  
555 
556 
557 
558 C . . . . . T H I S  SUBROUTINE A L L W S  US TO SOLVE FOR THE W-VECTOR. I . E .  DENSITY,  
559 C . . . . . R A D I A L  V E L O C I T Y  AND TEMPERATURE. 
560 
56 1 
562 SUBROUTINE CRU(K,TXI3T,DX,FE, JB,SE, JP,UM,SGU,CNB,W,FI 
563 D I M E N S I O N  W ( 3 , 5 1 , 2 ) ,  S G ( 5 I I 2 5 , C N ( 5 1  , 2 )  ,RC51 ) I A A ( 1 5 0 1 0 9 ) I B B ( 3 1 3 ~  
5 6 4  l,F(3,51,2),BZ(51,2),I3C~51,2:~.CZ(51,2),CC~51 , 2 ) , G A [ 5 1  ) , G B ( 5 1  1 
565 2 . G C ( 5 1 )  , G D ( 5 1 )  
566 CUMMUN SG,R,AA,CN,IBB,CUE, DUE,BZ,BC,CZ,CC,GA,GB,GC,GD 
567 J P P = 3 x J P  
568 TMALL=O. 1 O E - 2 9  
569 D U  1 0 1  L = 5 , 0 9  
570 1 0 1  A A ( 1  , L ) = A A ( l  , L ) / A A ( l , 4 )  
57 1 F ( 1 , 2 , K ) = F ( 1 , 2 , K ) , ' A A 1 l I 4 b  
572 DU 1 0 2  J=2,3 
573 1 0 2  A A ( J , 5 ) = A A ( J ,  5 ) - A A ( J m 4 ) * A A (  1 ,5 )  
5 7 4  DU 1 1 2  J = 4 , 0 6  
575 1 1 2  AA(J,2)=AA(J,2)-AA(J.l)*AA(1,5) 
576 DU 1 2 2  L = 6 . 0 9  
577 1 2 2  A A ( 2 ,  L ) = ( A A ( 2 , L ) - A A ( 2 ,  4 ) * A A ( 2 , 5 1  
578 F ( 2 , 2 , K ) = ( F ( 2 , 2 , K : ] - A A ( 2 , 4 ) * F C  1 , 2 , K ) ) / A A ( 2 , 5 )  
579 D U  1 0 3  J = 3 , 3  
580 1 0 3  AA(  J , 6 ) = A A (  J . 6 ) - A k ( J .  4)*AA(O,6)-AACJ151sAA(2,6) 
58 1 D U  1 1 3  J = 4 , 0 6  
582 1 1 3  A A (  J , 3 ) = A A (  J . 3 ) - A k ( J .  1 ) * A A ( l l , 6 ) - A A ( J , 2 ) * A A ( 2 , 6 )  
5 8 3  D U  1 2 3  L=7,09 



123 A A ( 3 , L ) = ( A A ( 3 , L ) - A A ( 3 , 4 ) * A A ( l  ,L).-AA(3,5)*AA(2,L) )/AA(3,6) 
F ( 3 , 2 , K ) = ( F ( 3 , 2 , K ) - A A ( 3 , 4 ) * F ( l  ,2,K)-AA[3,5)*F(2,2,K) )/AA(3,6) 
DU 11.7 J=4, JPP, 3 
DU 188 L=l,3 
DU 189 LL=1,3 
BB(L.LL)=O. 
DU 121 LLL=1,3 
I F  (ABS(AA(J+L-1,LLL)) .LT. T M A U )  AA(J+L-l,LLL)=O. 
I F  (ABS(AA(J+LLL-4,06+LL)) .LT. TMALL) AA(J+LLL-4,06+LL)=O. 

121 BB(L,LL)=BB(L,LL)+AA(J+L-lILLL)*AA(J+LLL-4,O6+LL) 
189 CONTINUE 
188 CONTINUE 

DU 22 L=1,3 
22 AA(J-l+L,4)=AA(J-1+L,4)-BB(L,l) 

DU 23 L=1,2 
23 AA(J44+L)=(AA(J,4+L)-BB(1,L+1))lAA(J14) 

I F  (J . E Q .  (JPP-2)) GU TU 924 
DU 24 L=1,3 

24 AA(J,o~+L)=AA(J,O~+L)/AA(J,~) 
924 CONTINUE 

DU 25 L=1,2 
25 AA(J+L,5)=AA(J+L,5)-BB(L+1,2)-APi(J+L14)*AA(J15) 

DU 26 L=l, 1 
26 A A ( J + 1 , 5 + L ) = ( A A ( J + l I 5 + L ) - A A ( J + l , 4 ) * A A ( J I 5 + L ) ) / A A ( J + l , 5 )  

I F  (J .EQ. (JPP-2)) GU PU 127 
DU 128 L=l,3 
AA(J+L+2,2)=AA(J+L+2,2)-AA(J+L+2,1)*AA(J,5) 
A A ( J + l , O 6 + L ) = ( A A ( J + 1 , O 6 + L ~ - A A ( J + l I 4 ~ * A A ~ J I O 6 + L ~ ~ / A A ~ J + l I 5 ~  

128 CONTINUE 
127 CUNTI NUE 

AA(J+2,06)=AA(J+2,06)-BB(3,3)-AP1(J+2,4)*AA(JIO6)-AA(J+2,5)* 
lAA( J+l, 06) 

I F  (J . E Q .  (JPP-2)) GU TU 133 
DU 134 L=1,3 
DU 135 LL=1,2 
AA(J+L+2,3)=AA(J+L+2,3)-AA(J+L+2,LL)*AA(J+LL-l,06) 
AA(J+2.06+L)=AA(J+2,06+L)-AA(J+2,3+LL)*AA(J+LL-l,06+L) 

135 CUNTl NUE 
AA(J+2,06+L)=AA(J+2,06+L)/AA(J+2,06) 

134 CUNTl NUE 
133 CUNTl NUE 

DO 136 L=1,3 
DU 137 LL=1,3 

137 F(L,(J+5)/3,K)=F(L,(J+5)/3,K)-AP(J+L-l,LL)*F(LL,(J+5)/3-lIK) 
LE=L- 1 
I F  (L . E Q .  1 )  GU TU 148 
DO 147 LL= 1, LE 
F(L,(J+5)/3,K)=F(L,(J+5)/3,K)-AA(J+L-1,3+LL)*F(LLI(J+5)/3,K) 

147 CONTINUE 
148 CUNTl NUE . . 

F(L,(J+5)/3,KD=F(L,(J+5)/3,K)/A&(J+L-1,4+L-1) 
136 CONTINUE 
117 CONTINUE 



637 W(3, JE,K+l )=F(3, JE,K) 
638 W(2, JE,K+l )=F(2, JE.K)-AACJPP-1,06)*W(3, JE, <+I ) 
639 W(1, JE,K+l )=F(l, JE,K)-AA(JPP-2,06)*W(3, JE, < + I  ) 

640 l-AA(JPP-2,5)*W(2, JE,K+l) 
64 1 DU 138 L=4, JPP, 3 
642 JJ=JPP+4-J-3 
643 DU 139 L=1.3 
644 BB(l,L)=O. 
645 DU 941 LL=1,3 
646 941 BB(l,L)=BB(l,Ll+AA~JJ+1-L,O6+LL)*W(LL,(JJ+3)/3+l,K-l~ 
647 139 CUNTI NUE 
648 W(3,(JJ+3)/3,K+l)=F(3,(JJ~3)/3,K)-BB(1,1) 
649 W(2, (JJ+3)/3,K+l )=F(2, (JJ+3)/3,K)-BB(1 ,2) 
650 1-AA(JJ-1,06)*W(3.(9;J+3)/31K+l) 
65 1 W(1,(JJ+3)/3,K+1)=F(lI(JJ+3)/3,K)-BB(l13) 
652 1 -AA(JJ-2,06)*W(3, (JJ+3)/3,K+tl-AA( JJ-2, 5)*'dt2, (JJ+3)/3,K+l) 
653 138 CUNTl NUE 
654 RETURN 
655 END 
656 
657 
658 
659 
660 
661 C.....CRUUT REDUCTION UF A TRI-OIAQONAL MATRIX. USED TB BBTAlN THE NEW 
662 C. . . .  VALUES UF PSI AND XI. 
663 
664 
665 SUBROUTINE CRUUT ~NI,K,JB,.~E,JP,JD,A,B,C,D,'JB 
666 DIMENSIUNI A A ( 5 1 , 3 ) , E ( 5 1 ) , ) : ( 5 l ) , A ( 5 1  ),B(51 ),C(51) ,Dl51 I,V(51,2) 
667 SMALL=O.lOE-32 
668 JS= 1 
669 DU 22 J=JS,JP 
670 E(J)=D(J+l) 
67 1 AA( J, 2)=B( J+l 1 
672 IF (J .EQ. JP) GU T3 24 
673 AA( J, 3)=-A( J+l 
674 GU TO 25 
675 24 E(JP)=D(JP+I)+A(JP+l)*V(JP+2,K+ll 
676 25 CUNT l NUE 
677 IF (J .EQ. JSI GU T3 26 
678 AA(J,l)=-C(J+l) 
679 GU TU 27 
680 26 CONTINUE 
68 1 E(JS)=D(JS+I)+C(JS+l)%V(JS,K+1) 
682 27 CONTINUE 
683 22 CONTINUE 
684 AA( JS. 3)=4A( JS, 3)/A.4( JS121 
685 E(JS)=E(JS)/AA(JS,2) 
686 DU 30 J=JB,JP 
687 IF (ABS(A.4(J.l)) .LE. SMALL) AA(J,I)=O. 
688 IF (ABS(AA(J-1.3)) .LE. SFALLI AA(J-0,3)=0. 
689 AA(J,2)=A4(J,2)-AACJI1)*AP(J-I,3~ 



6 9 0  I F  ( A B S ( E ( J - 1 ) )  .LE .  SMALL) E ( J - l l = O .  
6 9  1 E(J)=(E(J)-AA(J,l)*E(J-1))/AA(J12) 
6 9 2  I F  ( J  .EQ. JP)  GB TB 3 0  
6 9 3  AA( J, 3 )  =AA( J, 3 ) /AA(  J, 2 )  
6 9 4  3 0  CONTINUE 
6 9 5  X ( J P ) = E ( J P )  
6 9 6  JQ= JP-  1  
6 9 7  DU 3 3  J=JS,JQ 
6 9 8  KK=JQ+JS-J 
6 9 9  I F  (ABS(AA(KK,3))  .LE.  SMALL) AA(KK,3)=O. 
7 0 0  X ( K K ) = E ( ~ K ) - A A ( K K , ~ ) * X ( K K + I )  
7 0  1 3 3  CONTINUE 
7 0 2  DU 2 8  J=JS,JP 
7 0 3  V ( J + l , K + l ) = X ( J )  
7 0 4  I F  ( A B S ( V ( J + l , K + l ) )  . L T .  SMALL) V ( J + l , K + l ) = O .  
7 0 5  2 8  CONTINUE 
7 0 6  RETURN 
7 0 7  END 
7 0 8  
7 0 9  
7 1  0 
711 C . .  . . .  PLUTTING SUBROUTINE 
7 1  2 
7 1  3 
7 1  4 SUBRUUTINE PLOT1 (P,SR, JD,M) 
71 5 DlMENSlUN P(6 ,51  ) ,SR(51 ) ,PP(51 ) , P I  ( 1 2 ) , P 2 ( 1 2 ) , P 4 ( 1 2 )  
71 6 DATA Pl /"TEMPERAT","URE","DENSlTY","  ","CURRENT ", 
7 1  7 l"DENSITY","PBLBlDAL","  FIELD","TBRBIDAL"," FIELDW,"PRESSURE", 
71 8  2 "  " / ,P2/"KELVIN" , "  " ,"NURMALIZ" ,"ED"."STATAMPS"," /CM**2" .  
7 1  9 3"GAUSS"," "."GAUSS"," "."DYNES/CM","**2"/ 
7 2 0  DATA P 4 / " 0 . 5  USEC"," l .O USEC"."1.5 USEC","2.0 USECU,"2.5 USEC", 
7 2  1  1 - 3 . 0  USEC","3.5 USECU,"4.0 USECU,"4.5 USEC"."S.O USEC"."5.5 USEC", 
7 2 2  2 - 6 . 0  USECU/ 
7 2 3  1 0 0  1 FURMAT ( 2A8 
7 2 4  DO 1 1=1,6 
7 2 5  AMAX= 0 .  
7 2 6  AMIN=O. 
7 2 7  DU 2 J = l , J D  
7 2 8  P P ( J ) = P (  I, J) 
7 2 9  AMAX=AMAXl (PP(J),AMAX) 
7 3 0  AMIN=AMINl (PP(J) ,AMIN)  
731 2 CdNTl NUE 
7 3 2  CALL MAPS(2.,4.,AMIN,AMAX..lI 1 . , . 3 , 1 . )  
7 3 3  CALL TRACE(SR,PP,JD) 
7 3 4  CALL SETCH ( 2 0 .  , 5 .  ,0,0,3,0 
7 3 5  CALL CRTBCD("NURMALIZED RADIUS") 
7 3 6  CALL SETCH( 2 .  , 2 0 .  ,0,0,3,1) 
7 3 7  WUT 100,1001,P1(2*1-1) ,P1(2*1)  
7 3 8  CALL SETCH ( 2 .  , 1  . ,0,0,2,0 
7 3 9  CALL CRTBCD("Z=O; VESSEL HALF-WIDTH=7.5 CM") 
7 4 0  CALL SETCH ( 2 .  , 3 .  ,0 ,0 ,2 ,0)  
7 4  1  CALL CRTBCD("UNITS=") 
7 4 2  CALL SETCH( l o . ,  3 .  ,0 ,0 ,2 ,0)  



WUT 100,1001,P2(2*I-1),P2(2*1) 
CALL SETCH ( 2 .  , 2 .  , 0 , 0 ,  , 2 , 0  1 
CALL CRTBCD("TIME=") 
CALL SETCH( 1 0 .  ,2., 0 , 0 , 2 , 0 )  
I F  (M . L T .  2 5 0 )  CALL G R T B ~ D ( " 1 N I T I A L  CeNDbTIUNS") 
I F  (M . L T .  2 5 0 )  GO TB 3 
WUT 100 ,1OOl ,P4(M/250)  
CALL FRAME 
C6NT I NUE 
RETURN 
END 



1 C. . .PRUGRAM NAME: TWO-DIMENSIUNAL MHD CODE (W/ I N E R T I A )  
2 C . . . W R I T T E N  B Y :  H . C .  L U I  
3 C . . . M U D I F I E D  B Y :  R .  I Z Z U  
4 C .  . .LANGUAGE: FORTRAN 
5 C . . . C d M P I L A T I O N  D E V I C E :  CDC 7600 
6 
7 
8 
9 C . . . R E S I S T I V E  MHD EQUATIONS FUR A S I N G L E  F L U I D  ARE SOLVED NUMERICALLY 

1 0  C .  . . I 1 4  TWO D I M E N S I O N S .  ENERGY L U S S  DUE TO R A D I A T I O N  I S  INCLUDED. 
1 1  C . . . R E A L I S T I C  MODELING U F  BUUNDARIES I S  P U S S I B L E  I N  TWO D I M E N S I U N S .  
1 2  C . . . T H E  CODE I S  USEFUL I N  S I M U L A T I N Q  THE PLASMA H E A T I N Q  PHASE.  
1 3  C . . . V A R I A B L E S  ARE D E F I N E D  A S  THEY ARE ENCOUNTERED. 
1 4  
1 5  
1 6  C***ux**u**********%x***%%MAIN PRUGRAM*****r**%****x%***%***a%* 
1 7  
1 8  \. 
1 9  D I M E N S I U N  P S I  ( 2 1 , 2 2 , 2 ) . B 1 ( 2 1 , 2 2 . 2 ) , B 2 ~ 2 1 , 2 2 , 2 ) , X l ( 2 1 . 2 2 , 2 ~ ,  
2 0 l C 1  (21,22,2),C2(21,22,2),C3(2l122,2),T(2l,22,2),BlAS(2l 1 ,  
2 1 2W(4,21,22,3),F(4,21,22,3),EI ( 2 1 , 2 2 , 2 ) , B 3 ( 2 1  , 2 2 , 2 ) , S R ( 2 1  1 ,  
2 2 4 G A ( 2 1 , 2 2 ) , G B ~ 2 1 , 2 2 ) , G C ~ 2 1 , 2 2 ) , G D ~ 2 1 , 2 2 ~ , C N ~ 2 1 , 2 2 , 2 ~ , R O ~ 2 1 , 2 2 ~ ,  
2 3 5 A A (  1 0 0 . 1 2 )  , B B ( 4 , 4 ) , S Z ( 2 2 ) , F F ( 2 Y 2 2 ) I P ( 6 , 2 1  ) , C R S ( 2 , 2 1 , 2 2 ) ,  
2 4 6 P S 1 1 ( 2 1 ) , G R A D P R ( 2 1 , 2 2 ) , Q R A D P Z ~ 2 1 , 2 2 ~ , B X J R ~ 2 l I 2 2 ~ ,  
25 ~BXJO(21,22),BXJZ(21,22),PSI2(22),PS13(22),lX(6O),JY(60) 
2 6 
2 7 LCM ( ~ 2 )  ' 

2 8 CUMMUN/T2/ P S I  , B 1 ,  B2, B3, X I  , C1, C2, C3, T, W, F, SR, PERU,PERS, TO1 , TU,2 
2 9 I ,GA,GB,GC,GD,CN,EI ,AA ,BB,TB3 ,TU4,TS l  ,TS2 ,TS3  
3 0 
3 1 C A L L  D R U P F l L E ( 0 )  
3 2 C A L L  OPEN(5 ,  " INPUT" ,O,O)  
3 3 C A L L  CREATE(6,"UUTPUT",3,-1) 
3 4 C A L L  G F S I Z E ( 3 , 7 5 0 0 0 )  
3 5 C A L L  K E E P 8 0 ( 1 , 3 )  
36 C A L L  F R B O I D ( 8 H T U R U S - I I , l )  
3 7 
38 C . .  .MS: STOP AFTER T H I S  MANY T I M E  STEPS 
39 C . .  .MW: W R I T E  AND P L U T  AFTER T H I S  MANY T I M E  STEPS 
4 0  C . .  . F R :  GAS CONSTANT FUR H E L I U M  I S I N Q L Y  UR DOUBLY I O N I Z E D )  
4 1  C.  . . F K :  R A T I O  UF S P E C I F I C  HEATS 
4 2  C . . . S M A L L :  ROUND-OFF TO ZERO I F  A NUMBER I S  SMALLER THAN T H l S  
4 3  C .  . . TMALL:  D l  T T U  
4 4  C . .  . C V :  S P E C I F I C  HEAT A T  CUNSTAN'T VULUME 

. 4 5  C . .  . C :  SPEED O F  L I G H T  I N  VACUUM 
4 6 M S = 2 5 0 1  
4 7  MW=250 
48 F R 2 = 0 . 6 2 3 1 E + 0 8  
4 9  F R 1 = 2 . / 3 . * 0 . 6 2 3 1 ~ + 0 8  
5 0 F R = F R 2  
5 1 F K = 1 . 6 6 6 6 6 6  
5 2  ' SMALL=O. I O E - 1 6  
5 3 T M A L L = S M A L L * * 2  



5 4  C V = F R 2 / ( F K - I . )  
55 C = 2 . 9 9 8 0 E +  1 0  
56 
57 C. . . S E T  T IME  ( K ) ,  RADIAL  GRID  :I) AND VERTICAL GRID  ( J l  PARAMETERS. 
5 8 K =  1 
59 1 B = 2  
60 I E = 2 0  
6 1 J B = 2  
6 2 J E = 2 1  
6 3 I S = I B - 1  
6 4 l D = I E + l  
6 5 J S =  J B -  1 
6 6 JD= J E + l  
6 7 J P =  J E -  J S  
6 8 I P = I E - I S  
6 9 
70 C. . .DTOR:  CHARACTERISTC F I E L D  
7 1  C. . . B M I N :  B l A S  TURBID& F I E L D  OUTSIDE PLASMA 
72 C . . . B M I N l :  B l A S  TURUIDAL F I E L D  W I T H I N  PLASMA 
73 C.. .BVI ,BVU:Z-COMPONENT BF MAGPJETIC F I E L D  ON IbVNER AND OUTER WALL 
7 4  C .  . . R B :  MAJOR RADIUS  OF DEVICE 
75 C .  . .RSMA: CeMPUTATIUNAL VESSEL H9LF-WIDTH 
76 C . .  .HU: PLASMA CUTOFF DENSITY 
7 7  C . . .RURAD:  LUW DENSITY RADIAT ION TREATMENT 
7 8  C ,  . .DN: I N I T I A L  FILL DENSITY 
7 9  C . . . U N :  CWRACTER I S T  I C ALFVEN VELBC l BY 
80 BTUR=5000 .  
8 1 BMIN=-1333 . /BTOR 
82 B M I N l = - 2 5 0 0 . / B T U R  
8 3 B V I = - l 1 5 0 0 . / B T U R  
8 4 BVU=1500. /BTUR 
85 
86 C.. .CUMPUTE NEW F-VECTOR. X J  X B TERMS) 
8 7 R B = 2 2 . 5  
8 8 RSMA=7.5 
8 9 Q=RSMA/R13 
9 0 HU= .075 
9 1 RURAD= .5  
92 DN=O. 2 3 9 E  - 08 
93 UN=BTOR/SQRT(4.*3 .5416*DE)  
9 4  
95 C.. .SUME RADIAT ION PARAMETERS 
96 C . . . T B , T S :  IMPORTANT TEMPERATURES WHEN MAKENO POLYNOMIAL F I T  TU 
9 7  C . . .  OXYGEN AND S l L l C U N  RADIATED PUWER LOSS CURVES 
98 C.. .PERU,PERS: PERCENTAGE U F  UXYGEM AND S I L I C U t J  
9 9 TO1=5.*11600.*CV/ l !W/UN 

1 0 0  T U 2 = 2 0 . * 1 1 6 0 0 . * C V / U N i U N  
1 0 1  TO3=200.x11600.*CV/UN/UN 
1 0 2  TU4=2000.*11600.*CV/UN/UN 
1 0 3  TS1=20 . *11600 . *CV /UN/UN 
1 0 4  TS2=200.*11600.*CV/UN/UN 
1 0 5  TS3=2000.*11600.*CV/UN/UN 
1 0 6  PERO= . 01 



. . 

.'I 09 C; . . . Solvlli I YIPuK'I'HN'I' 'i I MES OUR l NG HEAT I NO PHASE 

.! : 7 . hT, " r T :  T! PCP PTTnL' 
1 1  1 T P O = 4 . 0 0 E - 0 6  *UN/RSMA 
1 1 2  T P 1 = 4 . 7 0 E - 0 6 * U N / R S M A  
1 1 3  T P 2 = 1 . 7 0 E - 0 6  *UN/RSMA 
1 1 4  TP3=18 .OE-06*UN/RSMA 
1 1 5  T P 4 = 6 . 0 0 E - 0 6  *UN/RSMA 
1 1 6  D T = 0 . 2 0 E - O B  *UN/RSMA 
1 1 7  D D T = O . l E - 1 0  *UN/RSMA 
1 1 8  
1 1 9  C . . . S O M E  PARAMETERS T U  B E  USED I N  S P E C l F l C A T l U N  UF P B L U I D A L  F L U X  A T  
1 20 C . . . THE BOUNDARY. 
1 2 1  C . .  .FLUXH,FLUXZ:  P B L U I D A L  F L U X  FUNBCTIUN A T  HORIZONTAL M I D P L A N E  
1 2 2  C . .  . AND INNER WALL AFTER H E A T I N G  AND 2 - P I N C H .  
1 2 3  C . . . F L U X H T , F L U X Z T :  P B L O I D A L  F L U X  F U N C T I U N  A T  TOP U F  VESSEL AND INNER 
1 2 4  C . .  . WALL AFTER HEATENQ AND Z - P I N C H .  
1 2 5  C . . . B V T :  EXTERNAL V E R T I C A L  F I E L D  THROUGH HOLE I N  TURUS 
1 2 6  C . . . B S L O P E :  L I N E A 3  RAMP I N  EXTERNAL V E R T I C A L  F I E L D  THROUGH VESSEL 
1 27 FLUXH=1.5E+35/BTUR/RSMA/RSMA 
1 2 8  F L U X Z =  . 5 * F L U X H  
1 2 9  F L U X Z T = F L U X Z * . 9 0  
1 3 0  F L U X H T = F L U X H * . 9 0  
1 3 1  B V T = l S O . / B T U R  
1 3 2  BSLOPE=300.!BTOR 
1 3 3  
1 3 4  C . . . S G B :  BUNEMAN CONDUCTIV ITY 
1 3 5  C . . . E J M :  MAXIMUM CURRENT D E N S I T Y  
1 3 6  C . . . C M I N :  M I N I M U M  CURRENT D E N S I T Y  
1 3 7  M=O 
1 3 8  SGU=8.  E + l 2  
.1 39 X J M = 1 . 5 E + 1 3 ~ 4 . * 3 . 1 4 1 6 * R S M A / B T e i R / c  
1 4 0  C M I N = X J M / 1 6 6 .  
1 4 1  . . 
1 4 2  C . .  . S E T  UP O R I D ,  
1 4 3  C . . . D X :  NORMALIZED R A D I A L  INCREMENT 
1 4 4  C . . . O l Y :  NORMALIZED 2 - INCREMENT ( N U R M A L I Z A T I U N  I N  BOTH D I R E C T I O N S  
1 4 5  C . .  . I S  7 . . 5  CM) .  
1 4 6  DY=O. 1 
1 4 7  DX=O. 1 
1 4 8  DO 3 I = l S , l D  
1 4 9  S I = I  
1 5 0  SR(I)=(SI-l.)*DX+15./7.5 
1 5 1  W R I T E  ( 6 , 1 0 1  I ,SR(  I )  
1 5 2  3 CONT l NUE 
1 5 3  101  F B R M A T ( 1 H  , "1=" ,14 ,"RADIUS=" ,E: l4 .7 )  
1 5 4  DO 9 9 1  J = l , J D  
1 5 5  S J = J  
1 5 6  S Z ( J ) = ( S J - 2 . ) * D Y  
1 5 7  9 9 1  CONTINUE . ' 

1 5 8  
1 5 9  C . . . S E T  UP I N I T I A L  C U N D l T l U N S  



1 6 0  C . . . C C T :  I N I T I A L  T U R U I D A L  CURRENT D E N S I T Y  [ P E A K )  
1 6 1  C . . . N V A R :  POLYNOMIAL  DEPENDENCE ALONG Z 
1 6 2  CCT=(BVU-BVI)/(SR(l6)-SRI5)1 
1 6 3  NVAR=8 
1 6 4  
1 6 5  D U  5 K = 1 , 2  
1 6 6  D U  5 J = J S . J D  
1 6 7  Z V A R l = ( A B S ( S Z ( J )  ),'SZ(JD):lg*PJVAR 
1 6 8  Z V A R = l . - Z V A R l  
1 6 9  ZVAR2=(ABS(SZ(J)).'SZ(ll ) . l * * I 'NAR 
1 7 0  ZVAR3= 1 . - Z V A R 2  
1 7 1  
1 7 2  C . . . C N :  THERMAL C O N E U C T l V l T Y  
1 7 3  C . . . E I :  TEMPERATURE 
1 7 4  C . . . W ( l ) :  D E N S I T Y  
1 7 5  C .  . . W ( 2 ) :  R A D I A L  MOMENTUM 
1 7 6  C . . . W ( 3 ) :  TORUlDALMUVtENTUM 
1 77 C . . . W ( 4 : VERT l C A L  MUP.ENTUM 
1 7 8  C . . . X I :  P B L U I D A L  CUERENT FUNCTION 
1 7 9  C .  . . T :  E L E C T R I C A L  CUNDUCTIV I ' IY  
1 8 0  C . .  . B 1 :  R A D I A L  MAGNETIC F I E L D  
1 8 1  C . .  . B 2 :  Z-COMPONENT U F  MAGNETLC F I E L D  
1 8 2  C . . . B 3 :  TURU I D A L  F 1 E L D  
1 8 3  C . . . P S I :  P U L U I D A L  F L U X  F U N C T I O N  
1 8 4  C . . . C l :  R A D I A L  CURRENT D E N S I T w  
1 8 5  C . . . C 2 :  Z-COMPONENT U F  CURRENT D E N S I T Y  
1 8 6  C . . . C 3 :  T U R U I D A L  CURRENT D E N S I T Y  
1 8 7  D U  1 0  I = I S , 5  
1 8 8  CN(I,J,K)=.3E+07/CDN*RSMA*UW*CU) 
1 8 9  EI(I,J,K)=lOOOO.*CV/UN/UN 
1 9 0  W ( l , I , J , K + l ) = O . l  
1 9 1  W ( l , I , J , K ) = O . l  
1 9 2  X I  ( I ,  J , K ) = B M I N / Q  
1 9 3  T C I ,  J , K ) = 1 6 6 .  
1 9 4  B l ( I , J , K ) = O .  
1 9 5  B 2 ( I , J , K ) = B V I * Z V A R  
1 9 6  B3(1,J,K)=XI(I,J,K)/SR(Il 
1 9 7  PSI(I,J.K)=ZVAR*(FLUXZ+B'Jl*[SR(I)*x2-SR(lS)**2)/2.)+FLUXZT*ZVARl 
1 9 8  C l ( I , J , K ) = O .  
1 9 9  C 2 (  I. J , K ) = O .  
200 C 3 (  I, J , K ) = O .  
20 1 W ( 2 .  1, J . K + l  ) = O n  
202 W ( 3 , 1 , J , K + O ) = O .  
203 W ( 4 , I , J , K + l ) = O .  
2 0 4  W(2,  I, J , K ) = O .  
205 W(3,1,  J , K ) = O .  
206 W(4, I, J , K ) = O .  
207 1 0  CONTINUE 
208 D U  1 1  1 = 6 , 1 6  
209 CN(I ,J ,K)= .3E+07/1 lDN=RSM9*UN*CV)  
2 1  0 EI(I,J,K)=lOOOO.*CV/UN/UU 
2 1  1 I F  ( J  . G T .  1 1 )  GU TO 666 
2 1  2 I F  ( I  . L E .  1 1 )  W ( l . l , J , K + l ) = O . l  + 3 , 8 x ( S R C I ) - S R ( 5 , ) ) * Z V A R 3  



IF ( I  .GT. 1 1 )  W11,l,J,K+1)=W(1.11,J1K+1)-3.8*(SR(I)-SR~11~~*ZVAR3 
IF ( I  .LE. 1 1 )  W(l,I,J,K)=O.l + 3,8*(SR(I)-SR(5))*ZVAR3 
IF ( I  .GT. 1 1 )  W I ~ , I , J , K ) = W ( ~ , ~ ~ , J , K ) - ~ * ( S R ( I ) - S R ( ~ ~ ) ~ * ~ V A R ~  
GB TB 667 

666 W(l,I,J,K)=.l 
W(1, I.J.K+l)=.l 

667 XI(I,J,K)=(BMIN*ZVARl +BMINl*ZVAR)/Q 
Bl ( I, J, K)=O. 
B 2 ( 1 , J , K ) = ( B V I + C C T * ( S R ( I ) - S R ( 5 1 1 ) ) * Z V A R  
B3(1,J,K)=XI[I,J,K)/SR(I) 
PSI(l,J,K)=PSI(S,J,K)+ZVAR*(BVI*(SR(I~**2-SR(5)**2)/2. 
l+CCT*(SR(I)*x3/3.+SR(5)**3/6.-SR(I)**2*SR(5)/2.)) 
Cl ( I, J, K)=O. 
C2( 1, J,K)=O. 
C3( 1, J,K)=-CCTSZVAR 
CT=ABS(C3( 1, J,K) I 
IF (CT .GE. CMlN] T(I,J,K)=XJM/CT 
IF (CT .LT. CM1N:l T(I,J,K)=166. 
W(2, 1, J,K+l )=O. 
W(3. 1. J,K+l )=O. 
W(4,1,J,K+I)=O. 
W(2,1, J,K)=O. 
W(3.1, J,K)=O. 
W(4, 1, J,K)=O. 

1 1  CONTINUE 
DO 12 I=17, ID 
CN( I, J,K) = .  3E+07/(DN*RSMA*UN*CV) 
EI(I,J,K)=lOOOO.xCV/UN/UN 
W(l,I,J,K+l)=O.l 
W(l,I,J,K)=O.l 
XI(I,J,K)=BMIN/Q 
T(I,J,K)=166. 
Bl(I,J,K)=O. 
B2(1,J,K)=BVB*ZVAR 
B3(1,J,K)=XI(I,J,K)/SR(I) 
PSI(I,J,K)=PSI(lG,J,K)+ZVAR*BV8*(SR(II**2-SRil6)**2)/2. 

'.Cl (I, J,K)=O. 
C2(1,J,.K)=O. 
C3( I, J,K)=O. 
W(2,1, J,K+l )=O. 
W(3,1,J,K+l)=O. 
W(4.1, J,K+l )=O. 
W(2, 1, J,K)=O. 
W(3.1, J,K)=O. 
W(4. 1, J,K)=O. 

12 CONTINUE 
5 CONTINUE 

DB 16 I=IS,ID 
BIAS(I )=XI(I,JD, 1 )  

16 CONTINUE 
DB 222 J=JS, JD 
FF( 1, J)=PSI (IS, J, 1 )  
FF(.2,J)=PSI(ID1J,1.) . 



2 6 6  2 2 2  CONTINUE 
2 6 7  TIME=O. 
2 6 8  
2 6 9  C...SUME FREQUENTLY USED TERMS. 
2 7 0  BATA=DT/(2.*DX)  
2 7  1 BATB=DT/(2.*DY) 
2 7 2  CUE= C*C*DT/(4.*3.1116*RSMA*UN*SGU) 
2 7 3  
2 7 4  C . . . B E G I N  THE CALCLATIUN. 
275  6 M=M+l 
2 7 6  TIME=TIME+DT 
2 7 7  K= 1 
2 7 8  
2 7 9  C . . . S E T  UP BUUNDARY VALUES FUR THE POLUIDAL FLUX AND CURRENT 
2 8 0  C...FUNCTIUNS. 
2 8  1 I F  (TIME .GE. TP2) 68 TO 7 
2 8 2  DU 8 I = I S , l D  
2 8 3  X I ( I , J D I , K + ~ ) = B I A S ( I ~  + 0 l . * T I M E / T P 2 ) / 9  
2 8 4  8 CUNTINUE 
2 8 5  DU 9 J=JS,JD 
2 8 6  X I  ( I D ,  J , K + l  ) = X I  ( I D ,  JD,Kql 
2 8 7  XI(IS,J,K+l)=XI(IS,JD,K~l) 
2 8 8  9 CONTINUE 
2 8 9  7 CUNTl NUE 
2 9 0  I F  (T IME . G E .  T P I )  QU Tee 17  
2 9  1 DU 14  I = I S , I D  
2 9 2  PSI(I,JD,K+l)=(FLVXHT-FLUXZT)*TIME/TPI + FLUXZT 
2 9 3  P S I l ( I ) = P S I ( I , J D , K + 1 )  
2 9 4  1 4  CUNTlNUf 
295  DU 1 5  J=JS,JD 
2 9 6  ZVARl=(ABS(SZ(J))/SZ(JDj)**NVAR 
2 9 7  ZVAR= 1 . - ZVARl 
2 9 8  PSI(IS,.J,K+~)=FF(D,J)+(FLUXH*Z'~~AR+FLU:<HTIPVAR~-FF(~,J)~*TIME/TP~ 
2 9 9  PSI(ID,J,K+l)=FF(2,J)+(ZVAR~[FLUXH+BVT*(SR(lD)~*2-SR(lS)**2) 
3 0 0  l+BSLUPE*(SR(ID)**3/3.+SK~ISI**3/6.-SR:ISl~SR(lD)~*2/2.)) 
301 2+FLUXHT*ZVARl-FF(2 ,J) ) *T IMEa'TPI  
3 0 2  P S 1 2 ( J ) = P S I ( I S , J , K + l )  
3 0 3  P S 1 3 ( J ) = P S I ( I D , J , K + l )  
3 0 4  1 5  CONTINUE 
3 0 5  GU TU 1 9  
3 0 6  1 7  CONTINUE 
3 0 7  DU 1 8  I = l S , l D  
3 0 8  P S I ( I , J D , K + l ) = P S I I ( I )  
3 0 9  1 8  CUNTINUE 
31 0 DU 3 5 0  J=JS,JD 
31 1 P S I ( I S , J , K + l ) = P S 1 2 ( J )  
31 2 PSI  ( I D , J , K + l  ) = P S 1 3 ( J )  
3 1 3  3 5 0  CONTINUE 
3 1 4  1 9  CUNTINUE 
3 1 5  1 3  CUNTINUE 
31 6 
3 1 7  C...PRESCRIBE DENSITY N4D VELtTCITY AT BUUNDARY. 
3 1  8 DU 2 8  J=JS,JD 



31 9 DB 29 L=1,4 
320 W(L, ID, J,K)= W(L, IE, J,K) 
32 1 W(L. IS, J,K)= W(L, IB, J,K) 
322 29 CONTINUE 
323 W(2, ID, J,K)=O. 
324 W(2, IS, J,K)=O. 
325 28 CBNTI NUE 
326 DB 53 I=IS,ID 
327 DO 54 L=1,4 
328 W(L, I ,  JD,K)= W(L, I, JE,K) 
329 W(L,I,JS,K)= W(L,I,JB+l,K) 
330 54 CBNTINUE 
331 W(3, I, JD,K)=O. 
332 W(3.1, JS,K)=-W(3, I,JB+l,K) 
333 W(4.1,JS,K)=-W(4,I,JB+l.K) 
334 53 CONTINUE 
335 
336 K= 1 
337 K2= 1 
338 K3= 1 
339 K4= 1 
340 K5= 1 
34 1 
342 C...BBTAIN PREDICTOR VALUES FBR W-VECTOR USING AN EXPLICIT LAX- 
343 C...FRIEDRICHS SCHEME. 
344 DB 433 J=JB,JE 
345 DB 434 I=IB,IE 
346 F(1, I, J,K)=O. 
347 W(1.1,J,K+1)=0.25*(W(1,I+1,J,K)+W(1.1-I,J,K~+W~1,1,J+1,K~+ 
348 1W(1,I,J-1,K))-0.50*DT/DX/SR(I)*(SR(1+1)*W~2,l+1,J.K~- 
349 2SR(I-1)*W(2,1-1,J.K))-0.5O*DT/DY*(W(3,1IJ+lIK~-W~3Il,J-l,K~~ 
350 3+2.*F(l,l,J,K) 

, 351 F ( 2 , I , J , K ) = ( W ( 4 , I , J I K ~ * * 2 / ~ W ~ l I I , J , K ) * S R ~ l ~ ~ + ~ F K - l . ~ * W ~ l I l , J , K ~ *  
352 lEI(I,J,K)/SR(I)+(C3(I,J,K)*B2(I,J,K)-C2(l,J,K)*B3(l,JIK)))*DT/2. 
353 W(2, I, J,K+1)=0.25*(W(2, !+I, JIK)+W(2, 1-1, J,K)+W(2, I , J+l,K)+ 
354 1W(2,I,J-1,K))-0.50*DT/DX/SR~I~*~SR~I+1)*~W~2,I+lIJIK~**2 
355 2/W(l,I+l,J,K)+(FK-1.~*W~1II+1,JIK)*EI(I+l,JIK~~- 
356 3SR(I-l)*(W(2,I-l,J,K)**2/W(l,I-l,J,K) +(FK,-l.)*W(l,I-1,J.K) 
357 4*EI(I-1,J,K)))-0.50*DT/DY*~W~2,I,J+1,K)*W~3,lIJ+l,K~ 
358 5/W(l,I,J+l,K)-W(2,I,J-l,K)*W(3,I,J-l,K)/W(l,I,J-l,K~)) 
359 6+2. *F(2, I ,  J,KI 
360 F(~,~,J,K)=((C~(I,J,K)XB~(I,J,K)-C~(I,J,K)*B~(~,J,K)))*DT/~. 
36 1 W(3,1,J,K+1)=0.25*(W(3,1+1.J,K)+W(3,1-1,JIK)+W(3,l,J+l,K)+ 
362 1W(3,I,J-1,K))-0.50*DT/DX/SR(I)*(SR(I+1)*W~2,l+1,J,K~* 
363 2W(3.1+1, J,K)/W(l, l+l, J,K)-SR(1-1 )*W(2,1-1 , J,U)*W(3, 1 - 1 ,  J,K) 
364 3/W(1,1-1,J,K))-0.50*DT/DY~~~W~3,IIJ+1,K~**2/W~lIl,J+l,K~+ 
365 4(FK-l.)*W(l,I,J+l,K)*EI(IIJ+1,K)~-~W~3IlIJ-lIK~**2/ 
366 5W(l,I,J-l,K)+(FK-l.)*W(1.I1J-lIK)*EI(I,J-l,K~~~ 
367 6+2. *F(3, I, J,K) 
368 F(4.I,J.K)=((C2(I,J,K)*B1(I,J1K)-C1(I,J,K)*B2(l,J,K)) 
369 1-W(2,I,J,K)*W(4,1,J,K)/(W(1,IIJIK)*SR(I)))*DT/2. 
370 W(4,I,J,K+1)=0.25*(W(4,I+1,JIK~+W(4II-1IJIK~+W~4IlIJ+l,K~+ 
371 1W(4,I,J-1,K))-0.50*DT/DX/SR(I)*(SR(I+l)*W2I1+lIJIK 



3 7 2  2 * W ( 4 , 1 + 1 , J , K ) / W ~ l , l + 1 , J , K ~ - S R ( I - 1 ~ * W ~ 2 , ~ - ~ , J I K ~ * W ~ 4 , l - 1 , J I K ~  
3 7 3  3/W(1,1-1,J,K))-0.'50*DT/W*(W(3,I,J+1~K)*W(4,l,J+l,K) 
3 7 4  4 / W ( l , l , J + 1 , K ) - W ( 3 , I I J - 1 , K ) * U [ 4 , 1 , J - 1 , K ) / W ~ l I l , J - l , K ~ ~  
3 7 5  5+2.  * F ( 4 ,  I, J,K)  
3 7 6  DO 435  L=1 ,4  
3 7 7  I F  (ABS(W(L, I ,J ,K-1) )  . L T .  SMALL) W(L , I , J ,K+ l )=O.  
3 7 8  4 3 5  CUNTI NUE 
3 7 9  434  CUNTI NUE 
3 8 0  433  CUNTI NUE 
3 8  1 DU 2 0 8  J= JS, JD 
3 8 2  DU 2 0 9  L =  1,4 
3 8 3  W ( L .  ID, J , K + l ) =  W ( L ,  IE .  J ,R+ l  ) 

3 8 4  W(L, I S ,  J , K + l ) =  WIL, 13, J.K+1) 
3 8 5  2 0 9  CONTI NUE 
3 8 6  W(2, ID, J , K + l  )=O. 
3 8 7  W(2, IS ,  J , K + l  )=O. 
3 8 8  2 0 8  CUNTl NUE 
3 8 9  DU 3 0 0  I = l S ,  I D  
3 9 0  DO 301 L = 1 , 4  
3 9  1 W(L, I, JD,K+l I =  W ( L ,  1, J E . K + l l  
3 9 2  W(L, I, J S , K + l ) =  W ( L ,  I, J B + l  , K + l )  
3 9 3  3 0 1  CONTINUE 
3 9 4  W(3,1, JD,K+l )=O. 
3 9 5  W(3, I , JS ,K+ l  )=-W(3, I, JB+! ,K+I )  
3 9 6  W(4, I, JS,K+ l  )=-W(4, I, JB+ l ,K+S)  
3 9 7  3 0 0  CONTINUE 
3 9 8  
3 9 9  C. . .USING THE PREDICTOR 'JALUES IUBTAINED ABOVE I N  THE PJUM-LINEAR 
4 0 0  C...TERMS, WE SOLVE THE F I E L D  AND ENERGY EQUATIONS USING AN AD1 SCHiRlE 
4 0  1 CALL AD1 ( K I M ,  DT, DX,DY ,CV, FK, CUE, DUE, UN, BATA, BATB, SGU, 
4 0 2  1 I S ,  16, I E ,  ID, JS, JB, JE, JD,Cl I P S  JP,DN,RSMA,HU,RORAD) 
403  
404  C. . .FUR THE NEW TEMPERATURES AMI  FIELDS, WE NOW: 
405  C. . .TEST FOR NEGATIVE TMPERATLRES. 
406  C . . . TEST FOR LOW DENS l TY REQI ON. 
4 0 7  C. . .SPECIFY THE ELECTRICAL CUNDUCTBVITY TB BE USED DEFENDING UPON 
4 0 8  C . . . P U S I T l O N  AND T INE, I .E ,  BUW DENSITY VS. HIGH DENSITY REQIUfl 
4 0 9  C. . .AND TURBULENT PHASE \IS. CLASSICAL PHASE. 
410  118  FURMAT ( l H 0 , 3 1 1 2 )  
41 1 DU 8 6  J=JB,JE 
4 1  2 DU 8 6  l = l B , l E  
4 1 3  I F  ( E l (  I , J , K + l )  . LT .  0 . 1  WRITE (6 ,1181 l , J , N  
41 4 I F  ( E I ( 1 .  J , K + l )  .Lli. 9 . 1  6 0  TO 94 
41 5 RU(I,J)=0.2*(W(l,IlJ,i~+1~+W~1,I+1IJ,K+ll)~W~lI1-lAJ,K+l~+ 
416  ~W(l,I,J+l,K+l)+W(l,I,J-1,K+15) 
41 7 I F  (TIME .GT. TPO) GB TU 60 
41 8 CT=SQRT(CI(I,J,K+I I * * z + c ~ ~ I , J , K + ~ ) * * ~ + c ~ ~ I , J , K + ~ ~ * x ~ )  
41 9 I F  (CT .GE. CMIN) T ( I , J , K - l ) = K J W C T  
4 2 0  I F  (CT . L T .  CMIN) T ( I , J . K - 1 ) = 1 6 6 .  
4 2  1 GU TU 61 
4 2 2  60 T ( I , J , K + 1 ) = 1 . 0 5 E + 6 ~ ( U N * U N ~ ~ C V ~ ~ I ~ I I J , K + l ) ~ ~ ~ l , 5 / S 6 ~  
423  I F  (TIME .GT. TP4) GU TU 6 1  
424  SGR=((TIME - TPO) / tTPJ  - TPO))**10 



4 2 5  CT=SQRT(Cl(I,J,K+l)**2+C2(I,J,E+1)**2+C3~lIJIK+l~**2~ 
426  I F  (CT .GE. CMIN) SGA=XJM/CT 
427  I F  (CT . L T .  CMIN) SGA=166. 
4 2 8  T(I,J,K+l)=SGR*T(I,J,K+l) + (1.-SQR)*SGA 
4 2 9  6 1  I F  ( R U ( I , J )  . L T .  0 . 2 5 )  T ( 1 , J . K - l ) = l .  
4 3 0  I F  ( J  .GT. 1 7 )  T ( I , J , K + l ) = I .  
4 3  1 I F  ( ( 1  .LE.  6 )  .OR. (I .QE. 1 7 ) )  T ( I , J , K + l ) = l .  
432  8 6  CONTINUE 
433  DU 8 7  I = I B , I E  
434  T(I,JS,K+l)=T(I,JB+l,K+l) 
4 3 5  T ( I ,  JD,K+l ) = T ( I ,  J E , K + l )  
436  8 7  CONTINUE 
4 3 7  DU 8 4  J=JS,JD 
4 3 8  T ( I S , J , K + l ) = T ( I B , J , K + l )  
4 3 9  T ( I D ,  J , K + l  ) = T (  IE ,  J , K + l  
4 4 0  8 4  CONTINUE 
4 4  1 K 2 = 2  
442  
443  C . . .USING THE NEWLY OBTAINED F IELD QUANTITIES, COMPUTE THE NEW F -  
444  C...VECTUR ( J  X B TERMS). 
445  C. . . I F  M I S  EVEN, WE WlLL SOLVE THE CUNTlNUlTY AND MOMENTUM 
4 4 6  C...EQUATIUNS I M P L I C I T  I N  R. I F  M 15 ODD, 
4 4 7  C...WE WlLL  SULVE THESE SAME EQUATIONS IMPLICIT  I N  2 .  
4 4 8  DU 3 3  J=JB,  JE  
4 4 9  DU 3 4  I = I B , I E  
4 5 0  F (  1, I, J , K 2 ) = 0 .  
4 5  1 F~2,I,J,K2)=(W(4.I,J,K2)**2/W(1,I,J,K2)/SR~l~+~FK-l.~*W~lIlIJIK2~ 
4 5 2  l*EI(I,J,'K2)/SR(I)+(C3(I,J,K2)*E2(I,J,K2)-C2(l,JIK2)*B3~l,J,K2)))* 
453  2DT/2. 
454 F(3,I,J,K2)=((Cl(l,J,K2)*B3(I,J,K2)-C3(lIJ,K2)*Bl(l,JIK2)))*DT/2. 
4 5 5  F(4,I,J,K2)=((C2(I,J,K2)*B1(I,J,K2)-C1(1,J,K2)*B2(lIJIK2)) 
4 5 6  1-W(2,I,J,K2)*W(4,1,J,K2)/(WllII,J,K2)*SR(1)))*DT/2. 
4 5 7  3 4  CONTINUE 
4 5 8  3 3  CONTINUE 
4 5 9  I F  (MUD(M,2) .EQ. 1 )  QU TU 55 
4 6 0  GU TO 5 2  
461 5 5  CALL. Y I MCRU ( K, M, DT, DX, DY , CV , FK, OUE, DUE, UN, BATA, BATB, SGO, 
4 6 2  I I S ,  IB,  IE,ID,JS,JB,JE,JD,C,IP,JP,TMALL) 
4 6 3  GU TU 2 5 3  
464  6 2  CALL X I  MCRU (K, M, DT, DX, DY, CV, FK, CUE, DUE, UN, BATA, BATB, SGO, 
465  1 I S .  IB,  I E ,  ID, JS, JB, JE,JD.C, IP,  JP,TMALL) 
4 6 6  2 5 3  CONTINUE 
467  
4 6 8  C...ULITPUT THE RESULTS. 
4 6 9  I F  (MUD(M,MW) .EQ. 1 )  GU TU 8 9  
4 7 0  GU TU 9 1  
471 8 9  CONTINUE 
472  SIME=TIME*RSMA/UN 
473  WRITE ( 6 , 1 0 4 )  M,SIME,DT,UN,CUE 
474  104  FURMAT(lH1, "CYCLE=", I4 , "TIME=",E14.7,  "DT=" ,E l4 .7 ,  
4 7 5  1 "UN=".E14.7,E16.7)  
4 7 6  WRITE ( 6 , 1 0 5 )  
4 7 7  105 FORMAT ( 1 H 0 . 2 X , " 1 " , 2 X , " J " , 2 X I " P 3 L O I D F L U X " ,  4X,"TOROID FLUXU,4X, 



478 1"RADIAL MAGNET",3XI"Z-- M9GNET",4X."TURU1D MAGNET".2X, 
479 2"RADIAL CURRENT",2K,"Z-- CUR-?ENT".BX,"TURBID CURRENT") 
480 DU 92 I=IS,ID 
48 1 DU 92 J=JS,JD 
482 XI (I,J,K)=XI (I.J.K+l)*B~TUR *RSMA 
483 PSI(IIJ,K)=PSI(I,J,K+1)*BTUR*RSMA**2 
484 B1 (I, J,K)=B1 (I, J,K+l )*BSTUR 
485 8 2  (I,J,K)=B2 (I,J,K+l)*BTUR 
486 83 (I,J,K)=B3 (I,J,K+l)*BTUR 
487 C1 (I,J.K)=CI (IIJ,K+1)*CXBTSR/(4.*3.1416~RSMA) 
488 C2 (I,J,K)=C2 (I,J,K+l)*DrBTSR/(4.*3.1416~RSMA) 
489 C3 (I,J,K)=CS (IIJ,K+1)*CXBTSR/(4.*3.l416nRSMA) 
490 WRITE (6;106) I,J,PSI(I,J,K ),XI(I,J,K l,Bl(I,J.K 1, 
491 lB2(1,J,K ),B3(I,J,K C l I J K  ),C211,JBK ) , C 3 ( 9 , J , K  
492 92 CUNTINUE 
493 106 FORMAT (1H ,213,8E15.7) 
494 WRITE (6,107) 
495 107 FORMAT ( 1 H 0 , 2 X , " 1 " . 2 X I " J " , 2 X . " D E N S I T Y " ,  9E."RADIALVELBCITY".lK, 
496 1"Z-- VELOCITY",3X,'TBRUID VELUCITY",lX,"lNTERNAL ENERGY',lX. 
497 2" CONDUCT I V I TY" ,4X, 'TEMPERATURE" 1 
498 DU 1 J=JS, JD 
499 W(1, ID, J,K+2)=W(l, lE1 JIKf2) 
500 W(1, IS, J,K+2)=W(l, IB, J,Kt2) 
501 1 CUNTl NUE 
502 DO 2 I=lS,lD 
503 W(1,I,JDIK+2)=W(1. IIJEIK+2) 
504 W(1, I,JS.K+2)=W(lI I,JB+l,K+2: 
505 2 CONTINUE 
506 DU 93 I=IB,IE 
507 DU 93 J=JB, JE 
508 F(2,1,J.K+1)=W(2,1,J,K+2)/W~1,1,JIK+2)rUM 
509 F(3,1,J,K+1)=W(3,1,JIK+2)/W(0,11JIK+2)rUfl 
51 0 F(4,1,J,K+1)=W(4,1,J,K+2)YW(i,IIJIK+2),UH 
51 1 F(l,I,J,K+l)=EI(I.JIK+l)/CV*WN*UN 
51 2 T (I,J,K)=T (I,J,K+l)*SOU 
51 3 WRITE (6,108) I,J,W(l, I, JIK+2),F(2, IIJ,K+I),F(3,I,J,K+l), 
51 4 lF(4,1,J,K+l),EI( I,J,K+l),T(I,J,K ),F[l,I,J,K+l) 
51 5 93 CONTINUE 
516 108 FORMAT (1H ,213,8E16.73 
51 7 DU 40 J=JB,JE 
51 8 DU 40 I=IB,IE 
51 9 IF (RU(I,J) .GT. 0.25) GO TB 40 
520 PSI (I,JIK)=.2*(PS1 [l,J,K)+PSI (I+l,J,K)+PS! (I-l,JIK) 
52 1 l+PSI(I,J+l,K)+PSI(I,J-1,K)) 
522 XI~I,J,K)=.2*(XI(I,J.K)+XI(I~lIJ,K)+XI(I-~i,JIK)+Xl(!,J+lIK) 
523 l+XI(l,J-1,K)) 
524 40 CONTINUE 
525 
526 C...SET UP VALUES FOR PLOTTING. 
527 DU 70 I=IS, ID 
528 P(I.I)=F(l,I,JB,K+I) 
529 P(2,1)=W(l,I,JB,K+2) 
530 P(5,1)=XI(lIJB,K)/SR(I)/FiSMA 



53 1 P(6,1,)=P(l, 1 )*P(2, I )*FR*DN 
532 70 CONTINUE 
533 DU 77 I=IB, IE ' 

534 77 P(4,1)=(PSI(I+l,JB,K)-PSI(I-1,JB,K))/SR(l~/2./DX/RSMA**2 
535 P(4,1S)=(PSI(IB,JB,K)-PSI(IS,JBIK))/SR(IS)/DX/RSMA**2 
536 P(4,1D)=(PSI(ID,JB,K)-PSI(IE.JB,K))/SR(ID)/DX/RSMA**2 
537 DU 78 I=IB,IE 
538 P(3,I)=((Bl(I,JB+l,K)-B1(IIJS,K))/2./DY/RSMA - 
539 l(P(4,1+l)-P(4,1-1))/2./DX/RSMA)*~C/4./3.1416 
540 78 CONTINUE 
54 1 P(3.1S)=((BI(IS,JB+l1K)-Bl(IS,JS,K))/2./DY - 
542 l(P(4,IB)-P(4,lS))/DX)*C/4./3.1416/RSMA 
543 P(3,1DI=((Bl(ID,JB+l.K)-B1(IDIJS,~))/2./DY - 
544 l(P(4,ID)-P(4,IE))/DX)*C/4./3.1416/RSMA 
545 DU 71 1=1,1D 
546 DU 71 J='l,JD 
547 CRS(l,I,J)=PSI(I,J,K) 
548 CRS(2,1, J)=C3( 1, J,K) , 
549 71 CONTINUE 
550 CALL PLUTI (P,CRS.SR, ID, JD,M,RB) 
55 1 
5 5'2 91 CONTINUE 
553 IF (M .GT. MS) GU TU 94 
554 
555 C...TAKE ALL NEW VALUES AND STORE THEM AS OLD VALUES. 
556 DU 96 I=IS,ID 
557 DU 96 J=JS,JD 
558 T (I,J,K)=T (I,J.K+l) 
559 El (I, J,K) = El (I, J,K+l) 
560 PSI(I,J,K)=PSI(I,J,K+l) 
56 1 ~3il,J,K)= B3(I,J,K+1) 
562 B1 (l,J,K)=Bl (I,J,K+l) 
563 82 (I,J,K)=B2 (I,J.K+l) 
564 XI (I,J,K)=XI (I,J,K+l) 
565 C1 (I, J,K)=Cl (I, J.K+l) 
566 C2 (I,,J,K)=C2 (I,J,K+l) 
567 C3 (I,J,K)=C3 (I,J,K+l) 
566 DU 97 L=1,4 
569 W(L, I, J,K)= W(L, I, J,K+2) 
570 IF (ABS(W(L,I,J,K)) .LT. SMALL) W(L,I,J,K)=O. 
57 1 97 CUNTI NUE' 
572 [F (W(l,I,J,K) .LT. HU) W(l,I,J,K)=HU 
573 96 CONTINUE 
574 
575 GO TU 6 
576 94 CONTINUE 
577 
578 C...CUMPUTE J X B VS. GRAD P IN ALL DIRECTIUNS. 
579 WRITE (6,111) 
580 DU 600 I=IB,IE 
56 1 DU 600 J=JB,JE 
562 GRADPR(I,J)=FR*DN*UN*UN/CV*(EI(I+l,J,K+l)*W(l,l+l,J,K+2) - 
583 lEI(1-l,J,K+l)*W(l,I-1,J,K+2))/2./DX/RSMA 



- , -  
5 9 4  600 CONTINUE 
aYU I I U  rUKPIHI  1 ~ H , ~ ~ ~ , D L I D .  / )  

596 1 1 1  FORMAT ( l H 0 , 2 X , " 1 " , 2 X , " L " , 2 : < . " ~ 3 R A D  P ( R A D I A L ) " . , l X ,  
597 1 " J  X B ( R A D I A L ) " , 2 X , " J  >. B(TUR91DAL)" , lX , "GRAD P ( Z ) " , 6 X ,  
598 2"J X B ( 2 ) " )  
599 
600 C.. .COMPUTE THE F I N A L  TBROIDAL PLASMA CURRENT. 
60 1 CPLASMA=O. 
602 DO 6 0 1  J=JB,  J E  
603 DU 6 0 1  l = I B ,  I E  
6 0 4  I F  ( R U ( I , J )  . L T .  - 2 5 )  (3e TB 6 0 1  
605 CPLASMA=CPLASMA 4 C3( I ,J ,K+I ) *C*BTBR/4. , 'S31416/R5MA*DX*DY* 
606 1 RSMA* * 2 
607 6 0 1  CONTINUIZ 
608 CPLASMA=CPLASMA*2 . * .3335E-9  
609 WR l TE ( 18,602 CPLASMA 
6 1 0  602 FORMAT ( " T H E  TORe4lDAL PLASMA CURRENT I S  CAMPS) " .E14 .7 )  
6 1  1 WRITE ( 6 , 1 0 9 )  DT ,M . l , J  
6 1 2  1 0 9  FURMAT(1H , "  TORUS I 1  I~PLUSIUN",4X,"DT=' ,E14.7,"  CYCLE= " 
6 1  3 1,  15 ,1X ,213 )  
6 1  4 
6 1 5  C.  .COMPUTE THE VALUES FUR SAFLETY FACTOR AS A FUNCT16N U F  PBLUIDAL  
6 1 6  C . . . F L U X .  P R I N T  OUT Q ( R )  A L O W  THE HURIZBNTAL MIDPLANE. 
6 1  7 I END= I E.f 2 
6 1  8 1 1 = 0  
6 1  9 DO 700 I = I B , I E N D  
620 I F  ( ( W ( I , I - l , J B , K + 2 1  . L E .  0 . 4 )  .AND. 
62 1 1 ( W ( l , l . J B I K + 2 B  .GE. 0.4:;)  i l = l  
622 700 CONTINUE 
623 I F  ( I 1  .EQ.  0 )  GO TU 7 0 1  
6 2 4  1 1 P 4 = 1 1 + 4  
625 DO 709 1 2 = 1 1 , 1 1 P 4  
626 MM= 1 
627 I X ( M M ) = 1 2  
628 J Y ( M M ) = J B  
629 F L U X I J = B S 1 ( 1 2 , J B , K + B )  
630 D l = l , O E + 2 0  
63 1 l 2 M 1 = 1 2 - 1  
632 12P1=12+1  
633 JBP1 = J B +  1 
6 3 4  QPSI =O. 
635 DO 702 L= 12M1, I 2 P 1  
636 DO 702 N= JB, J B P I  



6 3 7  I F  ( ( N  .EQ. JY(MM)) .AND, ( L  .EQ. I X ( M M ) ) )  GB TB 7 0 2  
6 3 8  D=ABS(FLUXI .J -PS I (L ,N ,K+ l ) )  
6 3 9  SF ( D . . G T .  D l  00 TU 7 0 2  
6 4 0  L L = L  
6 4  1 NN=N 
6 4 2  D l  =D 
6 4 3  7 0 2  CONTINUE 
6 4 4  7 0 4  MM=MM+l 
6 4 5  IX (MM)=LL  
6 4 6  JY (MM) =NN 
6 4 7  DL=SQRT((DX*(IX(MM)-IX(MM-l)))**2+(DY*(JY(MM)-JY(MM-l)))**2) 
6 4 8  R2=((SR(IX(MM))+SR(IX(MM-1)))/2.)**2 
6 4 9  Bll=(Bl(IX(MM),JY(MM),K+1~+B1~IX(MM-l~,JY~MM-l~,K+l~~/2. 
6 5 0  B22=(B2(IX(MM),JY(MM),K+l)+B2(1X(MM-l),JY(MM-l),K+l))/2. 
6 5  1 BPUL=SQRT(B l l * *2  + B 2 2 * * 2 )  
6 5 2  KII=ABS(XI(IX(MM),JY(MM),K+1~+XI~IXtMM-l~,JY~MM-l~,K+l~~/2. 
6 5 3  QPSI=QPSI+XII*DL/BPBL/R2/3.1416 
6 5 4  WRITE ( 6 , 7 1 1 )  IX(MM),JY(MM),QPSI 
6 5 5  I F  (JY(MM) .EQ. JB)  GB TB 7 0 5  
6 5 6  LMl=IX(MM) 
6 5 7  L P I = I X ( M M ) + l  
6 5 8  JMl=JY(MM)-1  
6 5 9  J P I = J Y ( M M ) + l  
6 6 0  D l = l . O E + 2 0  
6 6  1 DU 7 0 3  L=LMl  , L P l  
6 6 2  DU 7 0 3  N = J M l , J P l  
6 6 3  DU 7 1 5  M3=1 ,MM 
6 6 4  I F  ( ( L  .EQ. I X ( M 3 ) )  .AND. ( N  .EQ. J Y ( M 3 ) ) )  GB TB 7 0 3  
6 6 5  7 1 5  CUNTINUE 
6 6 6  ID=ABS(FLUXIJ - P S I ( L , N , K + l ) I  
6 6 7  I F  ( D  .GT. D l )  GU TB 7 0 3  
6 6 8  .LL=L 
6 6 9  NN=N 
6 7 0  D l  =D 
671 7 0 3  CONTINUE 
6 7 2  GU TU 7 0 4  
6 7 3  7 0 5  WRITE (6 ,7063  M M , S R ( 1 2 ) , S R ( I X ( M M ) ) , Q P S I  
6 7 4  7 0 6  FURMAT (1H. 14 ,4X,3 (E l2 ,5 ,4X)  
6 7 5  7 0 9  CUNTINUE 
6 7 6  GU T0 7 0 7  
6 7 7  7 0 1  WRITE (6 ,7085 
6 7 8  7 0 8  FURMAT (lH,"CBULD NBT FIND MIQH DENSITY REQIBN") 
6 7 9  711  F0RMAT( lH,214,€12.5)  
6 8 0  
681  7 0 7  CALL PLUTE 
6 8 2  CALL E X I T ( 2 )  
6 8 3  END 
6 8 4  
6 8 5  
6 8 6  
6 8 7  
6 8 8  
6 8 9  C . . . T H I S  SUBROUTINE SBLVES THE F IELD AND ENERGY EQUATIONS USINQ 



690 C...AN AD1 SCHEME AS OUTLINED IN DISSERTATIUN. 
691 C...IF M IS EVEN, THE EQUATIUNS ARE WRITTEN IMPLICIT IN R .  
692 C..,IF M IS ODD, THE EQUATIONS ARE 'dRITTEN IMPLICIT IN 2 .  
693 
694 
695 
696 
697 SUBROUTINE ADI (K,M.iDT,DX,DY,CV,FK,CBE,CUE;UN,BATA,BATB,SQU, 
698 1 IS, IB, IE, ID, JS, JB,3E,JD,C1 IP, JP,DN,RSMA,HU,RURAD) 
699 
700 DIMENSION P S 1 ( 2 1 , 2 2 , 2 ~ . B 1 ~ 2 1 . 2 2 , 2 ~ , B 2 ~ 2 1 , 2 2 , 2 ~ , X 1 ( 2 1 , 2 2 . 2 ~ ,  
70 1 lC1(21,22,21 ,C2(21,22,2),CS(21,22,2), T(P1,22,2), 
702 . 2W(4 ,21 ,22 ,3 ) ,F (4 ,21 ,22 ,3 ) .  El (21,22,2) ,E,3(21,22,2),SR(21), 
703 4GA(21,22)~,GB(21,22),Q2(21. 2 2 ) , G D ( 2 1 , 2 2 ) , C N ( 2 1 , 2 2 , 2 b ,  
704 5 A A ( 1 0 0 , 1 2 ) , B B t 4 , 4 ) , P R ~ 2 1 , 2 2 ~ , P A S ~ 6 , 2 1 , 2 2 > , P A B ~ 6 , 2 1 , , 2 2 ~  
705 LCM (T2) 
706 CBMMBN/T2/ PSI, B1, E.2,33, X i ,  C1, C2, C3, T, V, F ,  SR, PERU, PERS, TB1, TB2 
707 1,  GA. GB, GC,GD, CN, El , Ak,BB. TU3,'TU4. TS1. TS2, TS3 
708 
709 K= 1 
71 0 IF (MUD(M,2) .EQ. B )  30 TU 1 1  
71 1 GU TU 12 
71 2 
713 C...PSI EQUATION IMPLICIT IN 2 .  
71 4 1 1  CUNTINUE 
71 5 DU 14 J=JB,JE 
71 6 DO 13 I=OB,IE 
71 7 GC(1, J)=CBE/(T(I,J,K+l)*D'd*DY) 
71 8 l+DT*W(3,1,J,K+l)/WC1,1,J,K+1~/(22*DY) 
71 9 GA(I,J)=CUE/(T(l,J,K+l)*DY> 
720 l-DT*W(3,1,J,K+l)/WQl,l,J,K+lb/(2.*DY) 
72 1 GB( I, J)=1. +2. *COE/dT( 1 ,  JIK+l >*DY*DY) 
722 GD(I,JI=PSI(I,J,KI+C~PE*SRCI)ICT~I,J.K)DX*DX) 
723 1*((PSI(I+l,J,K)-PS!(I1J,Kl)/C[SR(I+I)+%R(1))/2.) 
724 2-(PSI(I,J.K)-PSI(I-l,J,K)l/(CSRtI-l)+SR(l~)/2,)) 
725 4-DT*W(2,1,J,K)/W(l.I,J,K1*(PSI(1+1,J,Kj-PS1~l-l,J,K))/(2.*DX~ 
726 13 CONTINUE 
727 14 CONTINUE 
728 
729 C...REDUCE THE RESULTING TfiI-D14GUNAL MATRIX USINQ A CRBUT METHOD. 
730 CALL CRUUT(M,K.IB,IE,J6,JE,IP,JP'QA~GB,GC,GD,PS!DJD,IDl 
73 1 GO TU 17 
732 
733 C...PSI EQUATIUN IMPLICIT LN R. 
734 12 CONTINUE 
735 DU 19 J=JB,JE 
736 DU 18 I=IB,IE 
737 GC(I,J)=CBE*SR(I) 
738 l/(T(I,J,K+l)*DX*DXx(SR(I-l)+SR(1))/2.) 
739 2+DT*W(2, I ,  J,K+l )/W:l,I, J,K+14/(2. *DX) 
740 GA(I,J)=CUE*SR(I) 
74 1 l/(T(I,J,K+I)*DX*DX*(SR(I+l)+tR(1))/2.) 
742 2-DT*W(2,I,J,K+l)/W(1,I,J.K+1?/(2.*DX) 



743 GB(I,J)=l.+CBE/(T(I,J,K+l)*DX*DX) 
744 ~*SR(I)*(~./(SR(I+~)+SR(~))+~./I:SR(I-~)+SR(~))) 
745 GD(I,JI=PSI(I,J,K)+CUE/(T(I,J,K)*DY*DY) 
746 l*((PSI(I,J+l,K)-PSI(I,J,K)) 
747 2-(PSI (I, J,K)-PSI (1,J-1.K)) 
748 3)-DT*W(3,1,J,K)/W(1,I,J,K)/(2.rDY)*(PSI(I,J+l8K)- 
749 4PSI (I, J-1 ,K) 
750 18 CONTINUE 
75 1 19 CUNTINUE 
752 
753 C...REDUCE THE RESULTING TRI-DIAGONAL MATRIX USING A CRUUT METHOD. 
754 CALL CRUUT[M.K, IB. IE, JB. JE, IP, JP.OA,GB,GC,QD,PSl, JD, ID) 
755 
756 C...CBMPUTE THE NEW RADIAL AND 2-COMPONENTS UF MAGNETIC FIELD. 
757 17 CONTINUE 
758 DU 25 I=IS,ID 
759 PSI(1,JB-l,K+l)=PSI(IIJB+l,K+lI 
760 25 CONTINUE 
76 1 DU 32 J=JB,JE 
762 DU 31 I=IB,IE 
763 B1(I,J,K+1)=-(PSI~I,J+1,K+1)-PSI(I,J-1,K+1~~/~2.*SR~1~~DY~ 
764 B2(I,J,K+1)= (PSI(I+l,J.K+l)-PSI(1-lIJ,K+1))/(2.*SR(I)*DX) 
765 31 CUNTI NUE 
766 32 CONTINUE 
767 DU 3 J=JS,JD 
768 B2(1D,J,K+l)=(PSI(ID,JIK+1)-PSI(IE,J,K+l))/SR(lD)/DX 
769 B2(1S,J,K+l)=(PSI(IB,J.K+1)-PSi(IS,JIK+1))/SR(1S)/DX 
770 3 CUNT l NUE 
77 1 DU 4 I=lS,lD 
772 Bl(I,JS,K+l)=-(PSI(I,JB,K+1)-PSI~I,JSJK+l~~/SR~1~/DY 
773 B1(I.JD,K+1)=-(PSI(I,JD1K+1)-PSI(I.JE,K+1~~/SR~I~/DY 
774 4 CUNT l NUE 
775 DU 5 I=IB,IE 
776 Bl(I,JS,K+l)=-(PSI(I,JS+l,K+l)-PSI(I,JS,K+l))/(SR(l)*DY) 
777 Bl(I.JD,K+l)=-(PSI(I,JD,K+1~-PSI~I,JD-l,K+l~~/~SR~l~*DY~ 
778 6 CUNT I NUE 
779 DU 6 J=JB,JE 
780 B2(1S,J,K+l)=(PSI(IB,J,K+l)-PSE(IS,J,K+l))/SR(1S)/DX 
78 1 B2(1D,J,K+l)=(PSI(IDIJIK+1~-PSE~IE,J,K+l~~/SR~1D~/DX 
782 6 CUNT l NUE 
783 
784 C...CUMPUTE THE NEW TURUIDAL CURRENT DENSITY. 
785 DU 8 J=JB,JE 
786 DU 7 I=IB,IE 
787 C3(1,J,K+l)=(Bl(I,J+l,K+l)-Bl(1.J-1,K+l))/2,/DY - 
788 l(B2(1+1,J,K+l)-B2(I-1,JIK+1))/2./DX 
789 7 CUNT l NUE 
790 C3(lS,J,K+l)=(Bl(IS,J+1,K+1~-B1~IS,J-l,K+l~~/2,/DY - 
79 1 l(B2(1B,J,K+l)-B2(1S,J,K+l)~/DX 
792 C3(1D,J.K+l~=(Bl(ID,J+l,K+1)-Bl~lD,J-l,K+l~~72,/DY 
793 l-(B2(ID,J,K+l)-B2(1E,J,K+l))/DX 
794 8 CUNT l NUE 
795 DO 9 I=IB,IE 



796 C3(1,JS,K+l)=(Bl(I,JBIK+1)-B1(lIJSIK+l))/DY - 
797 1(B2(1+l,JSIK+1)-B2(E-lI.'S8K+1))/2./DX 
798 C3(1,JD,K+1)=(Bl(IIJD,K+1)-B1(18JEIK+1))/DY - 
799 1 ( B 2 ( 1 + 1 , J D , K + 1 ) - B 2 ( ~ - 1 1 b ~ D , I ( . + 1 ) ) / 2 2 / D X  
800 9 CUNT l NUE 
80 1 C3(1S,JS,K+l)=(BI(IS,JB,K+l)-Bl(IS.JS,K+l))/DY - 
802 l(B2(1B,JS,K+l)-B2(ISIJS,K+1'))/DX 
803 C3( ID, JS,K+l )=(BI~(ID,JB,K+~I)-B~ (ID, JS,K*I I)/DY - 
804 1 (B2( ID, JS,K+l)-B2( IE, JSIK+l ))/DX 
805 C3(1S,JD,K+l)=(Bl~(IS,JDLK+1)-B1(IS,JEIK+ll)/DY - 
806 1 (B2( IB, JD,K+l)-B24 IS, JD.K+l ))/DX 
807 C3( ID, JD,K+l )=(B141S, JD,,K+l 1-B1(ISI JE,K+I ))/DY - 
808 ' 1(B2(ID, JD,K+l 1-B241EI JD,,K+l ))/DX 
809 
81 0 IF (MUD(M,2) .EQ. 1 :  GB TO 311 
81 1 GU TU 312 
81 2 
813 C...XI EQUATION IMPLlCfT IN 2 .  
814 311 CONTINUE 
815 DU 16 J=JB,JE 
816 DU 15 I=IB,IE 
81 7 HUN=O. 5 
81 8 IF (W(l,I,J,K) .OE. 0.5h HBN=O, 
81 9 IF (W(1,I.J.K) . L T .  0.3) H m = 2 . 5  \ 

820 GC(I,J)=CUE/(DY*OY*CT(I,J-l1K+l)+T(I.J,#-1))/2.) 
82 1 l+DT*W(3,1,J-1,K+1~/V~1,11J-1,K+1)/(2.,0Y~ 
822 GA(I,J)=CBE/(DY*OY*CT(IIJ+1,K+1)+T(I,JIK+l))/2.) 
823 l-DT*W(3,1.J+l,K+l~/k'~1,I,J+1,K+1)/(2.rOY~ 
824 GB(1, J)=l .+CUE/(DY*DY) 
825 1*(2./(TEI,J+l,K+l I+l(IIJIK+l)) 
826 2+2./(T(I,J-l,K+l)+TCIIJIK+l))) 
827 GD(I,J)=XI(I.J,K)+CeE*SR(I)/(DX*DX)*( 
828 l(XI(I+l,J,K)-XI(I.JIK~~f((T(I+lIJIK)+T(IaJ,K~~/2. 
829 2*(SR(I+l)+SR(1))/2.) -(XI(I,J,K)-XICI-l,J,K)) 
830 ~ / ( ( T ( I - ~ , J , K ) + T ( I , J , I K ) ) / ~ . * ~ S R ~ I - ~ ) + S R ( ~ I ~ / ~ . ) >  
83 1 4 -DT*SRiI)*((W(2,1+lIJ1K~/W~lII+lIJIK)* 
832 5XI(I+l,J,K)/SR(I+')+(2,l-l,JIK)/ 
833 6 W ( l , I - l , J , K ) * X I ~ I - l , J ~ K ) ~ S R I E - 1 ) ) / ( 2 . ~ D l +  DT*SR(I)*( 
834 7 (81 (1+3, J.K)*W(4, 1+1,J,o/'rl(l8 I + 1  , JIK) 
835 8 -Bl ( I  - 1 ,  J,K)*W(4,1-1, J,<)/'*I(l.I-l, J,K)P/(2,*DX) 
836 9+(B2(IIJ+1,K+1 )*W(4, I, J+l,K+I)/W(l, I d  J+l,K+l) 
837 1 - B 2(I,J-1,K+1)*W~4,I,J-il,K+1)/W(l,l,J-lIK+l~~~~2.*DY~~ 
838 GD(I.J)=GD(I,J) 
839 6+0.5/4.*H~N*DT/DX*(ABS~Wt2,I+1IJ,K)/Wtl8I+l,JIK~-~~2,~IJIK~ 
840 7 / W ( l , I , J , K ~ ~ * ( X I ( I + 1 1 J 1 K ~ - X I C I 1 J I K ) ) - k B S C M ~ 2 , ~ I J , l < ~ / W ~ l 8 I , J I K ~  
84 1 8 - W ~ 2 I I - l , J , K ~ ~ W ~ l ~ I - l I J , K ~ ~ ~ ~ X l ~ l I J ~ K l - X 1 ~ ~ - l , ~ , K ~ ~ ~  
842 6+0.5/4.*HUN*DT/DY~(ABS~Wf3,~,J+1,K)/WG1,I,J+1,K~-'d~3, faJ,K) 
843 7 / W ( l , I , J , K ) ) * ( X I ( D , J + l I K D - X I ~ I , J , K ~ ) - A B S ~ ~ ~ 3 , l , J ~ K ~ / W ~ l , ~ , J I K l  
844 8-W(3.I,J-1,K)/W(1,I,J-l,K))*(XI(~,J1K~-Xl~f,J-l,K~~~ 
845 15 CONTINUE 
846 16 CONTINUE 
847 
848 C...REDUCE THE RESULTING TRI-DIAGONAL MATRIX USING A CRUUT METHUD. 



849 CALL CRUUT(M,K, IB, IE, JB,*JEs IP1 JPIGAIGB,GC,GDI XI I JD, ID) 
850 GU TU 317 
85 1 
852 C...XI EQUATIUN IMPLICIT IN R. 
853 31 2 CUNTl NUE 
854 DU 22 J=JB, JE 
855 DU 21 I=IB,IE 
856 HUN=O. 5 
857 IF (W(l,I.J,K) .GE. 0.5) HUN=O. 
858 IF (W(l,I,J,K) .LT. 0.3) HUN=2.5 
859 GC(I,J)=CUE~SR(l)/(DX*DX*(T(I-1,J,K+l)+ 
860 lT(I,J,K+1))/2.*(SR(I-l)+SR(I))~2.) +DT*SR(I)* 
86 1 2WC2.1-l,J,K+l)/W(l,I-1,JIK+1)/C2.*SR(I-1)nDX) 
862 GA(I,J)=CUEnSR(I)/(DX*DX*(T(I+lIJIK+l)+ 
863 lT(l,J,K+1))/2.*(SR(I+l)+SR(I))/2.) -DT*SR(I)* 
864 2W(2,1+1,J,K+1)/W(1,1+1,JIK+1)/~22*SR(I+l)*DX) 
865 GB(I,J)=l.+CUE*SR(I)/(DX*:DX)*(2./(T(I+1,JIK+l) 
866 l+T(I, J,K+l ))*2./(SR(I+l )+SR(I ) I +  
867 22./(T(I-1,J,K+1)+T(IIJIK+1D)*2I./(SR(I-l)+SR(1))) 
868 GD(I,J)=XI(I,J,K)+CUE/(DY*DY)*~((XI(I,J+l,K)-XI(I,J,K)~/ 
869 l((T(I,J+l,K)+T(I,J,K))/2.) 
870 2 - ( X I ( I , J , K ) - X I ( I , J - 1 , K ~ ~ / ~ ~ T ( I , J - l I K ~ + T ~ l I J I K ~ ~ / 2 . ~  
87 1 3) -DT/(2.*DY)*(W(3,11J+1,K) 
872 4/W(l,I,J+1,K)*XI(IIJ+lIK)- 
873 5W(3,I,J-l,K)/W(l,l,J-l,K)*XI(IJJ-1.K)) 
874 7+DT*SR(I)*((Bl(I+lIJ,K+1~*W~41I+1,J,K+l~/W~l,l+lIJIK+l~ 
875 8 -Bl(l-1,J,K+1)*W(4,I-1,J,K+1~/W~1,I-1,J,K+l~~/~2.*DX~ 
876 9+(B2(I,J+1,K)*W(4.11J+1,K)/W(1,11J+1,K) 
877 1 -B2(I,J-1,K)*W(4,11J-1.K)/W(1,I,J-l1K))/(2.*DY)) 
878 GD(I,J)=GD(I,J) 
879 6+0.5/4.*HUN*DT/DX*(ABS(W(2.I+1,J1K~/W~1,l+l,J~K~-W~2,L,J,K~ 
880 7/ W ( l , I , J , K ) ) * ( X I ( I + 1 , J I K ) - X l ~ l I J I K ~ ~ - A B S ~ W ~ 2 , l , J , K ~ / W ~ l , l , J I K ~  
881 8-W(2,1-1,J,K)/W(l,l-1,JIK))*(XI(I,JIK)-X1(1-lIJ,K))) 
882 6+0.5/4.*HUN*DT/DY*(ABS(W(3,I,~1,K)/W~l,1,J+l,K~-W~3,I,J,K~ 
883 7 / W ( l , I , J , K ) ) * ( X I ( I , J + 1 , K ~ - X I ~ I , J , K ~ ~ - A B S ~ W ~ 3 , l I J I K ~ / W ~ l I l , J I K ~  
884 8 - W ( 3 , I , J - 1 . K ) / W ( l , l I J - 1 , K ) ~ * ~ X 1 ~ I , J , K ~ - X l ~ l , J - l , K ~ ~ ~  
885 21 CUNTl NUE 
886 22 CONTINUE 
887 
888 C...REDUCE THE RESULTING TRI-DIAGUNAL MATRIX USING A CRUUT METHUD. 
889 CALL CRUUT(M,K, IB, IE, JB,JEI IP, JP,GAIGBIGCIGDI XI, JD, ID) 
890 31 7 CUNTl NUE 
89 1 
892 C. ..COMPUTE THE NEW TURUIDAL FIELD, AND RADIAL AND Z-COMPONENTS UF 
893 C. ..CURRENT DENSITY. 
894 DU 325 I=IS.ID 
895 XI(1,JB-l,K+l)= XI(I,JB+l,K+l) 
896 325 CUNTl NUE 
897 DU 331 J=JB, JE 
898 DU 331 I=IB,IE 
899 B3(1,J,K+1)=XI(IIJ,K+1)/SR(I) 
900 C 1 ( I , J , K + 1 ) = - ( X I ( I , J + 1 , K + 1 ~ - X I ~ I I J - 1 , K + 1 ~ ~ / ~ S R ~ 1 ~ *  
90 1 12. *DY) 



9 0 2  C 2 ( 1 , J , K - I ) =  (XI(I+l,J,K+l)-Al(I-l,J,K-l>)/(SR(l)r 
9 0 3  12.  *OX) 
9 0 4  331 CUNTl NUE 
9 0 5  DU 133 I = I S , I D  
9 0 6  B~(I,JD,G+I)=XI(I,JD,IK+~)~SR(I) 
9 0 7  B3(1,JS,K+l)=XI(l.JSI1K+1)~SR(I) 
9 0 8  133  CUNTl NUE 
9 0 9  DU 1 3 4  J=JS,JD 
91 0 B 3 (  ID, J , K + l  ) = X I  ( ID,J,K+l I I S R L I D I  
91 1 B3(1S,J,K+l)=XI(IS,J1K+1)~SRCIS1 
9 1 2  134  CONTINUE 
9 1  3 DU 4 0  I = I S , I D  
9 1  4 Cl(I,JD,E+l)=-(XI(1,JD,K+I)-~4I(IJJE,K+l))/SR(I)/~DY 
91 5 Cl(I,JS,K+1)=-(XI(O,JB,K+I)-i(I(EJJS,K+l))/SR(l)~Y 
9 1 6  A0 CONTINUE 
9 1  7 DU 41 J=JS,JD 
91 8 C2(1S,J,K+l)=(XI(I6IJ,K+lD-XI~IEJJJK+ll~/SR~IS~~X 
91 9 C 2 ( 1 D , J , K + l ) = ( X I ( I U , 3 , K + 1 D - X I ~ I E , J I K + 1 l ~ ~ S R ~ l D ~ ~ X  
9 2 0  A1 CONTINUE 
9 2  1 DU 4 2  I = I B , I E  -. 
9 2 2  C2(1,JD.K+l)=(Xl(l*lJJD,Kbl)-XICI-1,JD,K+l))/2./SR~l)/DX 
9 2 3  C2( 1 ,  JS,k.+l ) = ( X I  ( l * l , J S , K & l  ) -X I  Cl-1,  JS ,K+ l ) ) /2 .  /SR( l  )/OX 
9 2 4  A2 CONTINUE 
9 2 5  DU 4 3  J=JB,JE 
9 2 6  C1(IS,J.B.+1)=-(XI(IS1J+1,K+1'~-X1(1S,J-1,K+1~~/SR~IS~/2./DY 
9 2 7  Cl(ID,J,K+l)=-~XI(ID,J+1,K+1i-XI~ID,J-l,K+l~~/SR~lD~/2./DY 
9 2 8  A3 CONTINUE 
9 2 9  
9 3 0  C...COMPUTE THE POWER LUSS DUE TU UXYGEN AND S l L l C U N  RADIATIUN. 
931 C...WARNING: THE ACCURACY UR VALIDITY UF "COP.BNA'L EQUILIBRIUM" 
9 3 2  C.. .DURING THE HEATING PI-IASE I S  SUSPECT. 
9 3 3  C.. .HERE WE EMPLOY THE "FUST" AYERME ION MODEL. 
9 3 4  DO R J=JB,JE 
9 3 5  DU R I = I ~ , I E  
9 3 6  I F  ( ( E I ( I , J , K )  .GE. T a l l  AND. ( E I ( I , J , K )  . b E .  T 9 2 ) )  GB TU R1 
9 3 7  I F  ( ( E I ( 1 , J . K )  .GT. T32)  AND. ( E I ( 1 , J . K )  .LIE. T 3 3 ) )  GB TU R2 
9 3 8  I F  ( ( E I ( I , J , K )  .GT. T33)  AND. ( I E I ( I , J , K )  .LE.  T1341) OB TU R3 
9 3 9  I F  ( E I ( 1 , J . K )  . L T .  TU1) GU T e  R4 
9 4 0  I F  ( E I ( 1 , J . K )  .GT. TU4) CALL U ( l T ( 1 )  
941  R1 P A U ( l , l , J ) = 6 5 2 . 3 7 4  
9 4 2  PAO(2, I, J ) = 1 8 3 5 . 4 9 9  
9 4 3  PAU(3, I, J ) = 1 9 8 4 . 2 6 6  
9 4 4  P A 0 ( 4 , I I J ) = l 0 5 9 . 8 4 6  
9 4 5  PAU(5, I. J ) = 2 8 0 . 0 4 7 6  
9 4 6  PAU(6 ,1 ,9 )=29 .33792  
9 4 7  GU TU R 
9 4 8  R2 P A U [ l , I , J ) = - 5 5 . 1 5 1 1 8  
9 4 9  P A U ( 2 , I , J ) = - 1 5 4 . 3 9 5 6  
9 5 0  P A U ( 3 , I , J ) = - 2 4 8 . 9 9 2  
9 5  1 PAU(4, I, J ) = - 1 8 0 . 8 1 5 4  
9 5 2  PAU(5, I, J ) = - 5 7 . 6 4 1 7 5  
9 5 3  PAU(6, 1 , J ) = - 6 . 1 4 9 1 8 1  
9 5 4  GU TU R 



R3 PAU(l,l,J)=-20.68316 
PAU(2,1,J)=-.7482238 
PAU(3,I,J)=.7390959 
PAU(4, I, J)=-.672159 
PAU(5,1,J)=1.338335 
PAU(6,1, J)=3.734628 
GU TU R 

R4 PAB(l,I.J)=l. 
PAU(2.1, J)=1. 
PAU(3, 1, J)=l. 
PAU(4,1,J)=l. 
PAU(5, I, J)=1. 
PAU(6. I, J)=l. 

R CUNTINUE 
DU RA J=JB.JE 
DU RA I=IB,IE 
IF ((EI(I,J,K) .GE. TSl) .AND. IEI(I,J,K) .LE. TS2)) GB TB RAI 
IF ((EI(I,J,K) .GT. TS2) .AND. iEI(I,J,K) .LE. TS3)) GB TB RA2 
GU TU RA3 

RAl PAS(l,I,J)=-52.75519 
PAS(2, I ,  J)=-134.613 
PAS(3,11J)=-208.2753 
PAS(4,I,J)=-159.1874 
PAS(5,I,J)=-59.89162 
PAS(6,I,J)=-8.684849 
GU TU RA 

RA2 PAS(l,l,J)=-19.54323 
PAS(2, %,  J)= ,0499481 
PAS(3,I.J)=-5.726766 
PAS(4, I, J)=-2.710884 
PAS(5, I, J)=30.75145 
PAS(6,I,J)=26.89966 
GU T0 RA 

RA3 PAS(l,I,J)=l. 
PAS(2,1, J)=l. 
PAS(3.1, J)=l. 
PAS(4,1, J)=l. 
PAS(5, I, J)=l. 
PAS(6, I, J)=l. 

RA CUNTINUE 
DU RAD J=JB, JE 
DU RAD I=IB,IE 
XLZU=PAU(l,I,J) 
XLZS=PAS(l,I,J) 
XLUG=ALUGlO(EI(I,J,K)*UN*UN/CV/11600./10OO,~ 
DU RADl KK=1.5 
XLUGK=(ABS(XLBG))x*KK 
IF ((XLUG .LT. 0.3 .AND. (MUD(KK.2) .EQ. I ) )  XLBGK=-XLUGK 
XLZU=XLZU + PAU(KK+l,I,J)*XLUGK 
XLZS=XLZS + PAS(KK+l,I.J)*XLUGK 

RADl CUNTINUE 
XXLZu=lO.**XLZu 
XXLZS=10.**XLZS 



1008 IF (EI(i,J,K) .LT. TU1) XXLZU=O. 
1009 IF (EI(I,J,K) .LT. TSll XXLZS=O. 
1010 RU=(W(l, I+l,J,K)+W(l, I-lIJIK.)+W(l, I ,J.K)+ 
101 1 lW(1,I.J-l,K)+W(l,I,J+llK))/S. 
101 2 IF (RB .LT. HU) RU=kU 
1013 I F (RB . LE. RURAD? (33 TUl RADl 
1014 PRU=PERU*XXLZU 
101 5 PRS=PERS*XXLZS 
101 6 GU TU RAD2 
1017 RADl PRU=(.5-(.5-PERU)*((RU-HU)/CRURAD-HU)j)nXBLZU 
101 8 P R S = ( . ~ - ( . ~ - P E R S ) ~ ( ( R U - H U ) / C R U R A D - H U ) I ) W X B L Z S  
1019 BAD2 PR(I,J)=(PRU+PRS)x4,5E46*W(1II,JIK)*Dt4*RSPlA/UN*DT/UN/UN 
1020 RAD CUNTINUE 
1021 
1022 C...FUR A ZERO-DIMENSIUNAL LOSS CBNSTANT, TAU, 
1023 C...FURMULATIUN; WE SIMPLY PUT A TERM DT/TAL IH THE EXPRESSIUN 
1024 C...FUR "GB" BELOW. TAW IS A NORMALIZED LOSS TIME. 
1025 IF (MUD(M.2) .EQ. 1 )  08 TU 211 
1026 GU TU 212 
1027 
1028 C...ENERGY EQUATION IMPLICIT I V  2. 
1029 211 CONTINUE 
1030 DU 21 4 J=JB, JE 
1031 DU 213 I=IB,IE 
1032 HUN=O. 5 
1033 IF (W(l,I,J,K) .GE. 0 . 5 )  HUN=O. 
1034 GC(I,J)=DT*(CN(I,J.K+l)+ 
1035 lCN(1,J-1,K+1))/(2.*W(1,1wJIK+1)~ 
1036 2DY*DY) +DT*W(3, 1. J,K+l)/ 
1037 3W(lIl,J.K+1)/(2.*3Y) 
1038 GA( I ,  J)=DT*(CN( I, J,K+l)+ 
1039 lCN(I,J+l,K+1))/(2~*W(1,IWJIK+1)* 
1040 2DY*DY) -DT*W(3, I, J,K+l)/ 
1041 3W(l,I,J.K+l)/(2.*3Y) 
1042 GB(I,J)=l.+DT/(W(l,I,JLK*l)~DY*DY)*( 
1043 1 (CN(I,J,K+l )+CN(fi,J+lIK*l))t/2. 
1044 2+(CN(I,J,K+l)+CN(fi,J-1.K*1))~/2.) 
1045 4+DT*(FK-1.)/2.*((SR(I+1~~W~~,6+1,J,K+1)/W~1,1+1,JJK+1~ 
1046 5-SR(1-1 l*W(2,1-1, J,K+l)/'.I(l. I-l,J.K+l! )/C2.*SR(I )aDX) 
1047 7+(W(3, I. J+l ,K+1 )/Id( 1, I ,  JY1 ,K+l)- 
1048 8W(3,I,J-l,K+l)/W(l,I,J-l.K+I))/(2,*DYI) 
1049 GD(I,J)=EI(I,J.K)+DT~(W(I,I,J,K)*SR(ll*DX*DX)*(O.S*(SRCi+l)+SR(l)) 
1050 2* O.5*(CN(I,J,K)+CN(I+1,J,K0~)*<El(I+1.J,lK)-EI(I,JJK))-0.5*(SR~I-1) 
1051 4+SR(I I ) *  0.5*(CN(I,J,K)+~~N(I-l,J,K))*~IEICI,J,K)-E~(l-l,J,K))) 
1052 5-DTxW(2,1, J,K)/W(I, I , J J  
1053 6*(EI(I+l,J,K)-EI(B-l,J,KD)/[2.*DX)-0.5*DT*(FK-l,)*El(I,J,K)* 
1054 4((SR(l+l)*W(2,1+1,J,K)/W[1,1+1,J1K) 
1055 5 -SR(I-l)*W(2.I-l~J,K)/W~1,I-1,J,K) 
1056 6)/(2.*SR(I)*DX) 
1057 7+(W(3,1,J+1,K)/W(BIIIJ+1,K)- 
1058 8W(3, I, J-l,K)/W(l, 0,J-l,KI)/[ 
1059 92.*DY)) 
1060 8+CUE*(Cl(I,J.K+1)**~C2~lIJ,K+1)**2+C3(1,JIK+l~*~2~/ 



1061 g(T(1,J.K )*W(l,I,J,K+l)I 
1062 GD( I. J)=GD( I, J) - PR( I, J) 
1063 6+0.5/4.*HON*DT/DX*(ABS(W(2,I+1,J,K)/W(1,1+1,J,K~-W~2,1,J,K~ 
1064 7 . ~ W ( 1 , 1 , J , K ) 1 * ( E 1 ( 1 + 1 , J 1 K ) - E l ~ 1 , J , K ~ ~ - A B S ~ W ~ 2 , l ~ J , K ~ / W ~ 1 , 1 , J , K ~  
1065 8 - W ( 2 , 1 - 1 . J , K ) / W ( 1 , I - 1 , J , K ) ~ * ~ E l ~ I I J , K ~ - E l ~ l - l I J ~ K ~ ~ ~  
1066 6+0.5/4.*HON*DT/DY*(ABS(W(3,1.J+1,K~/W~1,1,J+l,K~-W~3,lIJIK~ 
1067 7~W(l,I,J,K))*(EI(I,J+1,K)-EI(IIJIK))-ABS~W~3,1,J,K~/W~lIl,J,K~ 
1068 8-W(3,I,J-1,K)/W~l,lIJ-1,K))*(EI(I,J,K)-El~1IJ-lIK~~~ 
1069 213 CONTINUE 
1070 214 CONTINUE 
1071 
1072 C...REDUCE THE RESULTING TRI-DIAGONAL MATRIX USING A CRBUT METHOD. 
1073 CALL CRBUT(M,K,IB,IE,JB,JE, lP,JP,GA,GB,GC,GD, EI,JD,ID) 
1074 GO T O 2 1 7  
1075 
1076 C...ENERGY EQUATION IMPLICIT IN R. 
1077 212 CONTINUE 
1078 DO 235 J=JB,JE 
1079 DO 234 I=IB,IE 
1080 HON=O. 5 
1081 IF (W(l.1,J.K) .GE. 0.5) HBN=O. 
1082 S C ( I . J l = D T * 0 . 5 * ~ C N ( I . J I K + 1 ~ + C N ( I - l I J , K + l ~ ~ * O . 5 * ~ S R ~ l - l ~ + S R ~ l ~ ~ /  
1083 2(W(l,I,J,K+l)*SR(I)*DX*DX) +DT*U(2,1,JIK+I)/ 
1084 3~(1,I,J,K+1)/(2.*DX) 
1085 S A ( I , J ) = D T * 0 . 5 * ( C N ( I I J I K + 1 ~ + C N ( I + 1 , J , K + 1 ~ ~ ~ O . 5 * ~ S R ~ I + l ~ + S R ~ l ~ ~ /  
1086 2(W(l,I,J,K+l)*SR(I)*DX*DX) -DT*W(2,1,JIK+1)/ 
1087 3W(l,l,J,K+1)/(2.*DX) 
1088 SB(I,J)=l.+DT/(W(l,I,JIK+l)*SR(I)*DX*DX)*( 
1089 lO.5*(CN(I,J,K+l)+CN(I+1,JIK+l))*0.5*(SR~l~+SR~I+l~~+ 
1090 30.5*(CN(I,J,K+l)+CN(I-1,J,K+l))*0.5*(SR~l~+SR~1-1~~~ 
1091 4+DT*(FK-1.)/2.*(~SR(I+1)*W~211+11J,K+l)/ 
1092 5W(l,I+l,J,K+1)-SR(I-1)*W~2,I-1,J, 
1093 6K+l)/W(l,I-l,J,K+1))/(2.*SR(I)*DX) + 
1094 7(W(3,1,J+1,K+1)/W(1,1,J+lIK+1)- 
1095 8W(3,I,J-l,K+l)/W(l,I,J-l,K+l))/ 
1096 9(2.*DY)) 
1097 GD(I.J)=EI(I,J,K) +DT/(W(l.I,J,K)*DY*DY)*( 
1098 l0.5*(CN(I.J,K)+CN(I,J+1,K))~~EI~IIJ+l,K~- 
1099 2EI(I,J,K))-0.5*(CN(IIJ,K)+ 
1100 3CN(I,J-1,K))*(EI(I,J,K)-EI(~,J-lIK))) 
1101 4-DT*W(3,1,J,K)/W(l,IIJ1K)*(EI(IIJ+l,K)- 
1102 Wl(1.J-l,K))/(2.*DY)-DT*(FK-l.)*EI(I,J,K)*0,5* 
1103 4((SR(1+1)*W(2,1+1,J,K)/W(1,1+1,JIK) 
1104 5 -SR(I-1)*W(2,1-1,J,K)/W(1,I-1,J,K) 
1105 6)/(2.*SR(I)*DX) + (  

1106 ~ ( ~ , ~ , J + ~ , K ) / w ( I , I , J + ~ , K ) -  
1107 W(3,I,J-l,K)/W(I,I,J-l.K))/( 
1108 92. *DY)) 
1109 8+COE*(Cl(I,J,K+l)**2+C2~I,J,K+1)**2+C3(lIJ,K+l~**2~/ 
1110 9(T(I, J,K )*W(l, I,J,K+l)) 
1 1 1 1  GD(I,J)=GD(I,J) - PR(I,J) 
1 1  12 6+0.5/4.*HON*DT/DX*(ABS(W(21I+1IJIK)/W(lIl+lIJ,K~-W~2IIIJIK~ 
1113 7/W(1,1,J,K))*(EI(I+1,J,K)-El(l,J,K))-ABS~W~2,1,J,K~/W~1,1,J,K~ 



1114  ~ - W ( ~ , ~ - ~ , J , K ) / W ( ~ , ~ - ~ I , J , K ) ) * ~ E I ~ I ~ J , K ) - E ~ ~ ~ - ~ ~ J ~ K ~ ~ ~  
11 1 5  6 + 0 . 5 / 4 . * H U N ~ D T / D Y * ~ ~ A B S ~ W ~ 3 , l , J + 1 , K ~ / W ~ 1 ,  l , J + l I K ~ - W ~ 3 1 1 1 J I K ~  
11 1 6  7 / W ( l . I , J , K ) ) * ( E I ( I ~ J + 1 I K ) - E l ~ 1 I J I K ~ ~ - A B S ~ W ~ 3 , 1 I ~ , K ~ / W ~ l , l I J I K ~  
1117  8 - W ( 3 , I , J - 1 , K ) / W ( 1 , ~ , J - 1 I K ) ) * t E I ~ ~ ~ , J I K ) - E l ~ l , J - l I K ~ ~ ~  
1 1 1 8  2 3 4  CUNTINUE 
1 1 1 9  2 3 5  CUNTINUE 
1 1 2 0  
1121 C...REDUCE THE RESULTINQ TRI-D14GUNAL MATRIX USINQ A CRBUT METHUD. 
1122  CALL CRUUT(M,K, IB, IE,J~,JE, IP,JP,GA,GB,GC.~ODI ,  EI ,JD, ID)  
1123  2 1 7  CONTINUE 
1124  DU 2 2 5  I = I S , I D  
1 1 2 5  E I ( 1 , J B - l , K + l ) =  EI4I IJB+l .K+1I )  
1 1 2 6  2 2 5  CUNT 1 NUE 
1127  
1128  RETURN 
1129  END 
1 1 3 0  
1131 
1 1 3 2  
1133  
1134  
1135  C . . . T H I S  SUBRUUTINE SOLVES THE CBNTlNUlTY AND MgMENTUM EQUATIBNS 
1 1 3 6  C . . . I M P L I C I T  I N  2 .  
1 1 3 7  
1138  
1139  
1140  
1141 SUBRUUTINE YIMCRB(G,M,DT,DX,DYICVIFKICBE,DUEIUNIBATAIBA~,SQB,  
1142  1 IS ,  IB ,  IE ,  ID, JS, JB,JE,JD,C, IP.JP,TMALL) 
1143  
1144  DIMENSION PS1(21,22,2~,B1~21,22,2),B2(21,Z2,2),Xl(21,22,2), 
1145  lC1(21,22,2),C2(21,22,2),C3(21.22,2),T(21,22,2), 
1146  2 W ~ 4 , 2 1 , 2 2 , 3 ) , F ( 4 , 2 1 , 2 2 , 3 ) ~ E 1 C 2 1 , 2 2 , 2 ) , 8 ~ 2 1 , 2 2 , 2 l , S R ~ 2 1 ~ ,  
1147  4GA(21,22),GB(21 , 2 2 I J G C ( 2 1  ~22~,QD421,22),CN~21122,21, 
1148  5AA( 100,12) ,BB(4,4)  
1149  LCM ( T 2 )  
1 1 5 0  CUMMUN/T2/ PSI,B1,62,B3,XD,Cl1C2,C3,T,W,F,SR 
1151 l,GA,GB,GC,GD,CN,EI,AA.BB 
1152  
1153  C. . .USING NEW VALUES UF FIELDS, CURRENTS AND TEHPERATURE WE AGAIN 
1154  C...SULVE THE MOMENTUM AND CBNTlNUlTY EQUATION BULLY EXPLICITLY TB 
1155  C. . .UBTAIN PREDlCTUR VALUES FUR W-VECTOR. THESE VALUES PRE THEN USED 
1156  C . . . I N  THE NBN-LINEAR TEKMS WHEN SBLVIHG THE AD1 SCHEME. 
1157  K l = l  
1158  K2=3  
1159  K3= 1 
1160  K= 1 
1161  DB 3 8  J=JB,JE 
1 1 6 2  DO 3 9  I = I B , I E  
1 1 6 3  F ( l , I , J , K 2 ) = W ( 1 , I I J . K l )  
1164  l-BATA/SR(I)*(SR(i+1~*W~211+1dJ,K3)- 
1 1 6 5  2 S R ( I - 1  )*W12,1-1, J,K3))+F(1, II J.K: l+F( l1  I , J > K + I )  
1166  6 + 0 . 5 / 4 . * 0 . 5 * D T / D X * ( A B S ( W ( 2 , 1 + 1 , J , K ) / W ( I 1  l + l ,  9.K)-W(2,1,J,K) 



1167 7 / W ~ 1 , I , J , K ~ ~ * ~ W ~ 1 , I + 1 , J , K ~ - W ~ 1 , ~ , J , K ~ ~ - A B S ~ W ~ 2 ~ ~ , J , K ~ ~ W ~ 1 , ~ , J , K ~  
1168 8-W(2, I-l,J,K)/W(l, I-l,J,K))*(W(lII,JIK)-W~l, I-l,J,K))) 
1169 6+0.5/4. *0.5*DT/DY*(ABS(W(3, I #  J+l,K)/W(l , 1 , J+l,K)-W(3, I, J,K) 
1170 7/W(1,1,J,K))*(W(1,1,J+1,K)-W(1,~,J,K))-ABS~W~3,l,J,K~/W~1,l,J,K~ 
1171 8-W(3,I,J-1,K)/W(1,l,J-1,K))*(W(1,I,J,K)-W~lIl,J-l,K~~~ 
1172 F(2, I, J,K2)=W(2, I, J,K1) 
1173 1-BATA/SR(I)*(SR(I+1)*(W(2,I+l1J,K3)**2 
1174 2/W(1,1+1,J,K3)+(FK-1.~*W~1,I+1,JIK3)*EI~l+lIJIK3~~-SR~I-l~* 
1175 3(W(2,1-l,J.K3)**2/W(l,I-1,JIK3) +(FK-l.)*W(l,I-l,J,K3) 
1176 4*EI ( I  -1, J,K3) )+F(2, I, J,K)+F(2, I I JIK+l 1 
1177 6+0.5/4.*0.5*DT/DX*(ABS(W(2,1+1,J1K)/W(1,1+1,J~K~-W~2,1,J,K~ 
1178 7/W(1,I.J,K))*(W(2,I+1,JIK)-W(2,I,J,K))-ABS(W(2,1,JIK)/W(lII,JIK) 
1179 8-W(2.1-1,J,K)/W(1,1-I,J,K))*(W(2,1,J,K)-W(2,1-lIJIK))) 
1180 6 + 0 . 5 / 4 . * 0 . 5 * D T / D Y * ( A B S ( W ( 3 , I , J + 1 , K ) / W ( 1 , 1 , J + 1 , K ~ - W ~ 3 , l , J 1 K ~  
1181 7/W(1,I,J,K))*(W(2,I,J+1,K)-W(2,I,J,K))-ABS(W(3,1,J,K)/W(1,IIJIK) 
1182 8-W(3.I,J-1,K)/W(l,lIJ-1,K)~*~W(2II,JIK)-W~2,l,J-lIK~~~ 
1183 F(3, I, J,K2)=W(3, I, J,K1) 
1184 1-BATA/SR(l)*(SR(I+1)*W(2,l+lnJ,R3)* 
1185 2W(3.1+1,J,K3)/W(1,I+1,J,K3~-SR(I-1~~W~2,1-l,J,K3~*W~3,l-l,J,K3~ 
1186 3/W(l,l-1.J,K3))+F(3,1,J,K)+F~3,1,JIK+l) 
1187 6+0.5/4.*0.5*DT/DX*(ABS(W(2,I+l,J,K)/W(l,l+l,J,K)-W(2,1,J~K) 
1188 7/W(l,l,J.K)1*(W(3,1+I,J,K)-W(3,IIJIK))-ABS~W~2I1,JIK~/W~lI1IJIK~ 
1189 8-W(2,1-1,J,K)/W(1,I-1,JIK))*(W(S,I,J,K)-W~3,l-l,J,K~~~ 
1190 6+0.5/4.*0.5*DT/DY*(ABS(W(3,1.J+1,K)/W(1,I,J+1,K~-W~3,l,J,K~ 
1191 7/W(1,I,J,K))*(W(3,IIJ+1,K)-V(3,I,J,K))-ABS(W(3,1.JIK~/W~1,IIJIK) 
1192 8-W(3,I,J-1,K)/W(l,lIJ-1,K))*(W(S,I,J,K)-W~3,l,J-lIK~~~ 
1193 F(4, I. J,K2)=W(4, I, J,K1) 
1194 1-BATA/SR(I)*(SR(I+1)~W(2.I+lIJ,~3) 
1195 2*W(4,1+1, J,K3)/W(1, I+lIJ,K3)-SR:I-I)*W(2, I - ~ , J , K ~ ) * w ( ~ ,  I-lIJ,K3) 
1196 l/W(1,1-1,J,K3))+F(4,I,J,K)+F(4,I,J,K+l~ 
1197 6+0.5/4.*0.5*DT~DX*(ABS(W(2II+1,JIK)/W(1,I+lIJ,K~-W~2,l,JIK~ 
1198 7/W(1,l,J,K))*(W(4,1+1,J,K)-W(4,I,J,K))-ABS~W~2,l,J,K~/W~1,l,J1K~ 
1199 8 - W ( 2 , 1 - 1 , J , K ) / W ( 1 , I - 1 , J , K ) ) ~ ~ W ~ 4 I I I J I K ~ - W ~ 4 I l - l , J , K ~ ~ ~  
1200 6+0.5/4.*0.5*DT/DY*(ABS(W(3,IIJ+IIK)/W(1,l,J+l,K~-W~3,l,J,K~ 
1201 7/W(1,I,J,K))*(W(4,I,J+1IK)-W(4,1,J,K))-ABS~W~3,I,J,K~/W~l,l,J,K~ 
1202 8-W(3,I,J-1,K)/W(1,I,J-1,K))*(W(4,IIJ,K~-W~4IlIJ-l,K~~~ 
1203 39 CUNTI NUE 
1204 38 CONTINUE 
1205 
1206 C...SET UP THE MATRIX FORM UF THE CUNTlNUlTY AND MOMENTUM EQUATIUNS. 
1207 C...REDUCE THE MATRIX USlNO A CRUUT METHUD THEREBY UBTAININQ THE NEW 
1208 C...DENSITY AND VELUCITY. 
1209 DU 113 I=IB,IE 
121 0 F(3,I,JE,K2)=F(3,I,JE,K2)-(FK-1.~*W~1,I,JDIK+l~~El~lIJD,K+l~*BATB 
121 1 DU 114 J=JS,JP 
121 2 IF (J .EQ. JS) GU TU 115 
121 3 AA(4*J-3,1)=0. 
121 4 AA(4*J-3,2)=0. 
121 5 AA(4*J-3,3)=-BATB 
121 6 AA(4*J-3,4)=0. 
121 7 AA(4*J-2,1)= BATB*(W(2,1.J,K+l)*W(3,1,JII~+1)/W(1.1,JIK+l) 
121 8 1**2) 
121 9 AA(4*J-2,2)=-BATB*(W(3, I, JIK+l ).'W(lI I , J,K+l 1 )  



os
e 



AA(L  , L L ) =  2 . * A A ( L  ,LL )  
AA(L+2, L L )  =O. 

2 0 8  CUNTINUE 
2 0 7  CUNTINUE 

JPP=4* J P  
DU 11 7  J = 5 ,  JPP, 4  
DU 188  L = 1 , 4  
DO 189  L L = 1 , 4  
B B ( L , L L ) = O .  
DU 121 LLL=1 ,4  
I F  (ABS(AA(J+L-1 ,LLL) )  . L T .  T M I L L I  AA(J+L- l ,LLL)=O.  
I F  (ABS(AA(J+LLL-5,8+LL))  .LT.  TMALL) AA(J+LLL-5,8+LL)=O. 

121 BB(L ,LL)=BB(L ,LL)  + AA(J+L-I.LLL)rAA(J+LLL-5,8+LL) 
189 CUNTINUE 
188  CUNTI NUE 

DU 1 2 2  L = 1 , 4  
1 2 2  AA(J-l+L,5)=AA(J-l+L,5)-BB(L,l) 

DU 123  L = 1 , 3  
123  AA(J,S+L)=(AA(J,S+L)-BB(l,L+l))/AA(J,S) 

I F  ( J  .EQ. ( J P P - 3 ) )  GB TB 9 2 4  
DU 124  L = 1 , 4  

1 2 4  AA(J88+L)=AA(J,8+L)/AA(J,5) 
9 2 4  CUNTl NUE 

DU 125 L = 1 , 3  
125  AA(J+L,G)=AA(J+L,G)-BB(L+1,2)-AA(J+L15)*AA(J,6) 

DU 126  L = 1 , 2  
126  AA(J+l,6+L)=(AA(J+l,6+L)-BB(2,2+L)-AA(J+1,5)*AA(J,6+L))/AA(J+1,6) 

I F  ( J  .EQ. ( J P P - 3 ) )  QU TU 127  
DU 128  L = 1 , 4  
AA(J+L+3,2)=AA(J+L+3,2)-AA(J+L+3,1)*AA(JJ6) 
A A ( J + l , 8 + L ) = ( A A ( J + 1 , 8 + L ) - A A ( J , 8 + L ) ) / A A ( J + 1 , 6 )  

128  CONTINUE 
127  CONTINUE 

DU 129  L = 1 , 2  
129  AA(J+L+1,7)=AA(J+L+1,7)-BB(2+L,3)-AA(J+L+l,5)*AA(J87)- 

l A A ( J + L + l , G ) * A A ( J + I , 7 )  
AA(J+2,8)=(AA(J+2,8)-BB(3,4)-AA(J+2,5)*AA(J,8)-AA(J+2,6)*AA(J+l,8) 

2 ) / A A ( J + 2 , 7 )  
I F  ( J  .EQ. ( J P P - 3 ) )  QU TU 1 3 0  
DU 131 L = 1 , 4  
06 1 3 2  LL=1 ,2  
AA(J+L+3,3)=AA(J+L+3,3)-AA(J+L+3,LL)*AA(J+LL-l87) 
AA(J+2,8+L)=AA(J+2,8+L)-AA(J+2,4+LL)*AA(J+LL-l,8+L) 

1 3 2  CONTINUE 
AA( J+2,8+L)=AA( J+2,8+L) /AA(J+2,7)  

131 CUNTINUE 
130  CONTINUE 

AA(J+3,8)=AA(J+3,8)-BB(4,4)-AA(J+3,5)*AA(J,8)-AA(J+3,6)*AA(J+l,8) 
1  -AA( J + 3 , 7 ) * A A ( J + 2 , 8 )  

I F  ( J  .EQ. ( J P P - 3 ) )  GU TU 133  
DU 134  L = 1 , 4  
DU 135 L L = 1 , 3  
A A ( J + L + 3 , 4 ) =  AA(J+L+3,4)-AA(J+L+3,LL)*AA(J+LL-1.8) 



1326 AA(J+3,8+L)= AA(J+3 ,8+L i -AA(J+3 ,4+LL)~*AA(J+LL18+L)  
1327 135 CUNTINUE 
1328 AA( J+3,8+L)= AA( J+3,8+LS/AA(J+3,8) 
1329 134 CONTINUE 
1330 133 CONTINUE 
1331 DU 136 L=1,4 
1332 DU 137 LL=0,4 
1333 137 F(L,I,(J+7)/4,K+2)=F~L,iJ(J+7)/4,K+2)-A'~J+L-lILL~*F~LLII,~J+7~/4 
1334 1 - 1  ,K+2) 
1335 LE=L- 1 
1336 IF (L . E Q .  1 )  GB TO 148 
1337 DO 147 LL= 1, LE 
1338 F(L,I,(J+7)/4,K+2)=F(LIi1(J+7)/4,K+2)-AA(J+L-l,4+LL)*F(LLIlItJ+7) 
1339 1 /4, K+2) 
1340 147 CUNTINUE 
1341 148 CUNTINUE 
1342 F(L,I,(J+7)/4,K+2)=F(LlII(J+7)/4JK+2)/AA4(J+L-l,5-L-l) 
1343 136 CUNTl NUE 
1344 117 CONTINUE 
1345 W(4, I,3EIK+2)=F(4, 1 ,  JEIE+21 
1346 W(3, I ,JE,K+2)=F(3,1, JE,.E+21-AA(JPP-l,8)*W(4, I ,.JE,K+2) 
1347 W(2, I ,JEIK+2)=F(2, 1 ,  JEIK+21-AA(JPP-2,8)*Wt4, I ,.JE,K+2) 
1348 l-AA(JPP-2,7)*Wi3,1,JE,Kt2) 
1349 W(l,I,JE,K+2)=F(1,1,JE,I~+2l-Ah~JPP-3,8)*W~4,IIJE,K+2~ 
1350 1 -AA(JPP-3,7)*W(3.1 , 3 E I K ~ 2 ) - 4 A ( J P P - 3 , 6 ~ * ' d ( 2 ,  I ,  JE,K+2) 
1351 DU 138 J=5, JPP, 4 
1352 JJ=JPP+5-J-4 
1353 DU 139 L=1,4 
1354 BB( 1 ,L)=O. 
1355 DO 941 LL=1,4 
1356 941 BB(l,L)=BB(l,L)+AA(;IJ+l-L,8+LL~*W(LL,l,~JJ+4)/4+i,K+2) 
1357 139 CUNTI NUE 
1358 W(4,1,(JJ+4)/4JK+2)=F(4111BJJ+4)/41K+2)-BB(lJll 
1359 W(3,1,(JJ+4)/4,K+2)=F(3811~JJ+4)/4,K+2)-BB(l,21 
1360 l-AA(JJ-1,8)*Wi4,1,(JJ+4:/4.K+2) 
1361 W(2,1,(JJ+4)/4,K+2)=F(2.11CJJ+4)/4,K+.2)-BB(l13b 
1362 1-AA(JJ-2,8)*W(4,1,idJ+41/4YK+2)-AA(JS-2,7)*W(3,l,~JJ+4)/4,K+2) 
1363 W(1,I.(JJ+4)/4,K+2)=F(l1l,CJJ+4)/4,K+2)-BB(l14b 
1364 1-AA(JJ-3,8)*W(4,1,(JJ+4i/4,,K+2~-AA(JS-3,7~*W~3,lI~JJ+4~/4,K+2~ 
1365 2-AA(JJ-3,6)*W(2,1, (dJ+4i/4,,K+2) 
1366 138 CUNTINW 
1367 113 CUNTINUE 
1368 RETURN 
1369 . END 
1370 
1371 
1372 
1373 
1374 
1375 C...THIS SUBROUTINE SERVES THE EXACT SAME PURPOSE AS YIMCRB EXCEPT 
1376 C.. .THAT WE NOW WRITE THE EQUF.TIBNS IMPLICIT IN R. 
1377 C...THEREFURE, WE FUREG3 DBCUNENT'INQ THIS SUBRUUTINE 
1378 



SUBRUUTINE XIMCRU(K,M,DT.DX,DY,~CV,FK,CUE,DBE,UN,BATA,BATB,SGU; 
1 IS, IB, IE, ID, JS, JB, JE, JD,C, IP, JP,TMALL) 

DlMENSlUN PS1(21,22,2),B1(21,22,2~,B2~21,22,2~,Xl(21,22,2~, 
1Cl(2lI22,2),C2(21 ,22,2),C3(21 ,22,2),T(21 ,22,2) , 
2W(4,21,22,3),F(4.21 ,22,3),El (21 ,22 ,2 ) ,B3 (21 ,22 ,2 ) ,SR(21 ) ,  
4GA(21,22) ,GB(21,22),GC(21,22),GD(21,22).CN(21,22,2), 
5AA( 100,12),BB(4,4) 
LCM (T2) 
CBMMUN/T2/ PSI ,B1 ,B2,B3,XI, C1, G2, C3, T, W, FISR 
l,GA,GB,GC,GD,CN,EI ,AA,BB 



1432 4 / W ( l , l , J + 1 , K 3 ) - W ( 3 I I , J - l , K 3 ~ * W ~ ~ I l I J - l l K 3 ~ / W ~ l I l I J - l I K 3 ~ ~  
1433 5+(F(4, I, J,K)+F(4,1, J,K+l)) 
1434 6+0.5/4.*0.5*DT/DX*(ABS~W~2,I+1,d,K)/W(1,~+1,J,K~-W~2,1,J,K~ 
1435 7/W(1,l,J,K))*(W(4,~+1,J,K)-W:4,II9,K))-ABS~W~2,1,J,K~/W~1,I,J,K~ 
1436 8-W( 2 , 1 - 1 , J , K ) / W ( 1 , 1 - 1 , J I K ) ) * : W ( ~ , I , J , K ~ - W ~ 4 , 1 - l , J ~ K ~ ~ ~  
1437 6 + 0 . 5 / 4 . * 0 . 5 * D T / D Y * ( A B S ( W ~ 3 I I , J + 1 I K ~ / W ~ 1 I 1 I ~ + l I K ~ - W ~ 3 , l I J I K ~  
1438 7/W(1, I, J,K))*(W(4, II,J+~,K)-W:~, b, J,K))-ABS(W(3, I,J,K)/W(l, I, J,K) 
1439 8 - W ( 3 , I , J - 1 , K ) / W ( 1 , I ~ , J - 1 , K ) ~ * ~ U ~ ~ , l , J , K ~ - W ~ 4 , 1 , J - 1 , K ~ ~ ~  
1440 42 CONTINUE 
1441 41 CONTI NUE 
1442 DO 153 J=JB,JE 
1443 F(2,2,J,K+2)=F(2,2,J,Y+2~+(FK-1.~*W~1,BS,J,K+1~*El~lS,J1K+~~ 
1444 I*BATA*SRCIS)/SR(2) 
1445 F(2, IE, J.K+2)=F(2, IEIJ,K+2)-iFK-1. )*W(l, ID,J,K+l)*EI(ID,J,K+l) 
1446 l*BATA*SR(ID)/SR(IED 
1447 DO 154 I=IS,IP 
1448 IF ( I  .EQ. 1s) GO Tb  155 
1449 AA(4*I -3,1)=0. 
1450 AA(4*I-3,2)=-BATA*SR(U)/SR(I-1) 
1451 AA(4*I-3,3)=0. 
1452 AA(4*l-3,4)=0. 
1453 AA(4*1-2,1)=-BATA*SR(I)/SR(I*l)*((FK-1.)*El(l,J,K+l) 
1454 1-(W(2. 1 ,  J,K+l )/W(l, I, J1K+1))x*2) 
1455 AA(4*I-2,2)=-BATA*SR(I)/SR(l-l)*(2.*W(2llIJ,K+l)/ 
1456 lW(1, I,J,K+l)) 
1457 AA(4*I-2,3)=0. 
1458 AA(4*1-2,4)=0. 
1459 AA(4*l-l,l)= BATA*SR(I)/SR(I+l)*(W(2,P,JIK+1)*W(3,1,J,K+l) 
1460 l/W( 1, I, J,K+l )**2) 
1461 AA(4*I-1,2 )=-BATA~SRCI)/SR(I+1)*(Wt3,I,JIK+1)/W(lil~J,K+l)) 
1462 AA(4*1-1,3 ) = - B A T A ~ S R ~ I ) / S R ( ~ + l ) * ( W t 2 , I 1 J , K + 1 ~ / W ~ 1 i l I J I K + l ~ ~  
1463 AA(4*I -1,4 )=0. 
1464 AA(4*I , I ) =  BATA*SR(I)/SR(I+l)*(W(2,I,J,K+l)~W(4,1,J,K+l) 
1465 l/W(l,I,J,K+l)**2) 
1466 AA(4*I ,2)=-BATA*SR(I)/SR(I*1)*(W(4,I,J.K+B)/W(l,l,JIK+l)) 
1467 AA(4*I ,3)= 0. 
1468 AA(4*I ,4)=-BATA*~(I)/SR(I+1)*(W(2,IIJIK+B)/W(l,l,JIK+l~~ 
1469 155 CONTINUE 
1470 IF ( I  .EQ. IP) GO IT I56 
1471 AA(4*l-3,9)=0. 
1472 AA(4*I-3, IO)=+BATA~SR:I+2)/SRtI+l) 
1473 AA(4*1-3,11)=0. 
1474 AA(4*I -3,12)=0. 
1475 AA(4*l-2,9)=+BATA*SR(~+2)/SRC!+l)*((FK-1.)*E1(l+2lJ,K+l) 
1476 l-(W(2,1+2,J,K+l)/W61,:+2,J,K~$ll**2~ 
1477 AA(4*I-2,10)=BATA*SR(:+2)/SRCK+l~*(2.*W(2,l+2,JIK+l~/ 
1478 lW(1,1+2,J,K+l)) 
1479 AA(4*1-2,11)=0. 
1480 AA(4*I-2,12)=0. 
1481 AA(4*I - 1 , 9 ) = - B A T A * S R ( Y + 2 ) / S R C l  +l>*(W(2, I+2,JSK+l )*LJ(3, 1+2,J,K+l) 
1482 1/W(l,I+2,JIK+1)**2) 
1483 A A ( ~ * I - ~ , ~ O ) = + B A T A ~ S R ; ~ + ~ ) / S ~ ~ ~ ~ * ~ ) * ( W ( ~ , ~ + ~ . , J , K + ~ ~ I W ~ ~ ~ ~ + ~ , J ~ K + ~ ~ ~  
1484 A A ( ~ * I - ~ , ~ ~ ) = + B A T A ~ S R ~ I + ~ ~ / S R ~ I + ~ ~ ) * ( W ~ ~ , ~ + ~ ~ J , K + ~ ~ I W ~ ~ ~ ~ + ~ , J , K + ~ ~ ~  
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DU 1 7 5  L = 1 , 2  
1 7 5  AA(I+L+1,7)=AA(I+L+1,7)-Bb(2*LI3)-AA(I+-+l,5)~AA(I,7)- 

l A A ( I + L + l , 6 ) * A A ( I + l , 7 )  
AA(1+2,8)=(AA(I+2,8)-BB(3,4)-AA(I+2,5)*9A(lI8)-AA(l+2,6)*AA(l+l,8) 

2 ) / A A (  1  + 2 , 7 )  
I F  (I .EQ. ( I P P - 3 ) )  GU TB 1 9 0  
DU 1 7 6  L = 1 , 4  
DU 1 7 7  L L = 1 , 2  
AA( I + L + 3 , 3 ) = A A (  I +L+313 ) -AP . (  I * L + 3 , L L ) * A A [  l + L L - 1 , 7 )  
A A ( 1 + 2 , 8 + L ) = A A ( 1 + 2 , B + L ~ - A P P ( l ~ 2 , 4 + L L ) * A A l 1 + L L - l 1 8 + L 1  

1 7 7  CONTINUE 
AA( 1  + 2 , 8 + L ) = A A (  1  +2 ,  B+L)/AP.( I + 2 , 7 1  

1 7 6  CBNTINUE 
1 9 0  CUNTl  NUE 

AA(1+3,8)=AA(1+3,8)-BB(4,~)-PA(I+3,5)*AA~lI8)-AA(1+3,6)*AA(1+lI8) 
1  -AA(  1 + 3 , 7 ) * A A (  1+2 ,6J  

I F  (I .EQ. ( I P P - 3 ) )  GB T B  1 8 0  
DU 1 7 8  L = 1 , 4  
DB 1 7 9  L L = 1 , 3  
AA(  I + L + 3 , 4 ) =  AA( I + L + 3 , 4 ) - P A (  I + L + 3 , L L ) * A A (  I + L L - 1 , 8 )  
AA( 1 + 3 , 8 + L ) =  AA( 1 + 5 . 8 + L ) - P A (  1+3,4+LL)*AA(l+LL-1,8+L) 

1 7 9  CBNTl  NUE 
AA( 1  + 3 , 8 + L ) =  AA(  1 + % . 8 + L ) / P A (  1+3 ,  9 )  

1 7 8  CONTINUE 
1 8 0  CONTINUE 

DU 1 8 1  L = 1 , 4  
DU 1 8 2  L L = 1 , 4  
I F  ( A B S ( A A ( I + L - l , L L ) ) . L T . T P l A L L )  A A ( I + L - I , L L ) = O .  
I F  ( A B S ( F ( L L , ( 1 + 7 ) / 4 - l , J I K + 2 ) . l  . L T .  TMALL l  

lF(LL,(1+7)/4-1,J,K+2)=0. 
1 8 2  F(L,(1+7)./4,J,K+2)=F(L,(1+7)f4,J,K+2)-AA(l+L-lILL)*F(LL,[1+7)/4-1 

1, J , K + 2 )  
L E = L -  1  
I F  ( L  .EQ. 1 )  GU TB 1 8 4  
DU 1 8 3  L L - 1 ,  L E  
F(L,(1+7)/4,J,K+2)=F(L,(l+7)/4,J,K+2)-AA(l+L-lI4+LL)*F(LL,(l+7)/4 

1, J , K + 2 )  
1 8 3  CONTINUE 
1 8 4  CUNTl  NUE 

F ( L ,  (1+7). '4, J , K + 2 ) = F ( L ,  ( 1 + 7 ) / 4 , J L K + 2 ) / A A ( 1 + L - 1 , 5 + L - 1  1 
1 8 1  CONTINUE 
1 6 5  CONTINUE 

W(4, I E ,  J , K + 2 ) = F ( 4 .  IE, J IK+2 )  
W(3,IE,J,K+2)=F(3,IE,J,K+2)-AA(IPP-1,8)~W~4,IE,JIK+2) 
W(2,IE,J,K+2)=F(2,IE,J1K+2)-AA(IPP-2,8)~Wl4,IE,J,K+2) 
l-AA(IPP-2,7)*W(3,IE,J,K+2) 
W(l,IE,J,K+2)=F(l,IE,JIK+E)-Ak(IIBP-3,8)tW~4,~E~J~K+2) 
l-AA(IPP-3,71*W(3,IE,J,K+2~-AA~IPP-3,6)*W(2,IE,J,K+2) 

DO 1 9 2  I = 5 ,  I P P . 4  
I I = I P P + 5 - 1 - 4  
DU 1 9 3  L = 1 , 4  
B B ( l , L ) = O .  
DO 1 9 4  L L = 1 , 4  



IF (ABS(AA(II+l-L,8+LL)) .LT. TMALL) AA(II+l-L18+LL)=0. 
IF (ABS(W(LL, ( 1  1+4)/4+1 I J,K+2)) .LT. TMALL) 

1W(LL,(II+4)/4+1,JIK+2)=0. 
194 BB(I,L)=BB(l,L)+AA(I I+l-LI8+LL):*W(LL, (11+4)/4+1, J,K+2) 
193 CONTINUE 

W(4,(11+4)/4,J,K+2)=F(4,(11+4)/4,J,K+2)-~B(l,l) 
W(3,(11+4)/4,J,K+2)=F(3,(II+4)/4,J,K+2)-BB(l12) 
1-AA(I1-1,8)*W(4.(11+4)/4,JIK+2) 
'W(2, ( 1  1+4)/4, J,K+2)=F(2, ( I  1+4)/41 J,K+2)-BB(1.3) 
1-AA(II-2,8)*W(4,(1I+4)/4,JIK+2)-AA(II-2,7)*W(3,(1l+4)/4,J,K+2) 
W(1,(11+4)/4,J,K+2)=F(1;(11+4)/4,J.K+2)-BB(l14) 
l-AA(II-3,8)*W(4.(11+4)/4,J,K+2)~-AA(11-3,7)*W(3,(11+4)/4,J,K+2) 
2-AA(1I-3,6)*W(2,(11+4)/4,JIK+2) 

192 CUNTl NUE 
153 CUNTINUE 

RETURN . 
END 

..THIS SUBROUTINE REDUCES A TRI-DIADBNAL MATRIX USING THE CRBUT . . METHUD. 

SUBRUUTINE CRBUT(M,K,IB,IE.JB,JE,IP,JP,QA,GB,GC,GD,PSI,JD,ID) 

LCM (CRUUT) 
DIMENSION AA(21, 3),E(21),X(21),GA(2l,22),GB(2l122),0C(21,22), 
lGD(21,22),PSI (21,22,2) 

SMALL=O. 1 OE-22 
IF (MUD(M.2) .EQ. 1 )  GB TB 3 
GU TU 2 

3 CUNTl NUE 
JS= 1 
DU 123 I=IB,IE 
DO 122 J=JS, JP 
E(J)=GD(I,J+l) 
AA( J, 2)=GB( I, J+1) 
IF (J .EQ. JP) GU TB 124 ' 

IF (J .EQ. JS) GU TO 125 
AA(J,3 )=-GA(I.J+l) 
GU TU 125 

124 E(JP)=GD(I,JP+l)+GA(I,JP+1)*PSItIIJP+2,2) 
125 CONTINUE 

IF (J .EQ. JS) GU TU 126 
AA( J, 1 )=-GC( I, J+l 
GU TU 127 

126 AA(JS,3)=-(GA(I.JS+l)+GC(l,JS+ll) 
127 CUNTINUE 



122 CONTINUE 
AA( JS,'3 ) =AA( JS, 3 /&A( JS, 2 1 
E(JS')=E(JS)/AA(JS,~ ) 
DU 130 J=JB,JP 
IF (ABS(AA(J, 1 ) )  .LE. SMALL) AA(J, 1)=0. 
IF (ABS(AA(J-1,311 .LE. SMALL AA(J-1,3)=O. 
AA(J,2)=AA(J,2)-AAIJ,l )*AAiJ-1,3) 
IF '(ABS(E(J-1 )1 .LEU SMALL) E(J-1110. 
E(J3=(E(J)-AA(J, 1 )aE(J-1 ))#'AA(J,2) 
IF (J .EQ. JP) GB TU 131 
AA( J, 3 )=AA( J,3 l/AA(J,P) 

131 CONTINUE 
130 CONTINUE 

X(JP)=E(JP) 
JQ= JP- 1 
DU 133 J=JS, JQ 
KK=JQ+JS-J 
IF (ABS(AA(KK,3 ) I  .LE. SMALL) AA(KK,3 :*=O. 
IF (ABS(X(KK+l)) .LE. SMALL) X(KK+I)=O. 
X(KK)=E(KK)-AA(KK,S )*X(KK+l) 

133 CONTINUE 
DU 128 J=JS,JP 
PSI(I1J+1,21=X(J) 
IF (ABS(PSI(l,J+l,Z)) .LT. SNALLI PSI(IIJ+1,2)=0. 

128 CUNTINUE 
123 CUNTINUE 

GU TU 4 
2 CUNTl NUE 

IS= 1 
DU 23 J=JB,JE 
DU 22 I=IS,IP 
E(I)=GD([+l,J) 
AA(1,2)=GB(I+l,J) 
IF ( I  .EQ. IP) GO -0 24 
AA(1.3 j=-GA(I+l,J) 
GU TU 2 5  

24 E(IP)=GD~IP+1,J)+GA(IP+lIJ)*PSI(IP+2,J,2) 
25 CUNTINUE 

IF ( I  .EQ. IS) GU TU 26 
AA(I, ll=-GC(I+l,J) 
GU TU 27 

26 CONTINUE 
E(IS)=GDtIS+1,J)+GC(IS+l1J)*PSI~IS,J,2) 

27 CONTINUE 
22 CONTINUE 

AA(IS.3 )=AA(IS,3 )/A3(IS12 ) 
E(IS)=E(IS)/AA(IS,2 1 
DU 30 I=IB,IP ' 

IF (ABS(AA(1, 1 ) )  .LE.  S'IALL) AA(I, 1)=0. 
IF (ABS(AA(1-1.3)) .E. S'IALL) AA(I-1,3)=0. 
AA( 1,2)=AA(1,2)-AA4 I, l)*AA([-1,3) 
IF (ABS(E(I-1)) . L E .  SMAL-1 E(I-1)=0. 
E E - A  l)*E(I-l))/AA(1.21 



1697  I F  (I .EQ. I P I  GU TU 3 1  
1698  AA(1.3 ) = A A ( 1 , 3  ) /AA(1 ,2 )  
1699  31 CONTINUE 
1700  3 0  CONTINUE 
1701 X ( I P ) = E ( I P I  
1702  I Q = I P - 1  
1703  DO 3 3  I = I S , I Q ,  
1704  K K = I Q + I S - I  
1705  I F  (ABS(AA(KK.3 ) )  .LE .  SMALL) qA(KK.3 ) = 0 .  
1706  I F  ( A B S ( X ( K K + l ) )  .LE.  SMALL) X(N,<+l)=O. 
1707  X(KIO=E(KK) -AA(KK, 3 ) * X ( K K + l )  
1708 3 3  CONTINUE 
1709 DU 2 8  I = I S , I P  
171 0 P S I ( I + l I J , 2 ) = X ( I )  
171 1 I F  (ABS(PS1 (14.1, J.2) .LT .  SMALL) PSI  ( I + l , J , 2 ) = 0 .  
1712  2 8  CONTINUE 
1713 2 3  CUNTl NUE 
171 4 4 CUNTl NUE 
1715  RETURN 
171 6 END 
1717  
171 8 
171 9 
1 7 2 0  
1721 C.. .PLOTTING SUBRUUTINE. 
1722  
1723  
1724  SUBROUTINE PL&Tl (P,CRS.SR, ID,  JD,H,RU) 
1725  
1726  LCM ( P L U T I )  
1727  DIMENSION P ( 6 . 2 1  ) ,SR(21 ) ,PP(21 ),P1(12),P2(12),CRS(2,21 , 221  
1728 1,C(20).P3(4),P4~12),CRS1(21,22),W8(21,22~,XX~2l,22~,YY~2lI22~ 
1729  
1730  DATA Pl/"TEMPERAT","URE","DENSIT'f"," " , "CURRENT " , 
1731 l"DENSITY","PULOIDAL","  FIELD","TURUIDAL"," FIELD","PRESSURE", 
1732  2 "  " / ,P2/"KELVINU,"  " ,"NURMALIZ" ,"ED","STATAMPSU," /CM**2" ,  
1733  3"GAUSS"," ","EAUSS"," ","DYNES/CHW,"**2"/ 
1734  DATA P3/"PULUIDAL","  FLUX","TURUIDAL"," CURRENTu/ 
1735  DATA P 4 / " 0 . 5  L'SEC","l.O USEC"," I .5  USEC","2.0 USEC","2.5 USEC", 
1736  l " 3 . 0  USECU,"3.5 USECU,"4.0 USECW,"4.5 USEC","5.0 USEC"."5.5 USEC", 
1737  2 " 6 . 0  USEC"/ 
1 7 3 8  1 001 FORMAT ( 2A8 
1739  DU 1 1=1,6 
1740  AMAX=O. 
1741 AMIN=O. 
1742  DO 2 J=1 ,  I D  
1743 P B ( J ) = P (  I, J )  
1744  AMAX=AMAXl(PPCJ),AMAX) 
1745  AMIN=AMINl(PPCJ),AMIN) 
1746  2 C6NT I NUE 
1747 CALL MAPS(2.,4.,AMIN,AMAX,.l,l.,.3,1.) 
1748 CALL TRACE(SR,PP, I D )  
1749  CALL SETCH ( 2 0 .  ,5. ,0 ,0 ,3 ,0 )  



C A L L  CRTBCD("NURMAL1ZED R A D I U S " )  
C A L L  SETCH( 2. ,20. ,0,0,3,1i 
WUT 100,1001,P1(2*1-1),P?~2*I) 
C A L L  SETCH( 2. ,l. , 0 , 0 , 2 , 0  
C A L L  CRTBCD("Z=O;  VESSEL H A L F - W I D T H = 7 . 5  CM") 
C A L L  SETCH( 2. ,3 .  .0.10.2,0 
C A L L  C R T B C D ( " U N I T S = " )  
C A L L  S E T C H ( 1 0 .  ,3. .0,0,2,03 
WUT 100,1001,P2(2*l-1l,P212*l) 
C A L L  SETCH( 2. ,2 .  ,0: 0 , 2 , 0 )  
C A L L  C R T B C D ( " T I M E = ' )  
C A L L  SETCH( 1 0 .  ,2. ,0,0,2,0: 
I F  ( M  . L T .  250) C A L L  C R T B C D ( " I N 1 T I A L  C B N D I T I U N S " D  
I F  ( M  . L T .  250) GU T U  3 
WUT 1 0 0 , 1 0 0 1  , P 4 ( M / 2 5 0 )  
C A L L  FRAME 
CUNT l NUE 
DU 4 N = 1 , 2  
AMAX=O. 
AMIN=O. 
DU 5 I = 1 , 1 D  
DU 5 J= 1 ,  J D  
AMAX=AMAXl(CRS(N,I.J)lAMAX) 
AMIN=AMINl(CRS(N,I,J)lAMIN) 
C R S l ( I , J ) = C R S ( N , I , J )  

CUNT l NUE 
K 1 = - 2 0  
K 2 = 0  
C (  1 )=AMAX 
C ( 2 ) = A M I N  
C A L L  MAPS( 1 . .  2 1 . ,  I., 22., .25, I . ,  - 2 5 , l . I  
C A L L  ACUNJTR(K1 , C I K 2 , C R S l , 2 1 ,  1.29, I. 1 , 2 2 , l  ) 
C A L L  SETCH ( 2 6 .  ,3. ,0,0,3.0 I 
C A L L  CRTBCD("RAD1AL G R I D " ]  
C A L L  SETCH ( 2. ,2. , O.D,2,0  
WUT 1 0 0 , 1 0 0 1  , P 3 ( 2 * N - 1  I . P 3 4 2 * N )  
C A L L  SETCH( 2. ,I . ,0.0,2,0 
C A L L  CRTBCD ( " T I  ME= ' 
C A L L  SETCHC l o . ,  1 .  ,0,0,2,01 
I F  ( M  . L T .  250) C A L L  C R T B C : D ( " I N I T I A L  C U V D I B 1 U N S " I  
I F  ( M  . L T . 2 5 0 )  GO TO 6 
WUT 1 0 0 , 1 0 0 1 , P 4 ( M / 2 5 0 1  
C A L L  SETCH( 1 .  ,20. , 0 , 0 , 3 , 1 )  
C A L L  CRTBCDC " V E R T I  C A L  OR1 El " 1 ,. 
C A L L  FRAME 
CUNT l NUE 
N X = 2 1  
NXD=NX 
N Y = 2 2  
C A L L  P I  CTURE( RU, XX,,YY, NX, by, NXD, 2 1  . ,22. , 6 0 .  ., 60. ,60 .. , 0 .  ,5. .2. , 

1-2.2.0 .1 ,NX.O.NY. .1 . .1  . , . 2 , 1 . )  
 CALL^ S E T C H ~  3.2.0; 0,,3,0j - 

C A L L  CRTBCD("  D E N S I T Y ' )  



1 8 0 3  C A L L  FRAME 
1 8 0 4  R E T U R N  . . 
1 8 0 5  END . . . 



1 C . . .CUDE:  ONE-DIMENSIONAL D I F - U S I U N  
2 C . . . W R I T T E N  BY:  R .  l Z Z 3  RND Q. ERLEBACHER 
3 C. . .LANGUAGE:  FORTRAN 
4 C . . . C B M P I L E R :  CDC 7600 
5 
6 
7 
8 C . . . S I N Q L E - F L U I D ,  R E S I S T I V E  MHD EQUATIONS WITHOUT I N E R T I A L  TERMS 
9 C . . . A R E  SOLVED I N  ONE DIMENSION. A CORONAL E Q U I L I B R I U M  I S  ASSUMED 

1 0  C . . . F O R  R A D I A T I V E  LOSSES. 
1 1  
1 2  C . . . V A R I A B L E S  ARE DEFINED A S  WE ElqCUUNTER TEEM IN THE CSDE. 
1 3  
1 4  
1 5  C** * * * * * * * * * *x*PRUGRAM 3 E Q l N S x s * * s r * * * * * c * * x  
1 6  
1 7  
1 8  *SELECT PRINTLUG=LOGD 
1 9  * F I L E  NAME=DIF 
2 0 
2 1 CUMMUN/C2/AA( lOl  ) ,BB(lOl),C1.2(101 ) ,EE (  I 0 1  1 
22 CUMMUN/PLT/P1(8 ) ,P5(12) ,?6~12) ,P7(12)  
23 CUMMUN/PLl /RLO, NB, TT1  
2 4 
2 5 DIMENSION P ( 1 0 1 ) , K 1 ( 1 0 1 ~ , V ( 1 0 1 ) , S ( 1 0 1 : ~ ~ , D 1 ( 1 0 1 ) , D 2 ( 1 0 1 ) , D 3 ( 1 0 1 ~ ,  
2 6 1D5(101),D6(101),CHI(101 ~ , R S 1 ~ 1 0 1 ~ , R S 2 ~ 1 0 1 ~ , R 1 ~ 1 0 1 ~ , Q 1 ~ 1 0 1 ~  
2 7 2 , B T ( 1 0 1 1 , B P ( 1 0 1 ) , R N ( 1 0 1  ),R(101),T(1015,PSl~lOl~,RS3~lOl~,D4~lOl~ 
2 8 DIMENSION WR(101 ) , Z ( 2 ) , R 9 T ( 1 0 1  ) , R K ( l O I  ) , T C E R I V Z ( l O l  1 ,  
2 9 1 R N 1 ( 1 0 1 ~ ~ , R J P ( 1 0 1 ) , P R ( 4 , 1 0 1 ~ , P A ( 4 , 6 , 1 0 i  ) , X L Z ( 4 , 1 O l ) , P E R C ( 2 )  
3 0 
3 1 DATA P 1 i " T I M E  ".' SEC","RADEUS","TIME STEP","  NB ", 
3 2 1"CHAR. ',"LENGTH = " , " SM" t ,P5 /2 * ( "CkAR.  F I " , " E L D  = " 1 ,  
3 3 2"CHAR. CUW,"RRENT = ","CHAR. TE","MPER. = ","CHAR. DE", 
3 4 3 " N S I T Y  = ","CHAR. PR","ESSU8E = " / , P 6 / 2 * ( "  GAUSS "," " 1 , 
3 5 4" STAT/ " , " C M ( 2 )  "," K E L J I "  " N  ",' CM( -3 " .  " )  I( 

3 6 5" DYNES', " / c M ( ~ ) " ~ , P ~ / " P s L O I D A L " ,  " F I E L D  ", "T~RUIDAL" :  
3 7 6" F I E L D  " , "TURUlDAL" , "  SURWENT","TEMFERAT","URE a B 

3 8  7 "DENS lTY  " ," " , "PRESSURE", " " / 
39 
4 0 CALL DRUPFILECO) 
4 1 CALL UPEN( 10,  "DAT&",O,LEN) 
4 2 CALL CREATE( 12,  "UUT1" ,3 , -1 )  
4 3  
4 4  C . . . T T T :  TOTAL T I M E  ELhPSED 
4 5  C.  . .NB:  CYCLE NUMBER 
4 6 TTT=O. 
4 7 NB=O 
4 8 
4 9 CALL K E E P 8 0 ( 1 , 2 )  
5 0 CALL D D 8 0 1 D ( 9 H D I F F U S I O N , l )  
5 1 CALL KEEP80 ( 8HD I FDRAPH, 2 J  
5 2 CALL DDERS(0)  
5 3 



5 4  C . . . N :  NUMBER OF G R l D  SPACES 
55 C .  . . R ( l I :  R A D I U S  OF INNER WALL (CM) 
56 C . . . R ( N + l ) :  R A D I U S  OF BUTER WALL (CM) 
57 C . . . T T l :  T l M E  STEP 
58 C . . . T M X :  MAXIMUM S l M U L A T l U N  T l M E  
59 C . . . Z Z :  I O N  MASS/HYDRBGEN MASS 
60 C . . . Z ( I ) :  ATOMIC NUMBER BF I M P U R I T Y  t 
6 1  C . . . T O :  C H A R A C T E R I S T I C  TEMPERATURE 
62 C . . . R L O :  C H A R A C T E R I S T I C  LENQTH 
63 C . . . B O :  C H A R A C T E R I S T I C  F I E L D  
6 4  C . . . R l J O :  C H A R A C T E R I S T I C  NUMBER D E N S I l i Y  
6 5 READ( 1 0 , 4 3 0 )  N 
66 R E A D ( 1 0 , 4 8 1 )  R(l),R(N+l),TTl,TMN,ZZ,(Z~I)II=1,2) 
6 7 R E A D ( 1 0 , 4 8 2 )  TO,RLO,BO,RNO 
6 8 
69 C . . . I M P U R I T Y  1 (OXYGEN) A S  A PERCENTAGE BF H E L I U M  NUMBER D E N S I T Y  
70 C . . . I M P U R I T Y  2 ( S I L I C O N )  A S  A PERCENTFOE BF H E L I U M  NUMBER D E N S I T Y  
7 1 P E R C ( 1 ) = . 0 0 5  
7 2 P E R C ( 2 ) = . 0 0 5  
7 3 
7 4  4 8 0  F O R M A T ( 1 3 )  
75 4 8 1  FORMAT(E13 .6 /E13 .6 /E13 .6 /E13 .6 /F '6 .4 /F6 .4 /F6 .4 )  
76 4 8 2  FORMAT(E13 .6 /E13 .6 /E l3 .6 /E13 .6 )  
77 4 8 3  F U R M A T ( l H l , " T H E ,  TEMPERATURE H A S  EXCEEDED " I E 1 3 . 6 )  
78 
79 C . . . N N :  NUMBER OF G R l D  P O I N T S  
8 0  C . . . C L ' T :  SPEED O F  L I G H T  I N  VACUUM 
8 1  C . . . B L Z :  BOLTZMAN'S CONSTANT 
82 C . . . P O :  C H A R A C T E R I S T I C  PRESSURE 
8 3  C .  . . B E T A :  H A L F  THE STANDARD PLASMA B E T A  
8 4  C .  . . R J O :  CI - IARACTERISTIC CURRENT D E N S I T Y  
8 5  C . . . X L A M O :  C H A R A C T E R I S T I C  COULBMB LOGARITHM 
86 C .  ..RICO: C H A R A C T E R I S T I C  THERMAL CUNDUCTIV ITY 
87 C . . . Z E F F :  PLASMA Z - E F F E C T I V E  
8 8  C .  . . S O :  C H A R A C T E R I S T I C  E L E C T R I C A L  C U H D U C T l V t T Y  
89 C . . . T B O :  MAGNETIC D I F F U S I O N  T l M E  
90 C . . . T H O :  C H A R A C T E R I S T I C  THERMAL D I F F U S I O N  T l M E  
9 1  C .  . . R M G D I F :  R A T I O  UF CHARACTERISTIC  T I M E  T U  MAGNETIC D I F F U S I O N  T I N E  
92 C . . . T T O :  C H A R A C T E R I S T I C  T l M E  SCALE 
93 C . . . VO:  CHARACTER I S T  I C VE!-UCI TY 
9 4  C . . . T H D I F :  R A T l B  B F  CHARACTERISTIC  T I N E  T B  THERMAL D I F F U S I O N  T l M E  
95 C . . . G A M :  R A T I O  OF S P E C I F I C  HEATS M I N U S  ONE 
9 6 NN=N+ 1 
9 7 P I = 3 . 1 4 1 5 9 2 7  
9 8 C L T = 3 .  E l 0  
9 9 B L Z = 1 . 3 8 E - 1 6  

1 0 0  PO=BLZ*RNO*TO 
1 0 1  B E T A = 4 * P I * P O / B O * * 2  
1 0 2  R J O = C L T * B 0 / ( 4 * P l * R L O )  
1 0 3  XLAMO=6.2E3*SQRT(TO*TO*TO/2 . /RNO)  
1 0 4  XLNLO=ALdG(XLAMO)  
1 0 5  RKO=29.6E-18*XLNLO*RNO*RNO/BO/BO/SQRT(TO) 
1 0 6  Z E F F = 2 .  



1 0 7  SO=2.E7*(TO**1.5) /ZEFF/XLNLO 
1 0 8  TBO=4*PlxSO*(RLO/CLT:**2  
1 0 9  T H O = 1 . 5 * R N O * B L Z * R L O * ~ 2 / R K O  
1 1 0  RMGDIF= l  . 
1 1  1  TTO=TBO 
1 1 2  VO=RLO/TTO 
1 1 3  THDIF=TTO/THO 
1 1 4  GA[.1=2. /3 .  
1 1 5  DELTA=GAM*RMGDIF/BETX 
1 1 6  
1 1 7  C . . .SOME RADIAT ION PARAMETERS 
1 1 8  C.  . .PRO:  NBRMALIZATIUN FACIUR FEJR RADiATED POWER LOSS. 
1 1 9  C.  . . T O  AND TS:  TEMPERATURE RAMjES FUR DIFFERENT POLYNOMIAL F I T S  
1 2 0  C . .  . TO OXYGEPJ PND S I L I C O N  CUOLINl3 CURVES. 
1 2 1  PRO=PO/TTO/GAM 
1 2 2  T 0 1 = 5 . * 1 1 6 0 0 . / T O  
1 2 3  T U 2 = 2 0 . * 1 1 6 0 0 . / T O  
1 2 4  T U 3 = 2 0 0 . x 1 1 6 0 0 . / T O  
1 2 5  T S 1 = 2 0 . * i 1 6 0 0 . / T O  
1 2 6  T S 2 = 2 0 0 . x 1 1 6 0 0 . / T O ~  
1 2 7  T S 3 = 2 0 0 0 . * 1 1 6 0 0 . / T D  
1 2 8  C . . . H :  NBRMALIZED G R l D  SP>CING 
1 2 9  C .  . . TAU: NORMAL1 ZED T I  ME STEP 
1 3 0  C . . . T B T :  DECAY T l M E  OF TOIWIDA-  F I E L D  
1 3 1  C.  . . T B P I  : DECAY T I  ME OF I NNER iT0Real D h L  CURRENT 
1 3 2  C . . .TBPNN:  DECAY T l M E  UF m T E R  TOFBIDAL CURRENI 
1 3 3  C . . .RLAM:  A  FREQUENTLY SPPEARINO RUMCER 
1 3 4  H = ( R ( N + l l - R ( l ) ) / ( R L O * N )  
1 3 5  TAU=TT l /TTO 
1 3 6  T B T z 2 . E - 1  
1 3 7  TBP I  z 1 O . E - 5  
1 3 8  TBPNNz4 .E -5  
1 3 9  RLAM=2*H**2 /TAU 
1 4 0  
1 4 1  C . . . D I S C R E T I Z I N G  THE R A D I A L  CBURDlMATE 
1 4 2  R (  1  ) = R (  1  ) /RLO 
1 4 3  00 1 0 5  J=2 ,N+1  
1 4 4  R ( J ) = R ( J - l ) + H  
1 4 5  1 0 5  CBNTI NUE 
1 4 6  
1 4 7  C * u * * % * * * * * * x * * * i N I T I A L  CUN31TIBWSm************** 
1 4 8  C . . . P W :  PLASMA WIDTH 
1 4 9  C . . .RNP I< :  PEAK PLASMA NUMBER DENSITY 
1 5 0  C . . . R L B W :  CUTOFF DENSITw T d  A V U l D  VACUUM REGIUM 
1 5 1  C . .  . JP: I N I T I A L  PEAK PLaSPl.\ G R l D  P S l W  
1 5 2  C . . . X R N :  DENSITY SHAPE FACbBR I L l M E A R )  
1 5 3  PW=6. /RLO 
154 RNPK= l .OE l5 /RNO 
1 5 5  RLOW=, 0 1  
1 5 6  J P = 5 9  
157 JPW=PW/H 
1 5 8  J P S = J P  - JPW/2  
1 5 9  J P E = J P  + JPW/2  



1 6 0  XRN= 1 . 
161 
1 6 2  C . . . T d :  TEMPERATURE AT THE WALL 
163 C . . . T P K :  PEAK PLASMA TEMPERATURE 
164  C . . . J T :  GRID PUlNT UF PEAK 
165 C. . . J T S :  START OF NUN-LINEAR TEMPERATURE PRUFILE 
166  C. . . J T E :  END UF NUN-LINEAR TEMPERATURE PROFILE 
167  C . . . X T L  AND XTR: TEMPERATURE SHAPE FACTURS 
168 TPK=75.E4/TO 
169 TW= 1 . OE4/TO 
1 7 0  JT=  JP 
171 JTS= JPS 
1 7 2  JTE= JPE 
173 XTL= 2 
174  XTR=2 
175 
176  C...PCURR: PLASMA CURRENT 
177  C . . . P H :  PLASMA HEIGHT 
178  C . . . J J :  LUCATlUN UF PEAK CURRENT DENSITY 
179  C . . . J J S  AND JJE:  BEQINNINQ AND END OF CURRENT DISTRlBUTlaN 
1 8 0  C. . . X J L  AND XJR: CURRENT DENSITY SHAPE FACTURS 
181 C. . . B P ( N N ) :  2-COMPONENT OF MAGNETIC F IELD AT UUTER WALL 
1 8 2  C . . . P S I l :  FLUX THROUGH HOLE UF TORUS 
183 C . . . X O :  I N I T I A L  VACUUM PULUIDAL CURRENT FUNCTION 
184  C. ..PWELL: DEPTH OF TURUIDAL F IELD VELL 
185 C. . .JBT,JBTS,JBTE:  LBWEST PUlNT UF WELL, START AND END UF DEVlATlUN 
186  C . .  . . . FROM VACUUM BEHAVIUR FUR THE TURUIDAL F IELD 
187  C.. .XBTL,XBTR: TU83UIDAL F IELD SHAPE FACTURS 
188  PCURR=-3.E9*25.E3 
189  PH=12. 
1 9 0  JJS=JPS-5 
191 J J = J P  
192  JJE= JPE+5 
193 XJL= 1 . 5  
194  XJR=1 . 5  
195  BP(NN)=1500.!BO 
196  PSI( l )=1.5E5/BO/RLO/RLO 
1'97 P S I l = P S I ( l )  
198 XO=e2.5E3/RLO/BO 
199  PWELL= . 1 0  
2 0 0  JBTS= JPS 
2 0  1 JBT= JP 
2 0 2  JBTE= JPE 
2 0 3  XBTL= 1 
2 0 4  XBTR= 1 
205  
2 0 6  C...C6MPUTE I N I T I A L  PLASMA DENSITY PRUFILE 
2 0 7  Db 106  J = l , N N  
2 0 8  I F  ( ( J  . L T .  JPS) .OR. ( J  .GT.JPE)) RN(J)=RLUW 
2 0 9  1F ( ( J  .GE. JPS) .AND. ( J  .LE. JPE)) R N ( J ) =  RLUW + 
21 0 lRNPKn(1.  -(ABS((R(J)-R(JP))/(R(JPS)-R(JP))))**XRN) 
211 106  CONTINUE 
21 2 



LL-I  IJU 1Uu J - J I , J I C  
335 TnERIV2(J)=TDERIV:3*1 ~ R f . I I - R ~ . ! T ) \ / f f i T . I T F : ) - F ! ( . . l T )  ')*xY.T!? 
226 108 CONTINUE 
227 T( 1 )=TW 
228 Db 109 J=2,NN 
229 IF (J .LE. JTS) TCJ:#=T(J-lP + TDERIVl*H 
230 IF ((J .GT. JTS) .AHD. CJ .bE. JT)) T(J)=T(J-15 4 

23 1 lH/2.*(TDERIV2(J) + 'DEROV2CJ-11) 
232 16 ((J .GT. JT) .,AND. ( 2  .LE. JTE)) T(J)=T(J-1s 4 
233 l(TDERIV2(J) + TDERIV2(J-l))%H/2. 
234 IF (J .GT. JTE) T(J:l=T(L-1) + TDERIV3*H 
235 109 CdNTlNUE 
236 
237 C...CUMPUTE TURUIDAL CURRENT DENSITY PROFILE AS DESCRILED IN THESIS 
238 R J P K = P C U R R / P H / R L O / R J O / ( C R ( J . . J ) - R ( J J S ) ) / ( X J L + l .  + 
239 l(R(JJE1-R(JJ))/(EJR+l.M 
240 DO 110 J=l,NN 
24 1 IF ((J .LE. JJS) .OR. ( L  .GE .  JJE)) RJT(Jb=O. 
242 IF ((J .GT. JJS) .AND. OJ -LE. JJ)) RJT(JD=RJPK*O(R(J)-RCJJS)) 
243 l/(R(JJ)-R(JJS)))%*X81- 
244 IF ((J .GT. JJ) .AND. ( 3  .LIZ. JJE)) RJT(,JD=RJPK*((R(JJE,)-R(.J)) 
245 l/(R(JJE)-R(JJ)))**XJR 
246 110 CONTINUE 
247 
248 C...INTEGRATE TURUIDAL CURRENT DENSITY TB GET 2-CUMPBNENT UF MAGNETIC 
249 C.. .FIELD. 
250 DU 1 1  1 J=2,NN 
25 1 K=NN+l-J . 
252 BP(K)=BP(K+l)+H/2.*iRJTIK+13+RJT(K)) 
253 1 1  1 CUNTI NUE 
254 BPI =BP( 1 )  
255 BPNN=BP(NN) 
256 
257 C .  ..INTEGRATE FIELD TU OE'T PULUID4L FLUX 
258 DU 1 1  2 J=2, NN 
259 PSI(J)=PSI(J-l)+M*(R(J)~BP4J)+R(J-l)*BP(J-1))/'2. 
260 112 CUNTINUE 
261 C...CUMPUTE INITIAL T U W I ~ A L  RAQPJETIC FIELD 
262 DU 113 J=l,NN 
263 IF ((J .LE. JBTS:) .OR. CJ .BE. JBTEI) BT(J)=XO/RrJ) 
264 IF ((J .GT. JBTSl .AND. (J .LE. JBT)) BT(J)= 
,265 l X O * ( l . - ( ( R ( J ) - R ( I B T 3 ) ) / C R ( J B T S ) ) ) % * X B T L U P W E L L ) / R ( J )  
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2 7 6  17500 FORMAT(// lkI ,"CHARACTERISTIC VALUES UF I N I T I A L  AND DIMENSIUNI.ESS" 
Z / f  I , " rMKMlvlt'l 'kKS''i/ 3H BJ= , l i 1  'I .4 ,  " GAUSS"/SH 'I'O= , k'l 1 .4 .  
2 7 8  2" KELVIN"/5H RNO= ,E11.4, "  C M ( - 3 ) " /  
2 7 9  35H RLO= ,E11 .4 , "  CMU/5H SO= ,E11.4, "  SEC( -1 ) " /5H RKO= , 
2 8 0  4 E 1 1 . 4 , "  ERQ/(CM SEC K ) " / 5 H  PO= ,E11 .4 , "  DYNES/CM(2)"/5H RJO= , 
2 8  1 3E11 .4 , "  STATAMP/CM(2)"/6H VO= .E11.4,"  CM/SECN/7H BETA= , 
2 8 2  6E11 .4 /6H TTO= ,E11.4,  "SEC") 
2 8 3  27500  FURMAT(/GH TBO= ,E11.4,"  SECU/6H THO= ,E11.4, "  SECW/ 
2 8 4  . 18H RMGDIF= ,E11 .4 /8H THDIF= , E J 1 . 4 / 6 H  GAM= ,E11.4/8H .DELTA= , 
2 8 5  2E11.4/4H N= ,12/4H H= ,E11.4/6!4 TAU= ,E11.4/6H RLAM= , E 1 1 . 4 / / / )  
2 8 6  
2 8 7  C...MW: TIME STEPS BETWEEN OUTPUT 
2 8 8  MW= 1 0 0  
2 8 9  C S G A = ( T ( l ) ) * * l . S  
2 9 0  1 NB=TTT/TTl 
2 9  1 M=NB+l 
2 9 2  RNAVG= 1 . 
2 9 3  
2 9 4  C . .  . 
295  C...CALCULATE I N I T I A L  PRESSURE, ELECTRICAL CUNDUCTIVITY, THERMAL 
2 9 6  C...CUNDUCTIVITY, PULUIDAL FLUX AND CUULBMB LUQARITHM. ALSB, 
2 9 7  C...CBMPUTE,SUME GEOMETRIC FACTURS THAT ARE OFTEN USED I N  LATERR 
2 9 8  C...CALCULATIUNS. 
2 9 9  DU 1 0  J = l , N + l  
3 0 0  X L A M = 6 . 2 E 3 * S Q R T ( ( T ( J ) * T O ) * * 3 / ( 2 . r R N ( J ) * R N O ) )  
3 0  1 XLNL=ALUG(XLAM) 
3 0 2  RK(J)=XLNL/XLNLO*RNAVG*RNAVQ/SGIRT(T(J))/(BT(J)*BT(J)+BP(J)*BP(J)) 
3 0 3  P ( J ) = R N ( J ) * T ( J )  
3 0 4  S(  J )  =XLNLO/XLNL*T( J )  n*1.5 
3 0 5  C H I ( J ) = R ( J ) * B T ( J )  
3 0 6  D~(J)=(GAM+~)*BETA*P(J)+BP(J)*z~+BT(J)**~ 
3 0 7  R S l ( J ) = R ( J ) / S ( J )  
308  R S 2 ( J ) = l . / ( R ( J ) * S ( J ) )  
3 0 9  R S 3 ( J ) = R ( J ) r S ( J )  
310 c . .  .SET RESISTIVITY HIGH IN LOW .DENSITY REGIONS. 
31 1 C I F  ( ( J  .En .  1 )  .OR. ( J  .EQ. NN))  GO TB 1 0  
3 1 2  C RU=(RN(J-l)+RN(J)+RN(J+1))/3. 
3 1 3  C I F  (RU . L E O  . 2 5 )  S(J)=SGA 
3 1 4  1 0  CUNT l NUE 
3 1 5  C S (  1 )=SGA 
3 1 6  C S(I\IN) =SGA 
31 7 
3 1 8  C EVALUATION UF RADIATION PARAMETERS AS PER POST, ET AL,. 



3 1  9 DU 11 J ! = l , N + l  
3 2 0  I F  ( ( T ( J )  .GE. T b l )  .AND. ( T ( J )  . L E . , T B 2 ) )  GO TU 1 5  
3 2  1 I F  ( ( T ( J )  .GT. TO21 .AND. ( T ( J )  .LE ,  TU3))  GU TU 1 6  
3 2 2  I F  ( T ( J 0  . L T .  TU: GO TU 11 
3 2 3  I F  ( T ( J ' )  .GT. TU3) WRITE ( 1 2 , 4 8 3 )  TU3 
3 2 4  GU TU 1995 
3 2 5  1 5  P A ( l . l . J ) = 6 5 2 . 3 7 4 :  
3 2 6  P A ( l 1 2 , J ) = 1 8 3 5 . 4 9 9  
3 2 7  P A ( 1 , 3 , J ) = 1 9 8 4 . 2 6 6  
3 2 8  PA( 1,4, J ) = 1 0 5 9 . 8 4 6  
3 2 9  PA(1,5,  J ) = 2 8 0 . 0 4 7 6  
3 3 0  PA(1,6,  J )= ,29 .33792  
3 3  1 GU TU 11 
3 3 2  1 6  P A ( l , l ,  J l = - 5 5 . 1 5 1 1 8  
3 3 3  PA(1,2,  J ) = - 1 5 4 . 3 9 5 6  
3 3 4  P A ( 1 , 3 , J ) = - 2 4 8 . 9 9 2  
3 3 5  PA(1 ,4 ,  J ) = - 1 8 0 . 8 1 5 4  
3 3 6  PA(1,5,  J ) = - 5 7 . 6 4 1 7 5  
3 3 7  PA( 1.6,  J ) = - 6 . 1 4 9 1 9 1  
3 3 8  11 CUNTINUE 
3 3 9  DB 1 2  J = l , N + l  
3 4 0  I F  ( ( T ( J )  .GE. TS1) .ANC. ( T ( J )  .LE.  TS2):l GU TU 1 3  
3 4  1 I F  ( ( T ( , J )  .GT. TS:2) .ANC. ( T ( J )  .LE .  'TS3):l GU TO 1 4  
3 4 2  I F  ( T ( J 1  . L T .  TS l l l  GU Te 1 2  
3 4 3  I F  ( T ( J 1  .GT. TS3) WXITE (12 ,483)  TS3 
3 4 4  GU TB 1995 
3 4 5  1 3  PA(2,1, .J )=-52.758 '19 
3 4 6  PA(2,2, .J )=-134.623 
3 4 7  PA(2,3,  J ) = - 2 0 8 . 2 7 5 3  
3 4 8  PA(2 ,4 ,  J ) = - 1 5 9 .  l @ 7 4  
3 4 9  PA(2.5,  J ) = - 5 9 . 8 9 1 6 2  
3 5 0  PA(2,6,  J ) = - 8 . 6 8 4 8 3 9  
3 5  1 GU TU 1 2  
3 5 2  1 4  PA(2,1,  J ) = - 1 9 . 5 4 3 2 3  
3 5 3  PA(2,2,  J ) = . 0 4 9 9 4 8 1  
3 5 4  PA(2,3,  J ) = - 5 . 7 2 6 7 6 6  
3 5 5  PA(2.4,  J ) = - 2 . 7 1 0 0 8 4  
3 5 6  PA(2,5,  J ) = 3 0 . 7 5 1 4 5  
3 5 7  PA(2,6,  J 1 = 2 6 . 8 9 9 6 6  
3 5 8  1 2  CBNTl NUE 
3 5 9  
3 6 0  C .  ..COMPUTE THE POWER RADlATED BY OXYGEN AT GRBD PUS1:TIBN J (PR31,J)) 
361 C. . .ANO THAT RADIATED BY SILl(=SM GT THE SAME PUSITIUM ( P R ( 2 , J ) ) .  
3 6 2  DU 1 7  1 = 1 , 2  
3 6 3  DU 1 8  J = I . N + l  
3 6 4  X X L Z = P A ( I , l , J )  
3 6 5  XLUG=ALUGlO(T( J)*TO/11603.  /1OoO. ) 
3 6 6  DU 1 9  K = 1 , 5  
3 6 7  XLUGIC= ( ABS ( XLUG ) * *K 
3 6 8  I F  ( (XLBG . L T .  0 . :  .AND. (MBD(K,2) .EQ.  1 ) ~ )  XLBGK=-XLUOK 
3 6 9  XXLZ=XXLZ+ PA(I ,K+I,J)wX-UGK 
3 7 0  1 9  CBNTINUE 
3 7  1 XLZ( I, J ! f = l O .  **XXLZ 



372 IF (T(J) .LT. TU1) XLZ(l,J)=O. 
373 IF (T(J) .LT. TSl) XLZ(2,J)=O. 
374 IF ((J .EQ. 1 )  .OR. (J .EQ. NN)) GU T0 181 
375 RU=(RN(J-l)+RN(J)+RN(J+l))/3, 
376 IF (RU .LT. RLUW) RU =RLUW 
377 IF (RB .GT. .25) G0 TO 181 
378 PR(1,J)=2.*RN(J)*.005/RU*RN(J)*XLZ(I,J)*RNO*RNO/PRO 
379 G0 T0 18 
380 181 PR(I,J)=2.*RM(J)*PERC(I)*RN[J)*KLZ(I,J)*RNO*RNO/PRO 
381 18 CUNTINUE 
382 17 CUNTINUE 
383 
384 C.. . EVALUATION UF DlFFUSlUN SPEED 
385 C... RJT,RJP: T0RUlDAL AND PULUIDAL CURRENT DENSITY 
386 DU 20 J=2,N 
387 RJT(J)=-(BP(J+I)-BP(J-l))/(H*2.) 
388 RJP(J)=(CHI(S+l)-CHI(J-l))/(2.*H*R(J)) 
389 Dl(J)=R(J)*(D2(J+l)/R(J+l)-D2(J-1)/R(J-l))/(2.*H) 
390 D3(J)=-BT(J)x((BT(J+l)/R(J+l))-(BT(J-l)/R(J-l)))/H 
391 . R1(J)=(RSl(J+l)+RSl(J))*BP~J+1~-(RS1~J+1~+2*RSl~J~+ 
392 lRSl(J-l))*BP:J)+(RS1~J-1~+RSl~J))*BP(J-l~ 
393 RI(J)=RI(J)*RMGDIF/(~.*R(J)*HY~~) 
394 Ql(J)=(RS2(J+l)+RS2(J))*CHI(J+l)-(RS2(J+l)+2*RS2(J)+ 
395 lRS2(J-l))*CHI(J)+(RS2(J-l)+RS2(J))*CHI(J-l) 
396 Ql(J)=Ql(J)*RMGDIF/(2.*H**2) 
397 RKGRAD=R(J)*IRK(J+l)-RK(J-1))/2. 
398 RNl(J)=THDIF!2./R(J)/H/H*(T(J+l)*(RK(J)*(R(J+l)+R(J)) 
399 I+RKGRAD) - T(J)*RK(J)*(R(J+l)+2,*R(J)+R(J-l)) + 
400 3T(J-l)*(RK(J)*(R(J)+R(J-1)) - RKQRAD)) + 
40 1 2DELTA*(RJP(J)**2+RJTCJ)**2)/S(J) -PR(l,J) -PR(2,J) 
402 20 CUNT l NUE 
403 DU 40 J=3,N-1 
404 D ~ ( J ) = ( B P ( J + ~ ) * R ~ ( J + ~ ) - B P ( J - ~ ) X R ~ ( J - ~ ) ) * R ( J ) / ( ~ . * H )  
405 l + ( Q l ( J + l ) * C H I ( J + l ) * R ( J + 1 ~ - Q 1 ( J - l ~ ~ C H I ~ J - l ~ * R ~ J - l ~ ~  
406 2/(R(J)*2.*H)+BETA*R(J)*(RNl(J+l)-RNl(J-l)J/(2.*H) 
407 40 CONT l NUE 
408 D6(2)=R(2)*(3P(3)*Rlf3)-BP(2)*R1(2))/H 
409 I+(Q1(3)*CH1(3)*R(3)-Q1(2)*CHI(2)*R(2))/(R(2)*H) 
41 0 2+BETAxR(2)*(RN1(3)-RN1(2))/H 
41 1 D6(N)=R(N)*(BP(N)*Rl(N)-BP(N-lI*Rl(N-l))/H 
41 2 I+(Q~(N)*CHI(N)*R(N)-Q~(N-~)*CH~(N-~)XR(N-~))/(H*R(N)) 
41 3 2+BETA*R(N)*(RNl(N)-RNI(N-l))/H 
41 4 
415 C...WE N6W USE THE ABOVE COEFFICIENTS TU SET UP AN EQUATION UF THE 
416 C...FbRM A*X(J-1) + B*X(J) + C*X(J+lI = D 
41 7 DU 50 J=2,N 
41 8 AA(J)=2.*02(J)-Dl(J)*H 
41 9 B B ( J ) = ~ . % H ~ X ~ * D ~ ( J ) - ~ , * D ~ ( J )  
420 CC(J)=Dl(J)*H+D2(J)*2 
42 1 EE(J)=2.*D6(J)*H**2 
422 50 CUNTl NUE 
423 Xl(l)=O, 
424 XI(N+l)=O. 



4 2 5  
4 2 6  C. . .SULVE THE SlMULTANEdUS EQUATIUNS AT ALL GRID PUIl4TS BY A DUUBLESWEEP 
4 2 7  C...METHUD. JBTAlN THE VARIABLE !VE-UCITY*R) AT THE NEW TlME STEP. 
428  CALL DBLSWP(X1 ,N) 
429  
430  C...CdMPUTE THE DIFFUSION VELdCITV 
4 3  1 DU 5 5  J = l , N + l  
4 3 2  V ( J ) = X I ( J ) / R ( J )  
4 3 3  5 5  CUNTI NUE 
4 3 4  
4 3 5  C...UUTPUT I N I T I A L  CUNDlTlUNS ANDiUR NEW TIME STEP RESULTS 
436  I F  (MOD<M,MW) .NE. 1 )  GO TB 95 
437  NBB=NBB+ 1 
4 3 8  WRITE( 12,9000)NB 
4 3 9  9 0 0 0  FURMAT(IH1,"TIME STEP NUMBES " , 1 4 / )  
4 4 0  WRITE(12,10000) 
4 4  1 WRITE(12,20000)(R~J),BT(J),EP(J),RJT~J~,RJP~J~,T~J~,RN~J~, 
442  I V ( J ) , P S I ( J ) ,  J = l , N + l )  
443  PPRBL- 0.  
444  PPROH=O. 
4 4 5  PPRSL=O. 
446  PPRSH=O . 
447  DU 5 6  J = l , N + l  
4 4 8  I F  ( R N ( J )  .GT. 0 . 1 )  GO TU 5 7  
4 4 9  PPRBL=PFRUL + P R ( I , J ) * R ( J )  
4 5 0  PPRSL=PPRSL + P R ( B , J ) * R ( J )  
4 5  1 GU TU 5 6  
452  5 7  PPRUH=PPRUH + P R ( l , J ) * R ( J )  
4 5 3  PPRSH=PPRSH + PR(2, J ) * R ( J )  
454  5 6  CONTINUE 
4 5 5  PPR~L=PPRUL*PRO*2.*PI*RL0*RLD*pH*H*l1E-13 
4 5 6  PPRSL=PPRSL*PRO*2.*P!*RLO*RL0*RL~3*PH*H*l1€-13 
4 5 7  PPRUH=PPROH*PRO*2.*P[*RLO*RLC)*PH*H*11E-13 
458  PPRSH=PPRSH*PRO*2.*P1*RLO*RLQ*PH*H*l1E-13 
459  WRITE (12.5600)PPRSL 
4 6 0  WRITE (12,5601)PPRBH 
4 6  1 WRITE (12,5602)PPRSL 
462  WRITE (12,5603)PPRSH 
463  5 6 0 0  FBRMAT(lH,"THE POWER RADIATED BY OXYGEN I N  THE LUM DENSITY 
464  1 REGION I S  (MW) " , E 1 1 . 4 )  
465  5601 FURMAT(lH,"THE POkER RADIATOD BY OXYGEN I N  THE HlGH DENSITY 
466  1 REGION I S  (MW) " ,E11 .4 )  
467  5 6 0 2  FURMAT(lH,"THE POWER RADIATED BY SILICON I N  THE LOW DENSITY 
468  1 REGION I S  (MW) " , E 1 1 . 4 )  
469  5603  FURMAT(lM."THE POWER RADIATED BY SILICON I N  THE HlGH DENSITY 
470  1 REGION I S  (MW) * , E 1 1 . 4 )  
4 7  1 
4 7 2  CALL PLUT(R,BP,BO,tJN, 1 )  
473 CALL PLBS(R,BT,BO,PIN,31 
4 7 4  CALL PLUT(R, RJT, RJD. NN.5) 
4 7 5  CALL PLUT(R,T,TO,NN,T) 
476 CALL PLOT( R, RN, RNO, NN, 9 
477 CALL PLUT( H, P, PO, NY, 1 1 ) 



478  
4 7 9  10000 FURMAT(// lH , "R'!, 13X, "BT", 12X, "BP", 12X, "RJT", 12X, "RJP", 12XJ 
4 8 0  I "T " ,12X, "N" .  1 2 X , " V " , 1 2 X , " P S I " / ~  
481 20000  FURMAT(1H , 9 ( E 1 1 . 4 , 3 X ) )  
4 8 2  
4 8 3  9 5  TTT=TTT+TTl 
484  IF(TTT.GT.TMX)GUTU 1995  
485  
486  C . . .  EVALUATION UF PLASMA NUMBER DENSITY 
4 8 7  DU 6 0  J=2 .N  
4 8 8  A A ( J ) = - X I ( J - l ) * H / R ( J )  
489  BB(J)=RLAM 
4 9 0  C C ( J ) = X I ( J + l ) * H / R ( J )  
4 9  1 EE(J)=RLAM%RN(J) 
492  6 0  CeNT l NUE 
493  RN(1 )=RN(2)  
494  RN(N+l )=RN(N)  
495  CALL DBLSWP(RN,N) 
496  DU 61 J = l  ,N+1 
497  I F  ( R N ( J )  . L T .  RLUW) RN(J)=RLBW 
498  61 CUNTl NUE 
499  
5 0 0  C . . .  EVALUATION UF PULUIDAL F IELD BP 
5 0  1 DU 7 0  J=2,N 
5 0 2  AA(J)=-V(J)*H*R(J-l)/R(J) - RMGDIF/R(J)*(RSl(J)+RSl(J-1)) 
5 0 3  BB(J)=RLAM+H*(V(J+l)-V(J-1)) + RMGDIF/R(J)*(RSI(J+1)+2,*RSl(J) 
5 0 4  l + R S l ( J - 1 ) )  
5 0 5  CC(J)=V(J)*R[J+l)*H/R(J) - RMGDIF/R(J)*(RSl(J+l)+RSl(J)) 
5 0 6  EE(J )=BP(J )xRLAM 
5 0 7  7 0  CUNT l NUE 
5 0 8  C BP(l)=BPlxEXP(-TTT/TBPl) 
5 0 9  B P ( l ) = B P ( 2 )  
5 1 0  C B P ( N + l  )=DPNN*EXP(-TTT/TBPNN) 
51 1 BP(NN)=BP(N)  
5 1  2 CALL DBLSWP(BP,N) 
51 3 
5 1 4  C.. .EVALUATIUN UF PULUIDAL FLUX FUNCTION PSI  
51 5 DU 7 5  J=2 ,N  
51 6 PSI(J)=PSI(J-l)+H*(RIJ)*BP(J)+RtJ-l)*BP(J-1))/2. 
5 1 7  7 5  CONTINUE 
51 8 
5 1 9  C . . .  EVALUATION UF TURUIDAL F IELD BT , 
5 2 0  1DU 8 0  J=2 ,N  
5 2  1 AA(J)=-H*V(Jl~-RMGDIF::R(J-l)x(RS2(J)+RS2(J-l)) 
5 2 2  BB(J I=RLAM +H*(V(J+l)-V(J-l))+RMGDIF*R(J)*(RS2(J+l)+RS2(J-l) 
5 2 3  1 + 2 . * R S 2 ( J ) )  
5 2 4  CC(J)=H*V(J)-RMGDIF*R(J+l)*(RS2(J+l)+RS2(J)) 
5 2 5  EE(J )=RLAM%BT(J )  
5 2 6  8 0  CUNTl NUE 
5 2 7  B T ( l ) = B T I N * E X P ( - T T T / T B T )  
5 2 8  B T ( N + l  )=BTUUT*EXP(-TTT/TBT) 
5 2 9  CALL DBLSWP(BT,N) 
5 3 0  DB 8 4  J = l , N N  



5 3  1 C H I ( J ) = R ( J ) * B T ( J )  
5 3 2  8 4  CUNTINUE 
5 3 3  
5 3 4  C . .  . EVALUATldN UF NEW CURRENTS 
5 3 5  DU 8 5  J=2 ,N  
5 3 6  RJT(J)=-(BP(J+l)-B?(J-l))/(H*2.l 
5 3 7  RJP(J)=(CHI(J+l)-CHl(J-l))/(2,*H*R(J)) ' 

5 3 8  RU=(RN(J-l)+RM(J)+RNtJ+1)>/3. 
5 3 9  I F  (RU .GT. . 2 5 )  03 TU 85 
5 4 0  RJT(  J =OI. 
5 4  1 RJP(J)=O!.  
5 4 2  8 5  CUNTl NU€ 
5 4 3  
5 4 4  C . . .  EVALUATION UF TEMPERATURE T 
5 4 5  DU 9 0  J = 2 , N  
5 4 6  RKGRAD=THDlF*(RK(J+l)-RK(J-1))/2./RN(J') 
5 4 7  A A ( J ) = - ( R ( J - l ) + R ( J ) ) * T H D I F * R K ( J ) / ( R N [ S ) * B R A D  
5 4 8  BB(J)=RLAM+4.*THDIF*RK(J)~/RN~,J)+H*GAH*~Xl(J+ll-~~~~J-l))/RtJ) 
5 4 9  CC(J)=H*V(J)-(R(J-l)+R(J)t)*THDIF*RK(S)L(RN(J)*RCJ:~~-RKGRAD 
5 5 0  D~(J)=(RJP(J)**~+RJT(J)**~)SDELTA/(RN(J)~S(J~~ 
5 5  1 I-PR(l,J)/RN(J)-PR12,J)/RH(J) 
5 5 2  E E ( J ) = R L A M * T ( J ) + ~ X I D ~ ( J ) * H % * ~  
5 5 3  9 0  CUNT l NUE 
5 5 4  CALL DBLSWP(T,N) 
5 5 5  GdTU 1 
5 5 6  1995 CALL PLBTE 
5 5 7  CALL E X I T ( 2 1  
5 5 0  END 
5 5 9  
5 6 0  
5 6  1 
5 6 2  
5 6 3  
5 6 4  C . . . T H I S  SUBROUTINE CUNTAKNS THE WUBLESWEEP METHUD. 
5 6 5  
5 6 6  
5 6 7  SUBRUUTlNE DBLSWPCX,N) 
5 6 8  C B M M B N / C 2 / A A ( 1 0 1 ) ~ , B B ( 1 0 1 ~ , C C ~ 1 0 1 ~ , E E ( 1 0 1 ~  
5 6 9  DIMENSION D S W L ( 1 0 1 ) , D S W K t 1 0 1 ) , X ~ 1 0 1 )  
5 7 0  J = 2  
5 7  1 IF(ABS(BB(2)).LT.l.E-20)GUTB 9 9  
5 7 2  DSWL(J )= -CC(J ) /BB<J)  
5 7 3  D S W K ( J ) = ( E E ( J ) - A A ( J ) * X ( l i ) / e B ( J )  
5 7 4  DU 1 0  J=3,N 
5 7 5  DEN=BB(J)+AA(J)*DSWL(J-1) 
5 7 6  IF(AUS(DEW).LT.l.E-20)GUTU S89 
5 7 7  DSWL(J)=-CC(J)/DEN 
5 7 8  1 0  DSWK(J)=(EE(J)-AA,~JI*DSWK(J-II))/DEN 
5 7 9  DU 2 0  J=N, 2, - 1  
5 8 0  2 0  X(J)=DSWL(J)*X(J+l)+DSWKIJ) 
5 8  1 GUT0 1 0 i  
5 8 2 9 9  WRITE(12,100)J,BB.lJ)  
5 8 3  100  FURMAT(IH , " B ( 2 )  t3R DEN 1s LESS THAN , , .E-2OW.10X,  



584 l U J =  " , 1 2 , 5 X , / l H  , "THEREFORE THE DOUBLESWEEP METHOD I S  ", 
585 2 " N U T  A P P L I C A B L E " / B H  B B ( J ) =  , E 1 1 . 4 )  
586 1 0 1  RETURN 
587 END 
588 
589 
590 
59 1  
592 C . . . T H I S  SUBROUTINE CONTAINS P L O T T I N O  ROUTINES 
593 
594 
595 
596 
597 SUBROUTINE PLUT(R,A,AO,NN, J l )  
598 CUMMUN/PLT/P1(8 ) ,P5( i2 ) ,P6(12) ,P7(12)  
599 COMMON/PL l /RLO,NB.TT l  
600 D l M E N S l U N  R ( l O l ) , A ( l O l )  
60 1  T I M E g = N B * T T l  
602 AMX=A( 1  
603 ,  AMN=A( 1  
6 0 4  DU 1 0  J = l , N N  
605 AMX=AMAXI ( A (  J )  ,AMXI 
606 A M N = A M I N l ( A ( J ) , A M N )  
607 1 0  CUNT l NUE 
608 A M X = l . O l * A M X  
609 I FCAMN) 1 , 2 , 2  
6 1 0  1  AMN=AMN*1 .01  
6 1  1  G U T 0  3 
6 1 2  2 AMN=AMN* .99  
6 1 3  3 R R 1 = . 9 9 * R ( l )  
6 1  4 R R N = l . O l * R ( N N )  
6 1  5 C A L L  M A P f O . ,  1 6 0 .  ,0.,  1 6 0 .  ,0,, 1 ,  1,00  I 1 . )  
6 1  6 C A L L  S E T L C H ( 1 5 . , 7 5 . , 1 , 0 , 3 , 1 )  
6 1  7 WUT 100,1000,P7(J1),P7(Jl+l) 
6 1  8 C A L L  SETLCH(75.,148.,1,0,3,0) 
6 1  9 WOT 100,1001,Pl(l),TIME9,P1(2) 
620 C A L L  S E T L C H  ( 70. ,35. , 1  ,0,3,0 
62 1  WUT 1 0 0 , 1 0 0 2 . P 1 ( 3 )  
622 C A L L  S E T L C H  ( 20. ,23. , 1  ,0,2,0 ) 

623 W0T l 0 0 , 1 0 0 3 , P 1 ( 4 ) , P 1 ( 5 ) , N B  
6 2 4  WUT 1 0 0 , 1 0 0 4 , P 1 ( 6 ) , P 1 ( 7 ~ , R L O , P 1 ~ 8 )  
625 WUT 100,1005,P5(J1),P5(Jl+l),AO,P6(J1~,P6~Jl+l~ 
626 1 0 0 0  F O R M A T ( 2 A 8 )  
627 1 0 0 1  i F B R M A T ( A G J E 8 . 2 , A 4 )  
628 1 0 0 2  F a R M A T ( A 6 )  
629 1 0 0 3  f O R M A T ( A 9 , A 4 , 1 4 )  
630 1 0 0 4  F U R M A T ( A 6 , A l O , E 8 . l , A 3 )  
6 3 1  1 0 0 5  F B R M A T ( 2 A 8 , E 8 . 1 , 2 A 6 )  
632 C A L L  MAPS ( RR 1  , RRN, AMN, AMX, . 2  , .9, .3, .85 
633 C A L L  TRACE(R,A,NN) 
6 3 4  C A L L  FRAME 
635 SETURN 
636 END 



6 3 7  
6 3 8  
6 3 9  
6 4 0  
641  C . . . T H I S  F I L E  CONTAINS THE NECESSARY INPUT DATA 
6 4 2  
6 4 3  
6 4 4  * F I L E  NAME=DATA 
6 4 5  83. 
6 4 6  1 5 . ,  
6 4 7  30. , 
6 4 8  2 . 5 E - 8 ,  
6 4 9  3 5 . 1 E - 6 ,  
6 5 0  2 .  , 
651 6 . .  
6 5 2  6 .  , 
6 5 3  1 . E 6 ,  
6 5 4  l o . ,  
6 5 5  1 . E3.  




