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INTRODUCTION 

This document describes the Tokamak Systems Code (TSC) developed at 

the Fusion Engineering Design Center (FEDC) over the past several years. 

The code will determine a tokamak configuration and associated performance 

and cost based on selected plasma and engineering input parameters. 

This document addresses both (1) user instructions f o r  code operation 

and (2) description of the modeling of each major system of a tokamak 

reactor. The document is structured according to the following outline. 

Outline of  the Tokamak Systems Code Document 

Introduction 

Executive Summary 

TSC User's Guide 

Appendix 

1. 

2. 

3. 

4. 

5. 

6 .  
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Torus 
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Tritium Processing 
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Facilities 
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Maintenance Equipment 
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SUMMARY OF THE TOKAMAK SYSTEMS CODE 

CODE STRUCTIJRE 

The FEDC Tokamak Systems Code c a l c u l a t e s  tokamak performance, c o s t ,  

and conf igura t ion  as a func t ion  of  plasma and engineer ing parameters.  

This vers ion  o f  the  code models experirneutd tokamaks. I t  does not  cur-  

r e n t  l y  cons ider  tokamak conf igura t ions  t h a t  genera te  e l e c t r i c a l  power o r  

incorpora te  breeding b lankets .  Thc code has a modular (01 subrout ine)  

s t r u c t u r e  t o  a l low indepcridcrit modeling ol-‘ each inaj o r  tokamak comporient 

o r  system. A primary b e n e f i t  of modular izat ion i s  t h a t  a component 

module may bc updated without d i s t u r b i n g  t h e  remainder of t h e  systems 

code as long as t h e  input  to  OT output  Irom t h e  illodule remains unchanged. 

The independent modules a r e  l inked by a d r i v e r  o r  execut ive rouLine i n  

the  o rde r  shown on t h e  flow diagram presented  i n  Fig.  1. 

l i n e s  on t h e  flow diagram i n d i c a t e  major feedback loops bctwnen modules 

t h a t  p re sen t  t h e  choice of 

‘I’hc dashed 

I .  spec i fy ing  s h i e l d  th ickness  o r  spec i fy ing  t h e  l i m i t a t i o n  on (1) 

nuc lear  hea t ing  i n  t h e  t o r o i d a l  f i e l d  (‘TFI) c o i l s  o r  ( 2 )  r a d i a t i o n  

dos agc ; 

11. spec i fy ing  t h e  f i e l d  on axis o r  t h e  maximum f i e l d  a t  t h e  TF 

c o i l s ;  

111. (1) spec i fy ing  t h e  aspec t  r a t i o  and c a l c u l a t i n g  t h e  r e s u l t i n g  

burn time, o r  ( 2 )  spec i fy ing  burn time and c a l c u l a t i i ~ g  t h e  

aspec t  r a t i o ,  01’ ( 3 )  spec i fy ing  both aspec t  r a t i o  and burn 

time with no c o n s t r a i n t  on se l f - cons i s t ency .  

A l l  i ~ s e r  inpu t  t o  t h e  tokamak systems code i s  i n  namelis t  format 

and i s  read  from a s i n g l e  f i l e .  

by labe led  coilinion blocks.  

s i n g l e  f i l e  f o r  p r i n t i n g .  

e l eva t ion  p l o t s ,  which are au tomat ica l ly  a v a i l a b l e  a f t e r  each code 

execut ion.  

Data are t r a n s f e r r e d  between subrout ines  

Output from each module i s  c o l l e c t e d  i n t o  a 

The code a l s o  genera tes  t h e  tokamak p lan  and 

The geometr ical  conf igura t ion  f o r  t h e  tokamak i s  e s t ab l i shed  by 

s t a r t i n g  a t  t h e  plasma major r ad ius  and progress ing  r a d i a l l y  inward t o  

t h e  ohmic hea t ing  (OH) so lenoid  and r a d i c a l l y  outward t o  t h e  TF o u t e r  l e g  
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l oca t ion .  Cer ta in  combinations OF input  parameters w i l l  r e s u l t  i n  a 

conf igura t ion  t h a t  has inadequate r a d i a l  space between the  plasma and 

machine c e n t c r l i n e  to accommodate a l l  the tokamak components, i n  wiiich 

case  an e r r o r  message i s  p r in t ed  artd tlic run i s  terminated.  ‘I’he riidial 

dimensions aTe measured from the  machine c e n t e r l i n e .  Ver t i ca l  dimensions 

a r e  ineasu~ed from t he  h o r i i o n t a l  midplane through the plasma c e n t e r .  

MODULE DLSCKIPT ION 

A b r i e f  sumi1iai:y d e s c r i p t i o n  of each module fol lows.  ,A. detai.l.ed 

descr ip t i .on  inc luding  assumptions key cquatioris, and r e p r e s e n t a t i v e  

input  and o u t p i :  f o r  each module i s  provided i n  t h e  appendix. 

l i s t i n g  of  tiie code can be obtained by e x t r a c t i n g  .the source f i l e s  from 

t h e  Natiorial Magnetic Fusion Energy Computing Center (NMFECC) . 

A f o r t r a n  

P h y s i c s Modu 7 e 

The physics  module computes fus ion ,  power ampl i f i ca t ion  f a c t o r  (Q) 

plasma curreric, fue l ing  r a t e ,  and tlie requi red  volt.-seconds t o  induce tlic 

plasma c u r r e n t .  This module is a zero-dimensional (0-D) r e p r e s e n t a t i o n  

with plasma d e n s i t y  and temperature p r o  File e f f e c t s  modeled as a funct ion 

o f  plasma average temperature .  Peak hea t ing  power during s t a r t u p  i s  

modeled as the  summation of  two p a r t s .  The first p a r t  accounts f o r  tlie 

plasma hea t  capac i ty  a t  the opera t ing  po in t  d iv ided  by t h e  hcat..iiig time 

per iod .  

t h e  plasma t o  i t s  opera t ing  temperature i n  a f i n i t e  t ime.  The secoiid p a r t  

i s  t h e  maximuiii quasi-s teady s t a r t  power requi red  as the  plasma temperature 

i s  r a i s e d  t o  the  opera t ing  va lue  a t  constan’t  plasma d e n s i t y .  

r e l a t i o n s  f o r  confineiiierit time are a v a i l a b l e  : I n t e r n a t i o n a l  Tokamak 

Reactor ( INTOR)  (7 a nea”) arid a form of G M S l  (T 

e lec t ron  d e n s i t y ,  a i s  t h e  plasma minor r ad ius ,  and I i s  plasma c u r r e n t .  

Flux conserva t ion  i s  assumed as t h e  plasma i s  heated and makes t h e  

t r a n s i t i o n  from low be ta  t o  high be ta  va lues .  

This term i s  an at tempt  t o  inc lude  t h e  dynamic e f f e c t  of In.eating 

Two scal i -ng 

a1 ) y  where n i s  t h e  
P e 

P 
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Torus 

The t o r u s  module per fo~:m~ neut ronic  geometric,  and c o s t  calcul.ations.  

The neutronic.s po r t ion  determines (1) r a d i a t i o n  dosage t o  t h e  '1'F c o i l  

i n s u l a t i o n ,  ( 2 )  nuc lear  hea t ing  r a t e  i n  the TF c o i l  case, (3j  displacernent 

damage t o  t h e  copper matrix o f  the  TF coil., ami (4) b io log ica l  shutdown 

dosage s a t e  a s  a filnction o f  i n b a r d  and omboard s h i e l d  th ickness .  

Shie ld  th i ckness  may be speci-fied and t h e  r a d i a t i o n  parameters 

ca , lculated.  Conversely, l i m i t s  on t h e  r a d i a t i o n  parameters may be imposed, 

and t h e  va lue  of s h i e l d  th ickness  t o  meet t h e  most s t r i n g e n t  of those  

limits w i l l  be determined. The neu t ron ic  model, i s  i n  .the form of crxrve 

f i t s  r e l a t i n g  t h e  r e s u l t s  of  d e t a i l e d  neutronics  ca lcu la . t ion  performed 

a t  Ai-gonne Nat ional  Laboratory (ANL) . This model re la tes  dose, hea t i i i g  

r a t e ,  fluence, e t c ,  , t o  s h i e l d  th i ckness  through an e- fo ld  a t t e n u a t i o n -  

type  parameter.  S t a i n l e s s  s t e e l  ( t h e  outl,oarcl s h i e l d  ma te r i a l )  o r  

'curigste~i may be chosen fo-r t h e  inboard s h i e l d .  

l'he t o r u s  weight and volurne i s  based on e i t h e r  a n-shaped o r  a 

r ec t angu la r  torus conf igu ra t ion .  An opt ion  i s  a x a i l a b l e  (IGLOO = 1)  Lo 

s p l i t  the  outboard s h i e l d  th i ckness  and p lace  only  t h e  amount necessa.ry 

f o r  magnet p r o t e c t i o n  between t h e  plasma and the  outboard TF c o i l  l e g ,  

while t h e  remainder o f  t h e  outboard sh ie ld ing  

requ . i renents ,  i s  placed o u t s i d e  o f  t h e  outer TF c o i l  l e g .  Weight, 

volume, su r face  area, and cost  a r e  determined f o r  the t o r u s  components, 

which inc lude  t h e  f irst  wall., armor, bulk s h i e l d ,  and pu.~fip l i m i t e r .  

necessary  f o r  b io log ica l  

Toroidal  F ie ld  Co i l s  

The TF module addresses  both  t h e  TF c o i l  and t h e  l ack ing  c y l i n d e r .  

The TF c o i l  ampere-turns a r e  determined as a func t ion  of t h e  plasma major 

r a d i u s  and f i c l d  on axis.  

upon t h e  plasma major r a d i u s ,  t h e  plasma s i ze ,  t h e  inboard s h i e l d  

th i ckness ,  tlie assembly gaps, and t h e  c r y o s t a t  t h i ckness .  The TF c o i l  

maximum f i e l d  i s  determined froat t h e  f i e l d  on a x i s  and t h e  1 / R  v a r i a t i o n  

i n  f i e l d .  The TF outer  l e g  s i z c  i s  based on the  larger  of (1) a 

minimum rad ius  t o  accommodate t l ie t o r u s  o r  ( 2 )  a r a d i u s  t o  limit t h e  

va lue  of magnetic f i e ld  r i p p l e  a t  t h e  plasma edge t o  an acceptab lc  

The c o i l  inboard l eg  r a d i a l  dimension depends 
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value .  'i'he TF c o i l  shape may be a cons tan t  t ens ion  shape OT an a r b i t r a r y  

shape spec i f i ed  by t h e  user. 

The c o i l  r a d i a l  th ickness  (bu i ld )  i s  determined from the  requi-rcd 

ampere-turns and an o v e r a l l  cuirenll d e n s i t y  der ived from an input  winding 

pack cu r ren t  d e n s i t y  and an al lowable T F  c o i l  s t r e s s .  The al lowable 

s t r e s s  i s  based on crack-growth c r i t e r i a  and t h e  number o f  tokamak 

cyc le s  over t h e  l i f e  of  t h e  device .  The c o i l  c ros s  s e c t i o n  can be 

spec i f i ed  as e i t h e r  t r apezo ida l  a r  r ec t angu la r .  Coi l  weight is determined 

from t h e  TF c o i l  circumference,  c r o s s  sect- ion,  and void f r a c t i o n .  Cost i s  

determined as a func t ion  o f  conductor and s t ructure  w i g h t .  

An es t imate  i s  iiiad:: o f  t h e  s to red  magnetic energy and t h e  cyc le  

average ac l o s s e s  i n  t h e  c o i l  case  due t o  t h e  puls ing  polo ida l  f i e l d  (PF)  

c o i . 1 ~ .  The 'TF c o i l  may be superconductive o r  r e s i s t i v e .  Providing 

enhancement of  t h e  f ie]-d on a x i s  i s  po5si.ble by c a l l i n g  a copper i n s e r t  

subrout ine  . 
A subrout ine  of  t he  '1'F c o i l  module c a l c u l a t e s  bucki.iig cy l inde r  

th ickness  as a func t ion  of t he  TF c o i l  cex te r ing  f o r c e ,  t h e  al lowable 

y i e l d  stress, and t h e  bucking cy l inde r  ou te r  radi.us.  The thi-ckness of  

t h e  bucking cy l inde r  i s  chosen on t h e  b a s i s  of  compressive s t r e s s  o r  

buckling s t r e s s ,  whichever c r i t e r i o n  i s  t h e  most s t r ingent- .  

Poloidal  F ie ld  Co i l s  

The PF c o i l  module determines c o i l  c u r r e n t s ,  number o f  t u r n s ,  

l o c a t i o n s ,  r e s i s t i v e  l o s s e s ,  weights,  and c o s t  of t h e  PF system. The 

module maintains  t h e  PF c o i l s  i n  t h e  same y o s i t i o n  ( r e l a t i v e  t o  t h e  

plasma edgc, the bucking c y l i n d e r ,  che s h i e l d  he igh t ,  t h e  TF c o i l  

r a d i u s ,  e t c . )  as t h e  illpiit r e f e rence  PF c o i l  system. The equi l ibr ium 

f i e l d  (ET)  c o i l  c u r r e n t s  (as  a function. of  time) are sca led  Erom t h e  

input  r e fe rence  va lues  cons ider ing  changes i n  c o i l  l o c a t i o n s  and plasma 

c u r r e n t .  Ihe input  r e fe rence  E E  system, upon which t h e  sca l ing  i s  

based was dcr ived  cons ider ing  magiietohydl.odynamic- (MHD) requirements .  

The c u r r e n t  i n  t h e  OH solenoid i s  determined based on t h e  maximuIii iiiagnetic 

f i e l d  allowed i n  t h e  so lenoid .  The PI: c o i l s  iiiay be s p e c i f i e d  3s e i t h e r  

normal copper o r  superconducting. The conductor c r o s s  s e c t i o n  i s  determined 
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from t h e  ca l cu la t ed  c u r r e n t s  and input  va lues  o f  c u r r e n t  d e n s i t y .  

s t r u c t u r e  i s  based on an input  a l lowable s t r e s s *  

from the c o i l  c r o s s  s e c t i o n ,  circiiniference, and c o i l  void f r a c t i o n .  

Cost i s  computed s e p a r a t e l y  f o r  t h e  conductor and the case. 

Coil  

Weights are  ca l cu la t ed  

Inductances 

The inductance riiodulc c a l c u l a t e s  t h e  s e l f  ixiductamce and mutual 

inductance o f  t h e  3 F  c o i l s  and plasma. 

Gaussian i n t e g r a t j  ox) ant1 use e l l i p t i c  functions * 

d e n s i t y  over  the winding pack i s  assumed, 

Oak Kidgc Nat ional  Laboyatory (ORNE) and has been i n  use f o r  a number of  

The c a l c u l a t i o n s  a r e  based on 

A uniforrri current 

Thc program was devcloperl a t  

years .  2 

Flux Linkage 

The f lux  l inkage  module computes the vol t -seconds a v a i l a b l e  from 

t h e  PF system, EF systeiri p l u s  OH so lenoid ,  t o  induce t h e  plasma c u r r e n t  

and maintain it dur ing  t h e  burn.  

on t h e  c u r r e n t  waveforms €or each c o i l  generated i n  t h e  PF module and 

the inductance mat r ix  generated i n  t h e  inductance nodule.  The plasma 

c u r r e n t  and vol t -seconds requi red  f o r  s t a r t u p  a r e  computed i n  t h e  

phys ics  module. 

[assuming a Eul l  p l u s  (+) t o  minus ( - 3  f l u x  swing i n  t h e  01-1 solerioid] 

t han  i s  requi red  t o  induce t h e  plasma c u r r e n t ,  as s p e c i f i e d  by t.he 

phys ics  rnodt.de, t h e  excess  vol t -seconds a r e  a v a i l a b l e  t o  s u s t a i n  a burn 

pu l se .  

requi red  f o r  s t a r t u p ,  t h e  code will p r i n t  a message t o  t h a t  e f f e c t .  

systems code then  cont inues  based on one of  t h e  t h r e e  fol lowing opt ions  

c o n t r o l l e d  by t h e  v a r i a b l e  IOPT. If IOPT = 0, t h e r e  i s  no i t e r a t i o n  on 

burn time, and t h e  code cont inues  t o  t h e  next  module. An inpu t  va lue  of  

burn t ime,  contained i n  t h e  phys ics  i n p u t ?  i s  passed t o  t h e  remainder of 

the code ( t o  c a l c u l a t e  duty  f a c t o r ,  e t c . )  r e g a r d l e s s  of t h e  va lue  of 

burn t ime c a l c u l a t e d  by an excess  o r  de f i c i ency  of vol t -seconds from t h e  

PF system. I f  IOPT = 1, the a spec t  r a t i o  i s  ad jus t ed ,  through an  

i t e r a t i o n  back t o  t h e  phys ics  module, u n t i l  t h e  ca l cu la t ed  burn tiiiie, 

The a v a i l a b l e  vol t -seconds a r e  based 

If more vol t - seconds  are  produced by t h e  PF system 

If fewer vol t -seconds are provided by the PF system than  are  

The 
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based on induc t ive  vol t -seconds,  equals  t h e  input  va lue  o f  burn t ime. 

I f  IOPT -= 2 >  t h c  i n p u t  va lue  of burn  time i s  ad jus ted  through an i t e r a t i o n  

until it equals  t h e  ca l cu la t ed  va lue  of burn t ime c o n s i s t e n t  with the 

input  aspec t  r a t i o .  

Neutral  Beam Module 

The n e u t r a l  beam module c a l c u l a t e s  t h e  requi red  e l e c t r i c a l  power, 

source s ize ,  and pumping requirements t o  d e l i v e r  t he  n e u t r a l  power 

requi red  f o r  plasma hea t ing .  The beam p a r t i c l e  energy l e v e l  i s  

s p e c i f i e d .  Beam o p t i c s  i s  based on duc t  arid source geometry and on 

input  va lues  o f  a l lowable divergence ill t h e  ho r i zon ta l  and v e r t i c a l  

d i r e c t i o n .  A d i r e c t  recovery c f f i c i ency  va lue  can be s p e c i f i e d .  The 

number of beam l i n e s  and Lhc number of sources  per  beam a r e  s p e c i f i e d .  

‘The code d e t e ~ m i n e s  t h e  va r ious  e f f i c i e n c i e s  ( i * e . ,  g r i d ,  r e i o n i z a t i o n ,  

o p t i c a l  , e t c  .) i n  computing e l e c t r i c a l  power requireiiients. Costs a r e  

d e t c r d n e r l  f o r  1 /  n e u t r a l  beam coinponcnts and co l l ec t ed  i n t o  t h r e e  

c a t e g o r i e s ,  namely, mechanical, e l e c t r i c a l ,  and auxilia-cy c o s t s .  

E l e c t r i c a l  power requircments f o r  plasma hea t ing  during s t a r t u p  a r e  

provided by a motor-generator (MG) se t .  The s t e a d y - s t a t e  plasma hea t ing  

e l e c t r i c a l  power requirement,  f o r  dr iven  tokamaks, i s  taken from the 

u t i l i t y  g r i d .  

RF Module 

The radio-frequency (If?) module al lows t h e  choice of ion  cyc lo t ron  

resonance hea t ing  (XCRH), e l e c t r o n  cyc lo t ron  resonance hea t ing  ( K R H ) ,  o r  

lowcr hybrid resonance hea t ing  (LHKH) f o r  plasma hea l ing .  The e l e c t r i c a l  

power requirements and launching frequency of  t h e  rf heat ing  system are  

determined according t o  the  requi red  powcr de l ive red  t o  t h e  plasma. A 

va lue  of LtIRH-injected power f o r  cur ren t  d r i v e  can be s p e c i f i e d  by the 

user.  

assumed t o  be taken from t h e  u t i l i t y  g r i d .  

a r c  provided by a motor-generator s e t .  

The power requirement of t h e  s t e a d y - s t a t e  cu r ren t  d r i v e  i s  

S t a r t u p  power requirements 
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The c o s t s  f o r  ECKH and ICRH a r e  sca led  as a func t ion  of i n j e c t e d  

The c o s t  f o r  LHRH i s  based on est imated c o s t s  f o r  t h e  va r ious  power. 

system components. 

NB/?'F Coi l  I n t e r f a c e  

The n e u t r a l  beam (NE) /TF c o i l  i n t e r f a c e  module determines whe,tfier 

i n t e r f e r e n c e  occurs  between t h e  beam l i n e  and two adjacent  TF c o i l s .  

Beam and c o i l  p o s i t i o n s  and beam i n j e c t i o n  ang le s  are requi red  input  

parameters.  The requi red  and a v a i l a b l e  he ight  a t  t h e  i n t e r f a c e  are  

computed, as well as t h e  coord ina tes  of i n t e r s e c t i o n  p o i n t s  between t h e  

t o r u s  wall and t h e  i n j e c t o r .  When e i t h e r  t h e  width o r  he ight  of  t h e  

i n j e c t o r  exceeds t h e  a v a i l a b l e  width o r  he ight  between t h e  two adjacent  

TF c o i l s ,  a corresponding warning message i s  p r in t ed .  

PF Electrical 

The e lec t r ic  power conversion module determines t h e  timc-varyi.ng 

megavolt-ampere (MVA) requirement f o r  t h e  ac- to-dc power conversion 

equipment and t h e  energy s to rage  capac i ty  o f  t h e  motor-generator f l y -  

wheel se ts  used t o  bu f fe r  t h e  e l e c t r i c  u t i l i t y  g r i d  from t h e  tokamak. 

Stored energy, MVA, and vo l t ages  dur ing  t h c  startup, burn, and shutdown 

p o r t i o n s  o f  t h e  tokamak opera t ing  c y c l e  are determined. 

module inc ludes  c o i l  and plasma c u r r e n t ,  s t a r t u p  and shutdown time 

i n t e r v a l s ,  and mutual inductancc va lues .  Cost i s  est imated from power 

requirements ,  s to red  energy, buss lengths ,  e t c .  

Input t o  t h e  

Reactor Cell Module 

The r e a c t o r  bu i ld ing  module determines the s ize  of  the r e a c t o r  

bu i ld ing  and h o t - c e l l  f a c i l i t y  and t h e  th i ckness  of the r e a c t o r  bu i ld ing  

walls requi red  f o r  b i o l o g i c a l  sh i e ld ing .  The bu i ld ing  may be e i t h e r  

c y l i n d r i c a l  o r  r ec t angu la r ,  depending on input  op t ion .  The s ize  may 

be input  d i r e c t l y ,  o r  it may be determined us ing  device  dimensions 

ca l cu la t ed  i n  o the r  modules, p l u s  inpu t  concerning maintenance opera t ions  
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If t h e  s i z e  o f  t h e  r e a c t o r  bu i ld ing  i s  c a l c u l a t e d ,  as opposed t o  i.nput, 

it i s  s i zed  according t o  a series of conceritr ic r i n g s  r ep resen t ing  

c learance  f o r  var ious  device componerits and mairitenance opera-Lions, 

t oge the r  wi t , i a  an o f f - cen te r  r i n g  t o  a l low f o r  PI: c o i l  laydown a r e a ,  

r e a c t o r  bu i ld ing  he ight  i s  keyed t o  t h e  he ight  o f  tlie bucking cy l inde r .  

'The s i z e  of  t h e  hot  c e l l  i.s sca led  according t o  the removable s h i e l d  

s e c t o r  s i z e .  

The 

The c o s t  o f  t h e  r e a c t o r  bu i ld ing  and ho t  c e l l  i s  sca led  with 

bu i ld ing  volume. 

Torus Vacuum Systems Module 

The vacuum module determines t h e  minimum vacuum system needed t o  

handlc a gas  load:  (1) dur ing  t h e  burn, ( 2 )  between burns,  and ( 3 )  f o r  

i n i t i a l  pumpdowi!. The gas load and an a s soc ia t ed  t o t a l  pumping speed 

are computed f o r  t h e  above op t ions .  

then  used t o  s i z e  t h e  vacuum system. ihe  s i z e  of the vacuum duc t s  i s  

usua l ly  what limits vacuiim system peTformance. Therefore,  an i t e r a t ive  

rout i l ie  i s  used t o  determine (1) t h e  r equ i r ed  number o f  ducts i f  the  

i d i v i d u a l  pwiip speed arid duc t  dinierisions are unchanged 

duct  diaineter i f  t h e  ind iv idua l  pump speed and duc t  number a r e  f i x e d ,  

and ( 3 )  the requi red  p ~ m p  speed i f  t h e  duct  dimensions and nimber a r e  

f i x e d  a t  a nonextreme l i m i t .  Once t h e  vacuum system i s  s i zed ,  t h e  major 

components (high vacuum pumps needed, backup pwnps, and la rge-d iameter  

metal  va lves)  are costed assuming e i t h e r  c ryosorp t ion  pumps o r  turbo- 

molecular pumps. 

ing  t h e  input-duct  diameter and t h e  ca l cu la t ed  nuniher o f  duct  and pump 

speed e 

'l'he most s t r i n g e n t  requirement i s  

( 2 )  t h e  r equ i r ed  

The vacuum system c o s t  i s  based on t h a t  system maintain.  

I'he C O S L  o f  mie lcar  sh i e ld ing  i s  a l s o  estiiiiated f o r  t h e  vacuum duc t s .  

The s h i e l d  th ickness  i s  keyed t o  t h e  oiitboai-d bill k s h i e l d  th ickness .  

'hi tium Processing 

The tritium module determines mass flow rates f o r  t h e  primary 

t r i e ium/deu tc r iun  f u e l  cyc le .  T r i t i u m  inven to r i e s  i n  a l l  major systems 

are ca l cu la t ed .  An atmospheric tritium recovery system i s  assumed i n  
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Four areas ( r e a c t o r  h a l l ,  ho t  c e l l ,  tritium bu i ld ing ,  and rad-waste 

bu i ld ing ) .  Cap i t a l  c o s t s  f o r  t h e  major t r i t i u m  systems are ca l cu la t ed  

us ing  information suppl ied  by Los Alamos Nat ional  Laboratory (I,ML), 

Mound f a c i l i t y  (operated by Monsanto Research Corp. ) and Tokamak Fusion 

Test Reactor (TFTR). Key parameters input  by t h e  u s e r  are t h e  c o s t  of 

t r i t i u m ,  removal e f f i c i e n c y  of  t h e  atmospheric t r i t i u m  recovery un i t s ,  

axid d e s i r e d  cleanup t i n c  f o r  each bu i ld ing  t h a t  has  an atmospheric 

t r i t i u m  recovery u n i t .  

Fuel ing 

The fue1.ing module c a l e u l a t e s  p e r t i n e n t  design requirements and 

c o s t  d a t a  f o r  t h e  p e l l e t  i n j e c t o r s ,  gas i n j e c t o r s ,  and suppor t ing  systems. 

The code reads  t h e  u s e r ' s  d a t a  f i l e  and s e l e c t e d  d a t a  from t h e  physi.cs 

code, f u e l  process ing  code, TF c o i l  code, arid t h e  f i rs t  wal l  and s h i e l d  

code. These data  are used t o  compute requirements f o r  p e l l e t  v e l o c i t y ,  

p e l l e t  weigh.t, p e l l e t  r a t e ,  vacuum power, helium r e f r i g e r a t i o n ,  n i t rogen  

refr igerat . ioiz ,  and major equipment cos t .  

TF E l e c t r i c a l  Power 

l'he 'TF e l e c t r i c a l  power code determines design and c o s t  d a t a  f o r  

t h e  '1'F power conversion systems having r e s i s t i v e  coi.13, superconducting 

c o i l s ,  o r  a. combination o f  r e s i s t i v e  and superconducti-ng c o i l s .  The 

code determines requirements  and c o s t  f o r  power supp l i e s  ~ bu.siiig, load 

c e n t e r s ,  c o i l  p r o t e c t i o n  equipment, and a s soc ia t ed  c o n t r o l s  and i n s t r u -  

mentation. 

volume needed f o r  t h e  equipment 

I t  a l s o  provides  an  e s t ima te  of t h e  f l o o r  space and bu i ld ing  

Considerat ion i s  given t o  t h e  dj.:fferent ope ra t ing  modes of r e s i s t i v e  

and superconducting c o i l s .  

p r o t e c t i o n  equi.pment as t h e  superconducting c o i l s ,  sirice they  are always 

i n  t h e  r e s i s t i v e  s ta te .  

superconductirig s t a t e ,  bu t  they  can go r e s i s t i v e  i f  t h e  design opera t ing  

environment becomes unfavorable  due t o  f a u l t y  equipment o r  ope ra to r  e r r o r .  

Res i s t ive  c o i l s  do not  need as much c o i l  

Superconducting c o i l s  a r e  operated near  4K i n  t h e  
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Under these  cond i t ions ,  t h e  superconducting c o i l s  must be di  scharged 

quick ly  without exceeding t h e i r  design vol tage .  The res i s ' c ivc  TT c o i l s  

r e q u i r e  much iirore power than  t h e  supen-onducti ng c o i l s  and ~ hence, more 

power-conversion equipme??. 

Fac i 1 it i .es Module 

The f a c i l i t j e s  module determines t h e  s i z e  and cos t  of  a l l  c u r r e n t l y  

considered f a c i l i t i e s  ancl bu i ld ings ,  except f o r  r e a c t o r  bu i ld ings  ancl 

h o t - c c l l  f a c i l i t i e s ,  which a r e  ca l cu la t ed  i n  t h e  r e a c t o r  c e l l  module, 

I'hc bu i ld ings  c u r r e n t l y  modeled a re :  

r e a c t o r  bu i ld ing  

hot  -c e l  1 fac i 1 i t y  

i n t ake  s t r u c t u r e s  

wa t er t r e a t  in en t bu i 1 d i n g  

r e c i r c u l  a t i  on s t r u c t u r e s  

T'r c o i l  e l e c t r i c a l  equipmenl 

0:I and PF e l e c t r i c a l  equipment 

bulk hea t ing  e l e c t r i c a l  equipment 

motor -generator  f lyv,lieel bu i ld ing  

cryogenic r e f r i g e r a t i o l i  bu i ld ing  

t r i t i u m  processing bui ld ing  

v e n t i l a t i o n  bui ld ing  

rad i oac t ivc -waste bui  Id irig 

con t ro l  room bui ld ing  

d i e s e l  genera tor  btii l d ing  

admin i s t r a t ion  bui ld ing  

iilockup and shop bui ld ing  

c o ~ i t r o l  room t lriinel 

v e n t i l a t i o n  s t ack  

'ihe dimensions o r  valurne5 of  each of  t hc  above bui ld ings  may be 

d i r e c t l y  iiiput by  Lhe u5er i f  so  de.;ired. 

t o  s i L e  c e r t a i n  bui ld ings  based on d a t a  gencraLed i n  o t h e r  I i d u l e s ,  

siich as the b u i l d i n g  housing the e l ec t r i ca l .  equipmcxt sild the MG se ts .  

Options a l s o  aye a v a i l a b l e  



Also, t h e  volume of  t h e  mockup and shop bui ld ing  can be sca led  as a 

percentage of  t h e  r e a c t o r  bu i ld ing  and h o t - c e l l  volumes. 

Costs  are  determined by applying u n i t  c o s t  f a c t o r s  (dol lars /m3) t o  

t h e  bu i ld ing  volumes i n  ques t ion .  

be c o n s i s t e n t  wi th  t h e  type  of  bu i ld ing  being cos ted .  

The u n i t - c o s t  f a c t o r s  a r e  chosen t o  

Heat Transport  Module 

The hea t  t r a n s p o r t  module c o l l e c t s  hea t  generated i n  t h e  va r ious  

r e a c t o r  and f a c i l i t y  components arid e s t ima tes  t h e  d i r e c t  c o s t  o f  t h e  

requi red  hea t  t r a n s p o r t  system components. The components r e q u i r i n g  

hea t  removal inc lude  (1) r e a c t o r  components (such as f i r s t  wall, s h i e l d ,  

limiter, n e u t r a l  beams/rf h e a t e r s ,  r e s i s t i v e  TF c o i l s ,  t r i t i u m  

processing)  and ( 2 )  f a c i l i t i e s  components (such as cryosystem components, 

ac/dc conversion components, and o t h e r  f a c i l i t y - r e l a t e d  components). 

Nei ther  a b lanket  nor power conversion system i s  considered i n  t h i s  

ve r s ion  o f  t h e  tokamak systems code. 

AC Power Module 

The ac power systems module accumulates t h e  power requirements ,  which 

a r e  determined i n  o t h e r  modules of  t h e  code, f o r  t h e  pulsed power, 

f a c i l i t y  power, and backup power systems. This  module computes 

i n s t a l l e d  c o s t s  f o r  cab le s ,  s t r u c t u r e s ,  c i r c u i t  b reakers ,  switches,  

t ransformers ,  d i e s e l  genera tors ,  and no-break power supp l i e s  as a 

func t ion  of r equ i r ed  power. Lightning a r r e s t o r s  and a u x i l i a r y  cool ing  

a r e  included i n  t h e  c o s t  of  t h e  t ransformers .  l s o l a t i o n  switches and 

ins t rumenta t ion  and c o n t r o l s  ( I K )  are included i n  t h e  p r i c e  o f  t h e  

c i r c u i t  b reakers .  

Ins t rumenta t ion  and Control Module 

The superv isory  JGC code uses  input  d a t a  and d a t a  generated i n  

o t h e r  system code modules t o  determine c o s t  c a l c u l a t i o n s  f o r  e leven groups 

of  process  IGC,  f o r  t e n  groups of plasma d i a g n o s t i c s  ins t rumenta t ion ,  and 

f o r  one a rch iv ing  computer, The d i a g n o s t i c s  ins t rumenta t ion  c o s t  i s  
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c a l c u l a t e d  f o r  any one of t h e  ope ra t ing  phases (hydrogen, deuteriLlm, 07: 

t r i t i u m )  as d i r e c t e d  by u s e r -  input  da t a .  

Maintmance Equipment Module 

The rnainteiilince equ i -pen t  module i s  a compilatioin o f  equipment t h a t  

.is used f o r  con tac t  and remote maintenai-ice opera t ions .  

equipment i s  composed of  items t h a t  a r e  f i x e d  i.n s i z e  and those ,  such as 

c ranes ,  which vary i n  s i z e  according t o  t h e  weight of  t h e  equipment 

being t r anspor t ed .  

t i o n s  i s  accomplished by changing t h e  d e f a u l t  input  d a t a ,  e i t h e r  by 

a d j u s t i n g  t h e  equipment u n i t  c o s t s  o r  by changing t h e  requi red  number o f  

equipment u n i t s  needed i n  t h e  r e a c t o r  bu i ld ing  arid hot  c e l l .  The module 

output  c o n s i s t s  o f  a l i s t i n g  o f  30 equipment i tems,  thei . r  u n i t  cos t ,  the 

requi red  number f o r  t h e  r e a c t o r  and t h e  hot  c e l l ,  and t h e  t o t a l  cos t  f o r  

each. In add i t ion ,  t h e  s u b t o t a l  €or t h e  reactor bu i ld ing  arid ho t - ce l l  

equipment c o s t s  a r e  sho\vrl, along w i t h  a t o t a l  f o r  a l l  equipment c o s t s .  

This l i s t  of  

Applying t h i s  module t o  d i f f e r e n t  tokamak configura-  

Cos t  Accounting 

The c o s t  inodule c o l l e c t s  and sums t h e  c o s t s  generated i n  t h e  o t h e r  

systems code modules c o n s i s t e n t  with a s tandard code of accounts sug- 

ges ted  i n  r e f .  3 ,  The input  {unit cos t  va lues  f o r  t h ~  sample case 

included i n  t h e  "User 's  Guide" s e c t i o n  o f  t h i s  r e p o r t  a r e  in 1983 d o l l a r s .  
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TSC USER'S  G U I D E  

1. INTRODUC'X'ION 

The 'I'ok.arnak Systems Code (TSC) i s  a major program cornpri>,ud of  

22 ca l cu la t io r i a l  modules (Table 1 ) .  

every e f f o r t  has  been made t o  s impl i fy  i t s  use  so t h a t  t h e  u s e r  can 

concen t r a t e  on ob ta in ing  r e s u l t s .  

l i s t  format and comes from a s i n g l e  inpu t  f i l e .  Reference cases  no t  

only con ta in  complete,  c o n s i s t e n t  i npu t  d a t a ,  bu t  a l s o  con ta in  b r i e f  

d e f i n i t i o n s  of  most of t h c  inpu t  v a r i a b l e s .  

c o l l e c t e d  i n t o  a s i n g l e  output  f i l e  s u i t a b l e  f o r  p r i n t i n g .  

are a l s o  a v a i l a b l e  f o r  each module, should they  bc des i r ed .  

t h e  i n p u t ,  ou tpu t ,  p l o t ,  and i n t e r n a l  d a t a  (block da ta )  f i l e s  can be 

c o n t r o l l e d  by t h e  user. 

Even though t h e  TSC i s  complex, 

A l l  input  t o  t h e  program i s  i n  name- 

The output  i s  au tomat ica l ly  

Output f i l e s  

Names o f  

The inpu t  con ta ins  about 300 v a r i a b l e s  t o  allow t h e  user t o  

desc r ibe  most of  t h e  major tokamak systems. 

programs, t h e  i n i t i a l  e f f o r t s  of a prospec t ive  u s e r  should be t o  become 

familiar with r e fe rence  cases similiar t o  h i s  case.  With seve ra l  

r e fe rence  cases  a v a i l a b l e ,  t h e  usc r  should be a b l e  t o  f ind  a case  with 

many s imilar i t ies  wi th  h i s  case. Then he w i l l  l i k e l y  have many systems 

which w i l l  r e q u i r e  no changes i n  input  v a r i a b l e s  t o  o b t a i n  s a t i s f a c t o r y  

r e s u l t s  . 

A s  with many complex 

IJsing t h e  TSC r e q u i r e s  f i v e  major S teps :  

1. 

2 .  

3 .  execut ing TSC, 

4 .  p r i n t i n g  o r  reviewing t h e  output ,  and 

5.  l o c a l  f i l e  axea cleanup. 

prepar ing  t h e  l o c a l  f i l e  area f o r  TSC execut ion,  

prepar ing  t h e  input  f o r  TSC, 

The fol lowing d e t a i l e d  d e s c r i p t i o n s  f o r  execut ing t h e  TSC assume t h a t  

t h e  u s e r  has an account and password on t h e  NMFECC and has a b a s i c  

knowledge of us ing  t h e  Cray computers. 

L, systems a t  NMFECC, 

a s e  presented  as nea r ly  l i k e  those  t h e  use r  w i l l  see on a CRT screen  as 

The TSC runs  on e i t h e r  t h e  C o r  

In t h e  fol lowing d i scuss ions ,  t h e  command l i n e s  
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a Table 1. Module names and corresponding output  f i l e  names 
- ._. .-. . .. . ___. _ ~ . _ _ _ I I _ _ _ _ _ _  

Module name Descr ipt ion Output f i l e  name 

PHYSIC 

FWS 

TF 

PF 

RBI- 

I N D U C T  

VSE C 

N B  

RFIi 

N B GE OM 

E LEPOW 

REABLG 

'TKI'I' 

vac 

FUEL 

'I'FPOW 

FAC I L 

MEQP T 

H T  s 

ac P ow 

I AC 

SUM 

Plasma physics  and s c a l i n g  

Firs t  w a l l ,  s h i e l d ,  and Limiter  

Toroidal  f i e l d  c o i l s ,  inc luding  copper 
i n s e r t  c o i l s ,  i f  used 

Polo ida l  f i e l d  c o i l s  

Radial bu i ld  t a b l e  

Induct anc e c a 1 cu 1 a t  i 011s 

Volt-seconds c a l c u l a t i o n s  

Neutral  beam systems 

Radio frequency hea t ing  systems 

Neutral  beam geometry c a l c u l a t i o n s  

E l e c t r i c a l  equipment systems f o r  pulsed 
power systems (mainly PF and hea t ing)  

Reactor bu i ld ing  and hot  c e l l  f a c i l i t y  

Tri t ium handling systems 

Plasma chamber vacuum system 

P c l l e t  f u e l i n g  system 

Toroidal  f i e l d  e l e c t r i c  power systeiii 

Building and f a c i l i t i e s  d e s c r i p t i o n  

Maintenance equipment 

Heat t r a n s p o r t  systcins 

Al te rna t ing  cu r ren t  e l e c t i c a l  power 
systems 

Instrumentat ion arid con t ro l  systems 

Summation o f  c o s t s  f o r  outpiit 

PHYTYP 

FWSTYP 

TFTYP 

PFTYP 

RBTTYP 

MTXTYP 

VSTYP 

NBTYP 

RFI'YP 

NBGE'TYP 

ELETYP 

RBTYP 

TR I'I-'TY P 

VAC'TYP 

FUELTYP 

TFPTYP 

FACTYP 

MEQTYP 

HTSTYP 

ACP'TYP 

IACTYP 

C 0 STT Y P 
.....I.-____I__ . . 

Module names a r e  given i n  t h e  ordcr  i n  which they  a r e  c a l l e d  when 
no i t e r a t i o n s  are  needed. 

a 
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poss ib l e .  Exclamation marks r e p r e s e n t  t h e  l i ne - f eed  key (or  ESC key on 

some te rmina ls )  and a r e  presented  a5 t h e  u s e r  would s e e  them. User- 

suppl ied  information i s  shown enclosed i n  angle  bracke ts  (<>) with a 

b r i e f  d e s c r i p t i o n .  

c h a r a c t e r s  o r  fewer and r e q u i r e s  a l l  commaiids i n  lower case  (upper case 

t e rmina l s  should use an op t ion  t o  allow appropr i a t e  t r a n s l a t i o n ) .  F i l e  

names and commands are presented i n  upper case i n  t h e  t e x t  f o r  c l a r i t y .  

The Cray computer r e s t r i c t s  f i l e  names t o  e igh t  

2. LOCAL F I L E  AREA PREPARATION 

In o rde r  t o  execute  TSC, seve ra l  f i l e s  must be a v a i l a b l e  i n  t h e  

u s e r ' s  l o c a l  f i l e  area. 

i s  with t h e  fol lowing sequence of commands: 

The easiest  way t o  e s t a b l i s h  these  f i l e s  
* 

filem read  14362 .tsc.v3 t scd l ib!end  

l i b  t s cd l ib !x  a l l .  !end 

The F l L E M  u t i l i t y  r e t r i e v e s  t h e  f i l e  TSCDLIB from i t s  s to rage  p l ace  i n  

t h e  FILEM s to rage  area. 

TSCDLIB f i l e  so t h a t  t hey  can be used by t h e  u s e r .  

necessary  t o  execute  TSC t h a t  w i l l  be ex t r ac t ed  from TSCDLIB are 

The L I B  u t i l i t y  unpacks t h e  f i l e s  s to red  i n  t h e  

The f i l e s  

t s c x  

c o s t a c t  

user -suppl ied  input  f i l e  

The TSCDLIB f i l e  con ta ins  seve ra l  r e fe rence  d a t a  cases, as wel l  as t h e  

f i l e s  necessary  t o  execute  TSC (Sect .  3 ) .  I t  i s  recommended t h a t  t h e  

* 
The exclamation mark (!) i n  t h e  f irst  sea.uence r e p r e s e n t s  t h e  

Press  a l i n e  feed  (or  ESC key on some l ine- feed  command sepa ra to r .  
t e rmina l s )  a t  t h i s  p o i n t .  
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use r  use  t h e  TSCDLIB f i l e  t o  s t o r e  h i s  unique input  f i l e s  and make a 

copy o f  TSCDLIB i n  h i s  o m  FILEM area. 

perform these  func t ions  a r e  

The commands necessary- t o  
i- 

l i b  t s c d l i b ! a  < i n p u t  f i l e  namez!end (3) 

This command adds the  u s e r ' s  input  f i l e  t o  t h e  l i b r a r y  f i l e  TSCDLTB. 

Once t h e  f i l e  has been added, t he  l i b r a r y  f i l e  can be tipdated wi th  

the fol lowing command: 

1 i b  t s c d l  i b  !u ! end (4 1 

For o the r  uses  of  t h e  LIB u t i l i t y  arid t o  use FI1,EM t o  save a permanent 

copy o f  your f i l e s ,  see t he  NMFECC documentation. 

2,1 Prepara t ion  of TSC Input 

A l l  t h e  TSC input  must be i n  one f i l e  t h a t  con ta ins  two naniel is ts ,  

CONTKL and INALJ, .  l h e  CONTRL namel i s t  con ta ins  information ti, con t ro l  

t h e  input  and output  For t h e  program and name the  output  f i l e s .  Thc 

INAT,J, namel i s t  con ta ins  a l l  t he  input  va lues  f o r  t h e  c a l c u l a t i o n a l  

niodulcs. A re fe rence  case  should be uscd t o  e s t a b l i s h  t h e  form and 

i n i t i a l  va lues  f o r  t h e  input  f i l e .  The geneml  €om f o r  INALI, namelis t  

input  and t h e  input  f o r  t h e  CONTRL namelis t  i s  d iscussed  below. 

2 . 2  Input f o r  t h e  INALL Namelist 

The input  f o r  each iiiodule i s  d iscussed  f o r  t h a t  p a r t i c u l a r  module 

i n  t h e  appendix. 

input  i s  cha rac t c r i zed  by t h e  name o f  t h e  v a r i a b l e  t o  be suppl ied followed 

by an equals  s ign  (=), followed by t h e  input  value.  Several  v a r i a b l e s  

can  be placed on a s i n g l e  l i n e  and can be separa ted  by e i t h e r  spaces o r  

Namelist input  foT the TSC i s  format - f ree  inpu t .  The 

ll..-l_ * 
The angle  b racke t s  (e)  i n d i c a t e  user-suppl ied information,  Do 

not  include t h e  a n g l e  b racke ts  i n  t h e  command l i n e .  
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commas. Some v a r i a b l e s  a r e  a r r a y s  and r e q u i r e  a d d i t i o n a l  a t t e n t i o n  t o  

input  form. Axray va lues  can be input  i n  a number of ways. 1ndividua.l 

array va lues  can  be iiipzzt, implied DO loops can be s p e c i f i e d ,  o r  va lues  

can be input  i n  t h e  o rde r  o f  s t o r a g e .  ?'he forms shown i n  t h e  r e fe rence  

c a s e s  should be followed when changing o r  a-dding t o  a r r a y  v a r i a b l e s .  A 

t e x t  e d i t o r  ( e . g . ,  T R l X G L  OS TEUI) can be used t o  inodify and add t o  t h e  

inpu t  fi.le. 

2 e 3 Input fo r  CONTRL Namelist 

The CON'TKL namel i s t  is used t o  c o n t r o l  t h e  inpu t  and output  of  

'T'he f i l e  names TSC. 

f o r  input  aid. oi-atput. can be overr idden on the  execut ion conmiand l i n e .  

The vari.ab1.e IOUT can be used t i 3  t u r n  o f f  a l l  ou tput ,  bu t  t h i s  a c t i o n  

does no t  make sense except i n  cert.ain advanced a p p l i c a t i o n s  t h a t  are  

c u r r e n t l y  under development, The block. d a t a  f i l e s  c o n t r o l l e d  by t h e  

I N U L K  and. OU'TBLK v a r i a b l e s  i s  a l s o  an advanced f e a t u r e  f o r  u se  i n  ?'SC 

development and has not  y e t  been f u l l y  implemented. 

The inpu t  var ia .b les  are  descr ibed i n  Table 2 .  

3 .  TSC EXECUTION 

3 . 1  Normal Execution 

Once the  l o c a l  f i l e s  a r e a  i s  prepared and t h e  input  i s  ready,  t h e  

execut ion of TSC i s  s t r a igh t fo rward .  The command l i n e  t akes  t h e  fol lowing 

form : 

t s c x  i = <input  f i l e  name> (5) 

where input  f i l e  name i s  t h e  user's input  f i l e .  

3 . 2  Advanced F i l e  Control 

A number of  f i l e  c o n t r o l  op t ions  a r e  provided t o  al low the u s e r  as 

much f l e x i b i l i t y  as p o s s i b l e  t o  name and c o n t r o l  f i l e s .  However, t h i s  

added f l e x i b i l i t y  may tend t o  cause some confusion.  If so ,  t he  
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Tablc 2 .  CONTRL namel i s t  input  parameters 

Symbo 1 Des c r  i p  t ion  
a IJni t Soiirc e 

INBLK 

I O I N  

IOUT 

IPLOI 

OUTBLK 

OUTF I L 

P LTNAM 

RUNMOD 

Name of t h e  input  block d a t a  f i l e  f o r  r e s t a r t  
o r  s ing1  e module execution 

Input con t ro l  op t ion  (only i o i n  := 1 i s  
recognized) 

Output con t ro l  op t ion;  i o u t  = 0 t u r n s  o f f  
most output ;  i o u t  = 1 t u r n s  on normal 
output  

P l o t  con t ro l  op t ion;  i p l o t  = 0 means no p l o t  
of  conf igura t ion ;  i p l o t  = 1 means t o  p l o t  
con f i gur a t ion  

Name of  t h e  output  block d a t a  f i l e  

Name o f  the combined output  f i l e  

Pa r t i a l  name of t h e  p l o t  f i l e  f o r  t h e  
conf igu ra t ion  (middle four cha rac t e r s )  

Name o f  t h e  module t o  be run;  ruiunod = 
"al l"  runs t h e  e n t i r e  TSC 

a Source: U = input  i s  suppl ied by use r ;  C = input  flows i n  from 
o the r  modules of t h e  code. 
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recommended method i s  given i n  E q .  ( 5 ) .  

execute  TSC and has  been provided €or completeness.  

f o r  a l l  t h e  op t ions  i s  

This  s e c t i o n  i s  no t  requi red  t o  

The command l i n e  

t s c x  <user o p t i o n s  ( 6 )  

where t h e  u s e r  op t ions  can be any o r  a l l  o f  t h e  fol lowing.  

are  requi red  i f  on ly  d e f a u l t  f i l e  names are  s a t i s f a c t o r y .  

on t h e  execut ion l i n e  ove r r ide  any corresponding f i l e  names i n  t h e  

CONTRL namel i s t .  

No op t ions  

The op t ions  

i = <inpu t  f i l e  name> (7 1 

If no input  f i l e  name i s  suppl ied ,  then  t h e  input  w i l l  come from TSCINDT. 

o = <output  f i l e  name> ( 8  1 

If no output  f i l e  name i s  suppl ied ,  then  one of t h e  fol lowing f i l e  names 

w i l l  be used, depending on t h e  OUTFIL v a r i a b l e  i n  t h e  CONTRL namel i s t .  

< f i l e  name assigned t o  o u t f i l >  (from CONTRL namel i s t )  

OUTFILE (de fau l t )  

F i l e  Control Examples: 

The fol lowing examples should he lp  expla in  t h e s e  va r ious  f i l e  con t ro l  

op t ions .  

Assume t h a t  t h e  CONTRL namel i s t  has  t h e  v a r i a b l e  s p e c i f i c a t i o n s  

i n b l k  = ! I ,  o u t f i l  = "dctout" , 

t hen  t h e  command l i n e  

t s c x  

(9) 

uses  TSCINDT as t h e  input  f i l e  and DCTOUT as t h e  output  f i l e  name. 
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The cormand l i n e  

t s c x  i = d c t i n  

uses  DCTIN as t h e  input  f i l e  and DCTOUT as the  outpiit f i l e  name. 

The command l i n e  

t s c x  i = dcti .n,  o = dct8out  

uses DCTIN a s  t h e  inpiit f i l e  and DC1'80LJT as t h e  output  f i l @  name. 

4 .  REVIEWING OUTPUT 

4 . 1  Output During Execution 

A t e r s e  log  o f  program a c t i v i t y  i s  d isp layed  at t h e  terniinal 

during TSC exeru t ion .  This  log shows t he  names o f  a l l  i npu t ,  

ou tpu l ,  and p l o t  f i l e s  used by t h e  program. 

key modules i s  announced as t h e i r  execut ion i s  s t a r t e d ,  This  a l lows 

t h e  user  t o  see t he  i t e r a t i o n s  t h a t  may be tdking p l ace .  Est imates  of  

computer time a r e  a l s o  d isp layed  i n  t h e  log but  should only be used f o r  

comparison of  d i f f e r e n t  TSC runs .  

messages may a l s o  appear i n  t he  log .  

nanic o f  t h e  module where the d i f f i  c u l t i c s  were encountered, but  t h i s  

module may d i f f e r  s u b s t a n t i a l l y  from t h e  l o c a t i o n  where t h e  e r r o r  was 

f irst  i i i troduced. Detai led e r r o r  c o r r e c t i o n  i s  beyond t h e  scope o f  

t h i s  document and will probably r e q u i r e  t h e  a s s i s t a n c e  o f  a TSC consu l t an t .  

Most d i f f i c u l t  e r rors  r e q u i r e  tho  use o f  t he  D D T  u t i l i t y  program and a 

copy o f  t h e  FORTRAN source code f o r  r e s o l u t i o n .  

The execut ion o l  a few 

A number of c r ror  and warning 

These messages o f t e n  g ive  the 

4 . 2  Coinplet e TSC Output 

The complete TSC output  i s  c o l l e c t e d  i n t o  a s i n g l e  f i l e  t h a t  can 

be named by t h e  use r  e i t h e r  on t h e  execut ion conmiand l i n e  o r  i n  t h e  

CONTKL riairielist. This  output  f i l e  conta ins  a copy of t h e  terminal  log 
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f i l e ,  inc luding  t h e  names of t h e  output  and p l o t  F i l e s ,  a 

output  from each module, and a l i s t i n g  of the  input  f i l e .  

u t i l i t y  program i s  normally used t o  p r i n t  t h e  output  f i l e  

p r i n t e r .  However, any of  t h c  va r ious  forms of output  ava 

NhIFECC users may be used t o  recover  t h e  output  f i l e .  The  

l i n e  f o r  p r i n t i n g  t h e  TSC output  f i l e  i s  

ne tou t  <output  f i l e  name> si.te = <user s i t e  des igna t  

copy o f  t h e  

The NETOUT 

a t  t h e  loca l  

l a b l e  t o  t h e  

NETOUT c orruna~~l 

L1,. 3 Ind iv idua l  Module Output 

The e n t i r e  TSC output  r e s u l t s  i n  30 t o  40 pages of p r i n t e d  output .  

F i l e s  of t h i s  s i z e  are u s u a l l y  awkward t o  review from te rmina ls .  Thus, 

i f  review of  s p e c i f i c  module r e s u l t s  i s  des i r ed ,  t h e  ind iv idua l  module 

output  f i l e  may h c  more convenient t o  review. 'These rnodille ou tput  f i l e s  

can be reviewed from t h c  te rmina l  u s ing  any of  t h e  va r ious  t e x t  e d i t o r s .  

The module output  f i l e  name i s  u s u a l l y  a con t r ac t ed  ( t h r e e  o r  four 

cha rac t e r s )  n,me of  t h e  module with t h e  c h a r a c t e r s  TYP appended, 

e x a q l e ,  t h e  output  from t h e  phys ics  module i s  named PHYIYB. 

Table 2 f o r  a l is t  of  modules and t h e i r  a s soc ia t ed  output  f i l e  names.) 

The names of t h e s e  output  f i l e s  should be included i n  t h e  module desc r ip -  

t i o n s  i n  t h e  appendix. 

Fol- 

(See 

4 .4  P l o t  Output from TSC 

P l o t s  t h a t  show t h e  p l an  and e l c v a t i o n  views of  t h e  tokamak device  

being analyzed can be c rea t ed  by TSC. The tokamak device  views a r e  

obtained by invoking t h e  p l a t t i n g  opt ion  i n  t h e  CONTRL namel i s t  ( i . e . ,  

IPLOT = 1). The f i l e  name f o r  t h e  p l o t  can be p a r t i a l l y  con t ro l l ed  by 

spec i fy ing  up t o  four  c h a r a c t e r s  f o r  t he  v a r i a b l e  PLTNAM ( e . g . ,  PLTNAM = 

'1DCT8tf). These four c h a r a c t e r s  w i l l  b e  t h e  middle f o u r  cha rac t e r s  of 

t h e  p l o t  f i l e  name. 

two c h a r a c t e r s  w i l l  be  " O X f 1 .  

disp layed  i n  t h e  te rmina l  log  of execut ion and i s  included i n  t h e  

complete output  f i l e .  

The f i rs t  two c h a r a c t e r s  w i l l  be "F4I' and t h e  las t  

In any case, t h e  p l o t  f i l e  name w i l l  be  
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'Ihe NETPLOT u t i l i t y  program i s  normally used t o  recover  t h e  

p l o t  f i l e  information.  

p l o t  f i l e s  i s  

The NETPLOT command l i n e  used t o  recover  t h e  

n e t p l o t  < p l o t  f i l e  name, s i t e  = <user  s i t e  des igna t ion> (14)  

5 .  LOCAL F I L E  AREA CLEANlJP 

An important p a r t  of  us ing  t h e  NMFECC system i s  maintaining an 

o r d e r l y  l o c a l  f i l e  a r e a .  In us ing  t h e  TSC, t h e  u s e r  i s  r e spons ib l e  

f o r  saving any f i l e s  he may wish t o  keep. 

output  f i l e s  with t h e  saiiie names, 

permanent f i l e s ,  

input  f i l e s  t oge the r  with t h e  'I'SC execution f i l e s  i n  t h e  TSCDLIB l i b r a r y  

f i l e .  

saved by t h e  use r  using FILEM. 

from t h e  u s e r ' s  l o c a l  f i l e  a r e a  using t h e  DESTROY u t i l i t y  program. 

The TSC will overwr i te  any 

The program does not  save any 

A u se fu l  procedure i s  t o  maintain a l l  t he  user-suppl ied 

Output and p l o t  f i l e s  t h a t  t h e  use r  wishes t o  save should be 

Any unnecessary f i l e s  should be removed 

5 .  REFERENCE CASES 

A number of r e fe rence  cases  have been developed f o r  va r ious  tokamak 

devices .  

i n  t h e  TSCDLIB l i b r a r y  f i l e  and should be used as thc  s t a r t i n g  po in t  

f o r  developing new cases. 

accu ra t e ly  r ep resen t  t h e  devices  as repor ted  i n  t h e  va r ious  FEDC 

r e p o r t s .  

The input  f i l e s  fo r  t h e s e  reFerence cases  have been included 

These r e fe rence  cases  do not  n e c e s s a r i l y  

6.1 FED-Baseline Reference Case 

The input  f o r  t h e  Fusion Engineering Device (FED)-Baseline r e fe rence  

case  i s  labe led  FEDINDT. This  input  f i l e  i s  based on the  FED-Baseline 

s t u d i e s  repor ted  i n  r e f .  1 and updated i n  r e t .  2 .  However, s eve ra l  

changes have been incorporated t o  take  advantage of new TSC f e a t u r e s  and 

advances i n  des ign  philosophy. 

a n a l y s i s  of  i n t e rmed ia t e - s i ze  tokamak r e a c t o r s  with superconducting 

TI: c o i l s  and s i g n i f i c a n t  fu s ion  power. 

This  f i l e  should g ive  a good s t a r t  f o r  
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6.2 DCT Reference Case 

The DCT r e fe rence  case, l abe led  DCTGNDT, i s  based on t h e  DCT-8 

s t u d i e s  repor ted  i n  r e f .  3 .  Subs tan t i a l  changes have been incorporated 

due t o  improvements i n  TSC. 

f o r  a small t o  in te rmedia te  tokamak r e a c t o r  wi th  copper i n s e r t  TF c o i l s  

used t o  enhance t h e  f i e l d  on ax is .  

This  case should be a good s t a r t i n g  p o i n t  

6.3 Copper Coi l  Reference Case 

The copper c o i l  r e f e rence  case ,  l abe led  FEDRGNT, j q  based on t h e  

FED-R s t u d i e s  repor ted  i n  r e f .  4 .  This  concept i s  only  one of  several 

proposed copper TF c o i l  tokamaks. This  case should provide i n s i g h t  i n t o  

t h e  use  o f  TSC i n  analyzing copper c o i l  devices ,  but  s u b s t a n t i a l  changes 

w i l l  probably be r equ i r ed  t o  model o t h e r  suggested des igns  due t o  t h e  

wide va r i ances  among copper c o i l  des igns .  

7 .  SAMPLE EXECUTION 

A sample execut ion i s  provided i n  Tables 3 and 4 t o  g ive  t h e  u s e r  

Table 3 gives  t h e  h i s t o r y  of t h e  a b a s i s  f o r  s tudy  of  t h e  f e a t u r e s .  

execut ion as seen from t h e  u s e r ' s  t e rmina l ,  while  Table 4 i s  a complete 

l i s t i n g  of t h e  output  f i l e .  

r e f e rence  case. A p lan  and e l eva t ion  p l o t  from t h i s  execut ion i s  

included as p a r t  o f  t h e  output  i n  Table 4 .  

The sample case i s  t h e  FED-Baseline 
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Table 3 .  Sample terminal outpuL of  sample execut ion 



27 

* Y
 

%
- 

S
C

 
S

C
 

)c
 

* 1c w
 

&
 

* *) e, Y
 

* * * M Y
 

JC
 

* +?a= 
* S

C
 

Y
 

+c. 
* * sc * Y

 
* Y

 
M
 L
 

gl 
ar c: 
f@

 

Y
 

+e 
.c+ 
.y

 
* Y

 
Y

 
Y

 
*F

 
* w

 
Y

 
M" 
Y

 
&

 
Y

 
Y

 
e, 
8
 

* M
 

Y
- 
* y
. 

+E. 
.re 
* * +c. 
* se M bc * SF 

.r
(
 

. * * 
0
 

aa m
 

SL. 
?
6
 

* w
 

9F 
* .bF. 
* c JC

 
* 9c 
Y

 
* Y

 
* y
. 
* * sc. 
bc 
w

 
* * * M 4
€
 

&
 

* %
 

* * * w
 

36 

Q
 
3
 

4
 
3
 

s
 

a
 

* w
 

* * w
 

Y
 

19 
Y

 
M
 

M" 
.)
, 
* * * * * * # u. 1c * * * * w

 
* +c 
* 9c 
* dc. Y

 
* Y

 
* 

c
 

u
 

C
 

Q
I 

1
 

Q
 

C
 

c
 

Y
 
n
 

4
 

c
 

a
 

m
 

01 
0

 

m c 
3
 

v, 

c
 

a
 

p. 
Q

 
I
 

I
 

0
 

D
 
. 11 m

 
sii 
(II 
al 
a
 

r
(
 

t 4 3 01 
c
 L
 

P
 
1
 

C
 

H
 

If 



28 

II 
I! 11 

I1 

11 
It 

I1 

.-I 
h

 
-a- * 
4

 



29 

w
 

w
 

Y
 

* * * * * w
 

* * S
C

 
S

C
 

* * * * * * * $
c
 

* * * * * * * * 36 * * * Y
 

.M
 

lI-J 
0
 

-
t
 

M
 

0
. 

M
 

+
 

0
- 
0
 

+
 5
 

0
.. 

r
f 
e
 

m
 

W
 

A
3

 
t
 

I
 

v
 

m
 

4
 

m c 
k
 

c' 0
 

d
 

3
 

m ai 
1L 

9
 

M
 

0
3
 

J
 

sc IJi 
* 
M
 



30 

M
 

g
a
 

Tu 
a
 

Lch 
w

 

I 
l-4 

hi 
I 

-
I 

M
 

I 
* 

*--- - - - -" 
-
_
)
-
 
- - -- _-- 

_
- - 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
4
-
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

-4- 
I I I I I I I I I I 

I I 
4
 

I I I I 
-t I I I I 
4
 

F
a

 
w

 
--.k€ 

I I I 

4
 

I I I I 
-t- 

I I I I 
4
-
 



05 04 

torus  seometrr s a s r d i n a t e s  (see above schemat ic)  
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1. PHYSICS MODULE 

The phys ics  module computes fus ion  power, power ampl i f i ca t ion  

f a c t o r  (Q) , plasma c u r r e n t ,  Fueling rdte,  and t h e  r equ i r ed  vol t -seconds 

t o  induce t h e  plasma c u r r e n t .  

t i o n  with plasma d e n s i t y  and temiperature p r o f i l e  e f f e c t s  modeled as a 

func t ion  of plasma average temperature ,  

s t a r t u p  i s  modeled as t h e  summation of two p a r t s .  

t h e  maximum quas i - s teady  s t a r t u p  power encountered as t h e  pl ama temper- 

a t u r e  i s  r a i s e d  t o  t h e  ope ra t ing  va lue  a t  cons tan t  plasma dcns i ty .  

second p a r t  accounts  f o r  t h e  plasma hea t  capac i ty  a t  t h e  opera t ing  po in t  

d iv ided  by t h e  hea t ing  t ime per iod .  

inc lude  t h e  dynamic c f fcc t  o f  hea t ing  the plasiixa t o  i t s  ope ra t ing  

temperature  i n  a f i n i t e  t i m e .  TWQ s c a l i n g  r e l a t i o n s  f o r  confinement 

time are  a v a i l a b l e :  Alca tor  (T a nea2) and Mirnovl ( T  = a1 ) >  where ne 

i s  t h e  e l e c t r o n  dens i ty ,  a i s  t h e  plasma minor r ad ius ,  and 1 i s  plasma 

cu r ren t  , 

The physics  modulc i s  a 0-D rep resen ta -  

Peak hea t ing  power dur ing  

The f i r s t  p a r t  i s  

The 

This  l a t t e r  term is  an at tempt  t o  

P 

P 

Flux conserva t ion  i s  assumed as t h e  plasma is  heated and makes t h e  

The r e l a t i o n s h i p  between t r a n s i t i o n  from low b e t a  t o  high b e t a  va lues .  

plasma s a f e t y  f a c t o r ,  be t a ,  be t a  po lo ida l ,  and plasma cu r rcn t  dur ing  t h e  

t r a n s i t i o n  i s  shown i n  Fig.  2 and i s  taken from r e f .  2 .  

ASSUMPTIONS AND CONSTRAINTS 

e Code i s  f o r  deuter ium-t r i t ium (D-T) f u e l .  

0 

0 One impuri ty  i s  allowed. 

@ 

T = Ti; code s e t s  e l e c t r o n  temperature equal  t o  t h e  ion  temperature .  

= T ~ ;  p a r t i c l e  confinement time i s  se t  equal t o  energy confinement 

The e f f e c t  of r e c y c l e  i s  accounted f o r  i n  t h e  tritium pro- 

E 

T 

t i m e .  

c e s s ing  module. 

E i t h e r  f i e l d  on a x i s ,  BT, or max f i e l d  a t  t h e  TF c o i l  can be inpu t .  

A nonzero va lue  of  B 

v a r i e s  BT u n t i l  t h e  d e s i r e d  va lue  of  Bmax i s  obtained.  

P 

* 
a c t i v a t e s  an ex te rna l  i t e r a t i o n  loop t h a t  

max 
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e Marginal i g n i t i o n  may be s p e c i f i e d  by e n t e r i n g  t h e  input  v a r i a b l e  

M I G N  equal  t o  1. ']The plasma minor r a d i u s ,  a$ i s  varied until t h e  

a u x i l i a r y  power a t  t h e  opera t ing  p o i n t  goes t o  zero.  

The phys ics  model p r e s e n t l y  used i n  the systcni code i s  zero- 

dimcnsional;  however, temperature  p r o f i l e  effects have been 

es t imated  based on normal iza t ion  t o  r e s u l t s  from a one- and one-half--  

dimensional (1 1/2-D) WHIST' t r a n s p o r t  code I 

ac ross  the plasma radius i s  assumed t o  be f l a t .  T h e  effects o f  t h e  

temperature  p r o f i l e  on r e a c t i v i t y ,  <o'v>, confirrement time, and 

bremsstrahlung r a d i a t i o n  were accounted f o r .  

J 

The dens i ty  p r o f i l e  

MODULE INPU?' 

Key inpu t  i tems t,o t h e  physics  module inc lude :  plasma mi.noi: r a d i u s ,  

a spec t  r a t i o ,  b e t a  o r  b e t a  poloidal/aspect r a t i o ,  f i . e ld  on a x i s  or t h e  

maximum f i e l d  a t  t h e  TF c o i l ,  s a f e t y  f a c t o r ,  ripp1.e a t  t h e  plasma edge, 

scrape-off  layer thic,kness,  plasma e longat ion ,  plasma temperature ,  

e f f e c t i v e  charge,  and t h e  impuri.ty spec ie s .  

i npu t  by t h e  user ( i .  e . ,  none are  passed from o t h e r  modules i n  t h e  

code).  Table 5 shows t h e  inpu t  parameters  f o r  t h e  phys ics  module. 

A l l  of t h e s e  j.tem5 are 
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Table 5.  Physics  module input  parameters 

Symbo 1 Descript ion 
~ 

a 
Units  Source 

a 

angin j  

a r  

b e t a  

bmax 

b t  

ebpg 

gamma 

ignsc l  

i o p t  

j op t  

Kappa 

l i  

nnb 

mign 

pburn 

PVCh 

plshap 

q 

rf 

Plasma minor r a d i u s  

Neutral  beam i n j e c t i o n  angle  

Aspect r a t i o  

Beta 

F ie ld  s t r e n g t h  a t  the TF c o i l  
( i f  0 ,  va lue  i s  ca l cu la t ed )  

F ie ld  s t r e n g t h  on a x i s  
(value i s  ca l cu la t ed  i f  bmaxf.0) 

Beta po lo ida l / a spec t  r a t i o  

Res is tance  v o l t  - seconds mu1 t i.pl i e r  
f o r  rf s t a r t u p  

Option f o r  con.finement s c a l i n g  
( ignsc l  = 0 ,  IN’l’OK s c a l i n g  i s  used; 

I t e r a t i o n  opt ion  on burn t ime 
( iop t=P,  no i t e r a t i o n .  Input burn 
t ime i s  used. i o p t = l ,  i t e r a t i o n  
on a spec t  r a t i o  t o  ob ta in  input  
va lue  of burn time. iop t -2 ,  maximum 
ca lcu la t ed  burn time i s  used f o r  
i npu t  va lue  of  a spec t  r a t i o )  

I t e r a t i o n  opt ion  on ebpg 
(jopt’l ,  input  va lue  o f  ebpg i s  used, 
jopt=O, input  va lue  of ebpg i s  a 
first guess) 

Plasma e longat ion  

P l a s m a  i n t e r n a l  i n d u c t i v i t y  

Number o f  n e u t r a l  beams 

Option for marginal i -gn i t ion  
( i f  mign=l , plasrria iiiinor r a d i u s  
i s  va r i ed  u n t i l  marginal i g n i t i o n  
i s  achieved) 

Plasma chamber p re s su re  during burn 

Plasma chamber p re s su re  a f t e r  quench 

Plasma t r i a n g u l a r i t y  

Sa fe ty  f a c t o r  

i g n s c l  = 1, MIRNQV s c a l i n g  i s  used) 

r f - a s s i s t e d  s t a r t u p  ( l=yes ,  @=no) 

m U 

degree U 

U 

U 

t U 

- -  
- ._ 

t U 

U 

U 
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Table 5. (continued) 

Q Symbol Descr ip t ion  Units  Source 
-- 

r i p p l e  

scrap1  

tbeam 

tbu rn  

t e  

t i  

t ohs  

tqnch 

tramp 

Z 

zeff 

Ripple  a t  plasma edge 

Scrape-off l a y e r  

S t a r t u p  hea t ing  d u r a t i o n  

Burn time 

Plasma e l e c t r o n  temperature  

Plasma ion  temperature  

OH so lenoid  swing time 

plasma quench time 

OH ramp t ime 

Impuri ty  spec i e s 

E f f e c t i v e  charge 

% 

m 

S 

S 

keV 

keV 

S 

S 

S 

-- 
-- 

U 

U 

U 

U 

U 

u 
U 

U 

U 

U 

U 

a Source: U = input  i s  suppl ied  by user ;  C = input  flows i n  
from o t h e r  modules of t h e  code. 
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GOVERNING EQUATIONS 

Generate Plasma Contour aiid Geometry 

R = ar  x a ; iliajar r a d i u s  (m) 
0 

b = Kappa x a ; plasma h a l f  he ight  (m) 

X = a x ai + a cos(8 + plshap x s i n  e )  ts i s  va r i ed  from 0" t o  360° 
i n  9" increments.  x and Y 
are  coordiriates of  t h e  

Y = a x Kappa x s i n  9 plasma contour 

E ŝ  * i nve r se  aspec t  r a t i o  
ar ' 

S F =  JT. , circumference r a t i o ,  e l i p s e  t o  c i r c l e  

VOI, = 2n2a3(ar)Kappa ; plasma volumc (m3) 

AREA = 4,r232 (ai-) (SF) ; plasma su r face  area 

Compute Plasma Current ,  Beta, Beta Poloidal. 

B = ebpg/& ; beta  polo ida l  
P 

I f  JOPT =I 1, input  
t h r  des i r ed  va lue  
o f  ebpg and c a l c u l a t e  
be t a  a 
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I3et.a 
fi  = , b e t a  po lo ida l  

(SF) 

1' 
E 

If JOPT = 8, input  
d e s i r e d  va lue  of  
be t a  and i t e r a t e  on 
ebpg u n t i l  i n i t i a l  
input  va lue  of  ebpg 
equa i s c a1 c u  1 a t  ed 
ebpg . 

If  Mirnov [used i n  Tokamak Fusion Core Experiment (TFCX) des ign  s t u d i e s  

per  Schmidt] s c a l i n g  i s  speci-fied, t h e  l i m i t i n g  va lue  of be t a  i s  

c a l c u l a t e d  as a functiori  of q ,  A, Kappa and i s  no t  a free input  

v a r i a b l e .  The above section of  code €or JOPT = 0 i s  modified as follows: 

0 . 2 3 3  x (SF)2 
Beta = ( ar------- 

JOPT = 0 and Mirnov s c a l i n g  
i s  a l s o  s p e c i f i e d .  

I t e r a t e  u n t i l  i n i t i a l  va lue  o f  
ebpg equals c a l c u l a t e d  va lue  
o f  ebpg. 

Beta Q -  P - -  

(SF) 
E: 

i_ ~ _ - - -  
(1 - € 2 ) 2  

ebpg :: E x fi 
P 

I"----- 

I ; plasma cu r ren t  a t  high be ta  (A) 
pH@ 

- ; C va lue  at low b e t a  ( see  F ig .  2)  

x 0.92  ; i f  Schmidt s c a l i n g  i s  used 



c 
- -  L’ x I ; plasma cu r ren t ,  low be ta  (A) 

Ca lcu la t e  P r o f i l e  Factors 

T = t = t .  ; plasma temperature (keV) 
e 1 

SHAPEaV = i . 4  - 0 . 0 3  x (T - 11.6) ; p r o f i l e  f a c t o r  on ov 

SHAPERAD :I: 1 . 3  + 0.0084 x (T - 12.4) ; p r o f i l e  f a c t o r  on 
b r erns s t r a h 1 un g r ad i a t i o  1-1 

SHAPET = 2 - 1  - 0.042 x (3‘ - 1 2 . 4 )  ; p r o f i l e  f a c t o r  on confinement 
t ime 

Calcula te  P a r t i c l e  Dens i t i e s  

- 1 . 0  
; impuri ty  concent ra t ion  e f  f 5 = ....- 

22 - I ,  

z 

B = Beta r: 0.91 ; es t ima te  o f  t h e  va lue  of be t a  with the f a s t  
a lpha con t r ibu t ion  removed 

:= 4-rr x ; permeabi l i ty  o f  f r e e  space 
WO 

N =  .. ._. B ._. (b t )  . ; e l e c t r o n  dens i ty  e 
( 2 ~ ~ )  [2  - < ( L  - l ) ]  (‘i’)(1.602 x 

(m- 3 1 

N~ = N (1 .0  - zt;) ; f u e l  ion  dens i ty  (in-3) 
e 

- 3  N = N 5 ; impuri ty  ion  dens i ty  (m ) 
Z e 
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Ltetermine Plasma Power Balance 

ov = f ( ~ )  x s % ~ P E ~ ~  ; r e a c t i v i t y  (1113/s) 

1’ = N12 x Ov x 3.5 x 1.602 x ; alpha power/rn3 (W/m3) a 4 

b r  ems s tr ah 1 un g pow e r / in3 ( W/ m ) 

POWER, = Pa x VOL/106  ; t o t a l  a lpha  power (MW) 

POWERluD = RAD x VOL/106  ; t o t a l  bremsstrahlung power (MW) 

-21 
T = 5 x 1 0  Nea2(SHAPET) ; con:finement time i f  us ing  Alca tor  

s c a l i n g  ( s )  

 SHAPE^ x 0.77 ; confinement t ime 
i f  us ing  Mirnov 
s c a l i n g  ( s )  

T = 0.15 x a x Iplia 

- 3 X T (N1 f Ne + Nz) (VOL) 1 .6  
2 

loTz2 
- ; conduction and con- - I 

T vect ion  power loss  pLoss 

(MW) 

ALPN = 2 . 0  ; aiioinalous enhancement (ALPN l i e s  between 1 and 2 .  
A va lue  of 2 i s  used f o r  
des ign  margin. ) 

(1.638 X (ALPN) Z e f f  
- - ____ ____--- ; plasma r e s i s t i v i t y  (ohm-m) 

(T) a 
71 
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2 x KO x x x 
" ; plasiiia res i - s tance  (ohm) R =--- 

a' x Kappa 
P 

x R / l o 6  ; plasma ohmic hea t ing  (MW) 

f POWERRAn - PUWER - P, ; requi red  hes t ing  powcr 
( k w  

'aux .= ' loss a 

POWE:KF"S = POWERa 1 7 s 6  . t o t a l  fu s ion  power (MW) 
3 .5  

POWER 
Q = ---..--?$A , * plasma power arriplif ication f a c t o r  

'aux 

Determine Peak Plasma I-icntinp Power 

The code cyc le s  through the equat ions s t a r t i n g  a t  thc s e c t i o n  

" P r o f i l e  Factors" and cont inuing through "Particle Densi t ies"  and 

"Plasma Power Balance," varying Lhu quas i - s t eady- s t a t e  plxsma tcmpera- 

t u r e  from zero t o  t h e  ope ra t ing  temperature i n  small s t e p s .  

d e n s i t y  i s  maintained consiarit ,  c o n s i s t e n t  with t h e  opera t ing  value of  

be t a ,  throughout t h e  Cemperature Tamp (is e . ,  be t a  i s  va r i ed  l i n e a r l y  

wi th  temperature) .  The a u x i l i a r y  hea t ing  power, P i s  computed a t  

each va lue  o f  plasma temperature  i n  t h e  'Tower  8alance" sec t ion ,  and t h e  

maxiiiium va lue  encountered i s  s to red  as the peak quas i - s t eady- s t a t e  

hea t ing  power. Figure 3 i s  an  example p l o t  o f  rcqui red  power as a 

func t ion  of  temperature+ 

P l a s m a  

aux ' 

( a t  t h e  va lue  of  T t h a t  maximizes P 1 (MW auxlnx - Paux auxlux 
I 

hea%i.ng p o w e ~  
requi red  t o  r a i s e  .4 N ~ >  (VOL) 1.6 x 10'"~'  

3 7 x T (Nrr + NE 

'heat capac i ty  T BEAM I - - -. _..__... . -.... __ ; plasma temperature 

opera t ing  va lue  i n  
t h e  h e a t i n g  t i m e  
per iod TBEM (MW) 

from Z e T O  t o  .tile 



79  

ORNL-DWG 84-3756 FED 

I I I I T  

P,”,*Q, AND P 

t vs 
PLASMA TEMPERATURE 

(CONSTANT PLASMA DENSITY) / 
/ 

MAXIMUM I 
/ HEATING POWER7 

- 

/ OPERATING POINT ,I’ 
/ 

/ 
I 

I - -  - /I” 

42 

i o  

8 

0 
ctr 
0 

6 -  s9 
@a 
v 

4 

2 

3 

Fig. 3. Plasma current during transition from low beta  
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. . p  + P  . peak plasma hea t ing  power (MW) 
‘b auxmx h e a t  c a p a c i t y  ’ 

Calcula te  Global Energy Confiacmcnt ‘ T i m e  

+ NE c. N ) (VOL) 1.602 X l o - 2 2  3 x T (NI 
2 

global  energy 
~ - .  , conf i nemen t 

time ( s )  

z 
POWER + Paux f Pn , r =  

W 
E 

; q u a l i t y  of con- 
finement ( s / m 3 )  

Cal.culate Neutron Wall Loading 

POWERFUS x 14.1/17.6 

AREA 
LA/ = ..... - ; MW/m2 

Calcula te  Plasiiia Poloi.da1 F i e l d  

Fueling Calcula t ions  

POWERFUS x l o 6  
. . . . . . . fusions/second = . . . ._. .. _. 

(1’7.6 x 106)(1 .602  x 

Burn Rate = 2 x fusions/second ; (D-tT) atoms/second 

T = T (assumption) ; p a r t i c l e  confincment time f o r  f u e l i n g  
P E  

N I  x VOI, 

P 
; fueling r a t e  [ ( D + T )  atoms/second] -....._I_ - - 

Qfuel 5 

= biisri rate/Qfuel burnup 
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; t r i t iu i i i  burn r a t e  (g/s) 
FUSIONS 3 
second 

Tr i t ium Burn = 
6.02 x 1 ~ 2 3  

P l a s m a  Volt-Seconds Ca lcu la t ion  

If no r f j  gaiima = 1 

If rf, gamma = i npu t  va lue  

estimate of 
= gamma(4r x Ro (IpHG) ; r e s i s t i v e  vol t -seconds 

“RES dur ing  s t a r t u p  

L = (4n x 10-7)  Ro p $. In (H(ar1 ) - 2.0]  ; plasma inductance 
v G (H) ( r e f .  4 )  

VSINL) - - IpH8 Lp ; i nduc t ivc  vol t -seconds dur ing  s t a r t u p  

VSsu = VSRES + VSIND ; t o t a l  r equ i r ed  vs  dur ing  s t a r t u p  

V = R I p  ; plasma loop vo l t age  dur ing  burn (V) 
p HB 

Table 6 shows sample output  f o r  t h e  phys ics  module. 
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Table 6 .  Physics  module sample output  

p l a s m  evtpwk : 

jar radius (rn) 
plasm height (rn) 

impurity z 
zsff 

sigv f a c t ,  

Ibrmn. face. 

Q.3 
1 . B  

1.388 
3.85 
1.661 
B ,852 
4.641 

l B . @ @ @  

0.838 
B .758 

5 .  €365 
2.888 

257.142 

= 2.57838%-2 
0i 1.383 
IR 2.417 
1R sa.861 
II 1.98 

s 1 . A  
P 2.281 
a 1.288 





2, TORUS MODULE 

The t o r u s  module performs neutroni  cs , geometric,  and c o s t  calcu-  

l a t i o n s .  The neut ronic  p o r t i o n  determines t h e  nuc lear  response i n  t h e  

s h i e l d  and t h e  '1'F c o i l s .  I t  inc ludes  (1) r a d i a t i o n  dose i n  t h e  i n s u l a t o r  

materials o f  t h e  TF c o i l s ,  ( 2 )  nuc lear  hea t ing  r a t e  i n  t h e  case  and t h e  

winding materials of t h e  TF c o i l s ,  ( 3 )  atcmic displacement i n  t h e  copper 

s t a b i l i z e r  o f  t h e  T F  c o i l s ,  (4)  nuc lear  hea t ing  r a t e  i n  t h e  f i r s t  wal l  

and s h i e l d i n g  m a t e r i a l ,  and (5) dose equiva len t  one day a f t e r  shutdown 

i n  t h e  r e a c t o r  bu i ld ing .  The module has  two modes of  opera t ion .  A 

s h i e l d  th ickness  may be s p e c i f i e d  and t h e  r e s u l t i n g  nuc lear  responses  

c a l c u l a t e d  o r  maximum valucs  f o r  t h e  nuc lear  responses a r e  def ined  and 

t h e  s h i e l d  th ickness  c a l c u l a t e d  t o  s a t i s f y  t h e  most s t r i n g e n t  nuc lear  

response I 

The tojr i is weight and volume are  based on e i t h e r  a D-shaped o r  a 

rec tangular  t o r u s  conf igura t ion .  An opt ion  i s  a v a i l a b l e ,  f o r  e i t h e r  

t o r u s  conf igura t ion ,  to. s p l i t  t h e  outboard s h i e l d  and p l a c e  only t h e  

amount necessary f o r  magnet p r o t e c t i o n  betwecn t h e  plasma and t h e  

outboard TF c o i l  l e g .  The remainder o f  tile outboard s h i e l d i n g ,  necessary 

f o r  b i o l o g i c a l  requirements,  i s  placed o u t s i d e  of tlie o u t e r  TF c o i l  l eg .  

Weight, volume, s u r f a c e  area, and c o s t  are  determined f o r  t h e  t o r u s  

components, which inc lude  t h e  f i r s t  wall ,  armor, bulk s h i e l d ,  and pumped 

l i m i t e r .  

ASSUMPTIONS AND CONSTRAINTS FOR ' r m  FIRST WALL/SHIELD MODULE 

The neut ronics  p o r t i o n  o f  t h e  F i r s t  Wall/Shield Module i s  based on 

t h e  ncut ronics  model ( see  Attachnient 1) with t h e  fol lowing c o n s t r a i n t s  

imposed 

@ Only two s h i e l d  conf igura t ions  are  allowed i n  t h i s  v e r s i o n  of  t h e  

Tokamak Systems Code, namely, (1) a s t ee l  s h i e l d  f o r  t h e  whole 

r e a c t o r  with 5-cm carbon armor f o r  t h e  inboard f i rs t  wall and 

( 2 )  a tungsten s h i e l d  f o r  t h e  inboard s e c t i o n  with 5-cm carbon armor 

f o r  t h e  inboard f i r s t  wall and a s t e e l  s h i e l d  f o r  t h e  outboard 

s h i e l d .  The two remaining conf igura t ions  descr ibed  i n  t h e  neut ronics  



model, which use  2 cm of s t e e l  armor i n  p l a c e  of  t h e  5 cm of carbon 

armor f o r  t h e  inboard f i rs t  wall, can be implementcd a t  a l a t e r  

d a t c  i f  d e s i r e d .  

@ The s impl i fy ing  assumption i s  made t h a t  t h e  outboard s t e e l  s h i e l d  

neu t ron ic s  a r e  l i t t l e  a f f e c t e d  by t h e  choicc of s t c e l  o r  tungs ten  as 

t h e  inboard s h i e l d  m a t e r i a l .  The outboard s t e e l  s h i e l d  neut ronic  

a lgori thms developed i n  conjunct ion with a s t e e l  inboard s h i e l d  are 

a l s o  used with t h e  tungs ten  inboard s h i e l d  i n  t h e  t o r u s  code. 

@ The neu t ron ic  c a l c u l a t i o n s  a r e  based on a carbon armor th ickness  of 

5 cm and an equiva len t  outboard f i r s t  wall th ickness  of 2 cm. 

Actual armor and f i r s t -wal l  th icknesses  f o r  t h e  r a d i a l  b u i l d  cal- 

c u l a t i o n  i n  t h e  tokamak systems code may be s p e c i f i e d  by v a r i a b l e  

UFWI and UFWO. 

* Two values  a r c  s p e c i f j e d  f o r  t h e  TF dewar tk i ckness ,  namely, 

(1) t h e  equiva len t  s o l i d  s t c e l  t h i ckness  used i n  t h e  neut ronics  

c a l c u l a t i o n ,  s p e c i f i e d  by t h e  v a r i a b l e  DDWEQJ and (2) t h e  t o t a l  

dewar th i ckness  used f o r  r a d i a l  b u i l d  c a l c u l a t i o n  s p c c i f i e d  by t h e  

v a r i a b l e  DDW. 

@ The neut ronics  model has  r e fe rence  th icknesses  of  0.05, 0.025, and 

0.08 m f o r  a spool ,  dewar, and TF case, r e s p e c t i v e l y ,  downstream of 

t h e  s h i e l d ,  as shown i n  Table 8 of  Attachment 1. When one dev ia t e s  

from t h e s e  va lues  when execut ing t h e  systems code, t h e  e f f e c t  i s  

compensated f o r  by an adjustnicnt t o  t h e  r equ i r ed  inboard o r  outboard 

va lues  of  s h i e l d  th icknesses  o r  t o  t h e  neut ronic  performance f o r  

input  f i x e d  va lues  of  s h i e l d  th icknesses .  

t h e  adjustment i s  equiva len t  s i n c e  t h e  dewar, case, and spool are 

a l l  s t e e l .  

i s  mul t ip l i ed  by 0.8 t o  account f o r  an approximate equiva len t  

th ickness  of  tungs ten .  As an example, i n  t h e  case of a s t e e l  

s h i e l d ,  removing t h e  5-cm spool  from t h e  r e fe rence  conf igura t ion  

r e q u i r e s  an inc rease  i n  s h i e l d  th i ckness  of  5 c m  t o  achieve t h e  

same performance; o r ,  f o r  a f ixed  va lue  of  s h i e l d  th ickness ,  t h e  

e f f e c t i v e n e s s  t o  a t t e n u a t e  neutrons i s  reduced by 5 c m .  I t  should 

be noted t h a t  t h e  tokamak system no longcr  cons iders  a spool 

s t i u c t u r e .  Therefore,  t h e  input  va lue  of spool th ickness  i s  hardwired 

i n  t h e  code as zero.  

If t h e  s h i e l d  i s  s t e e l ,  

If t h e  s h i c l d  i s  tungs ten ,  t h e  s h i e l d  th i ckness  adjustment 
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Heating r a t e s  a r e  ca l cu la t ed  a t  tlle en t rance  t o  each component 3s a 

func t ion  o f  neutron wall loading and s h i e l d  th i ckness .  I'ast neutron 

f l u x  (energ ies  g r e a t e r  than 0 .1  MeV) i s  a l s o  ca l cu la t ed  at t h e  

en t rance  t o  each conyonent w i h i i  t h e  except ion o f  t h e  f l u x  t o  t h e  TF 

c o i l ,  which i s  ca l cu la t ed  a t  the  superconductor f r o n t  surface.  lhe 

iieutron f l u x  i s  at ter iuated as a fui le t ion o f  t h e  iiiean f r e e  pa th  of  

t h e  component ma te r i a l  composition. Hcating deposi t ioi l  i n  t h ~  TT: 

c o i l  was modeled as watts pe r   mete^ of  r o i l  l ength ,  assuming all t h e  

neutrons t r ansve r s ing  t h e  s h i e l d  are  in t e rcep ted  by t h e  c o i l ,  which 

i s  t h e  case  f o r  t h e  inboard TF c o i l  l eg .  l'o use  t h i s  r e l a t i o n s h i p  t o  

c a l c u l a t e  t h e  hea t  deposited i n  tire outboard TF c o i l  l e g ?  an 

es t imate  i s  made t 9  account f o r  t he  wiiillosr 2rea between 'I'F c o i l  

l egs .  

@ Shutdown dose r a t e  c a l c u l a t i o n s  are Cor 24 h a f t e r  shutdown, assuming 

s a t u r a t i o n  coirdit jons e x i s t  ( i - e . ,  t h e  f i rs t  w a l l  has received a 

f luence  of  ahout 1 MWy/iu2). 

INPlJT 

Major i npu t  i tems t o  t h e  f i r s t  w a l l  s h i e l d  module inc lude  t h e  

plasma dimensions, gaps between t o r u s  elements,  r a d i a t i o n  l i m i t s ,  

nuc lear  hea t ing  l i m i t s ,  t o r u s  conf igura t ion  opt ion  ( e i t h e r  D-shaped o r  

r ec t angu la r ) ,  an opt ion  t o  a1.10~ t h e  TF coi.1 ou te r  l eg  t o  be embedded i n  

t h e  outboard s h i e l d ,  an opt ion  t o  choose e i t h e r  s t a i n l e s s  s t e e l  o r  

tungst.en inboard s h i e l d ,  TF c o i l  su r f ace  area, and 11ni.t. cost  f a c t o r s .  

Table 7 li.sts input  parameters (both u s e r  i npu t  and code-supplied 

i n p u t ) .  
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Table 7 .  F i r s t  wall  s h i e l d  input  parameters 
-̂-I_... - _._ 

iz Sy-mbo I D e  s c r ip t  ion  Uni t s  source 

IBDPC 

IOPTSH 

LIFE 

MiTF 

S P L I T  

IJCSTL 

UCTUN 

UCB4C 

machine avni 1 abi l i t y  lamiual) 

d e n s i t y  of s t e e l  

d e n s i t y  of tungs ten  

d e n s i t y  o f  boron carb idc  

ilri t h  1 i m i t  er 

1 al lows c o i l  t o  come through 
s h i e l d ,  0 does no t  a l low 

inboard f i r s t  wall t h i ckness  

outboard f i r s t  wall t h i ckness  

inboard gap between f i r s t  wall 
and s h i e l d  

outboard lead  s h i e l d  th ickness  

outboard gap between f i7-s t wal P arid 
s h i e l d  

inboard shi e l d  t h i ckness  

outboard s h i e l d  th i ckness  

minimum outboard s h i e l d  th ickness  
between plasma and magnet (used 
wi th  IGLOO = 1 opt ion  only) 

f r a c t i o n  of t o t a l  f l u x  inc iden t  on 
t h e  inboard wall 

op t ion  t o  s e l e c t  inboard s h i e l d  
m a t e r i a l :  0 = s t ee l ,  1 = tungs ten  

tokamak l i f e  

maximum hea t  ra te  a t  t h e  TI: c o i l  
ca se  

maximum dose ra te  t o  TF i n s u l a t i o n  

f r a c t i o n  of  t o t a l  i n c i d e n t  
on t h e  outboard wall 

f r a c t i o n  o f  a lpha  power t o  d i v e r t o r  
o r  l imi te r  

u n i t  c o s t  s t e e l  

u n i t  cost  tungs ten  

u n i t  cos t  boron carb ide  

I D-shaped s h i e l d ,  2 square s h i e l d  

m 

111 

m 

n 

m 

n 

m 

m 

rad  1J 

r ad  U 
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Table 7 (continued) 

Symbo 1 Descript ion Units  Sourcea 
....... - ........ .......... 

s PO0 LT 

DDWEQ 

VOIFRC 

TBURN 

TRAMP 

TOI-I 

TQNCH 

'TBEfQI 

POWFMW 

RO 

a 

SCRAPL 

KAPPA, K 

PLSHAP 

TFLENG 

R I N  

RTOTL 

V O L C I  

TFNO 

DDW 

TFTHK 

TFSAO 

th ickness  of spool (should be zero) m 

equiva len t  so l  i d  dewar th ickness  m 

void f r a c t i o n  of the s h i e l d  

b u m  time S 

OH ramp (charge) time S 

014 swing t ime S 

plasma quench time 

s t a r t u p  hea t ing  du ra t ion  

fus ion  power 

major r a d i u s  

plasma minor r a d i u s  

plasma scrape-of f  th ickness  

plasma e longat ion  

plasma t r i a n g u l a r i t y  

TF c o i l  circumference 

S 

S 

MW 

m 

In 

m 

m 

TF c o i l  i n s i d e  1.eg r ad ius  m 

TF c o i l  ou t s ide  l eg  r a d i u s  m 

volume of  copper i n s e r t  m3 

number of TF c o i l s  

dewar th ickness  

TF c o i l  th ickness  

m 

m 

su r f ace  a r e a  of t h e  outboard l e g  m2 
of  a s i n g l e  TF c o i l  

i 
U 

c 

1 
I 

\ 

C 

C 

C 

I 

a Source: U = Input  i s  suppl ied  by use r ;  
C = Input  f1.ows i n  froin o the r  modules. 



GOVERNING EQUATIONS 

'The neu t ron ic s  c a l c u l a t i o n s  performed i n  t h i s  module are based on 

t h e  d e t a i l e d  neut ronics  model included as Attachment 1. 

Maximum Shutdown Dose Rate (Fixed) 

MXSDDR = 2 . 5  , mrem/h (24  h a f t e r  shutdown) (hardwired i n  code) 

Duty Cycle 

DCYCLE = TBURN/(TRAMP + TOHS + TBEAM + TBURN + T(2NCI-I) 

(See inpu t  l i s t  f o r  d e f i n i t i o n  of va r ious  t i m e  increments . )  

Duty Fac tor  

DFAC = DCYCLE x AVAIL 

where AVAIL i s  t h e  inpu t  a v a i l a b i l i t y .  

Correc t ion  Fac tors  

CORDH = SPOOLT - 0.05 (m) 

CORTFH = SPOOLT + DDWEQ - 0.05 - 0.025 (m) 

CORTFD = SPOOLT + DDWEQ + 'I'HKCAS - 0.05 - 0.02 - 0.08 (m) 

The above t h r e e  terms a r e  used t o  c o r r e c t  t h e  s tee l  s h i e l d  th ickness  

by v a r i a t i o n  from base  va lues  o f  spool  th ickness ,  dewar metal th ickness ,  

and TF case  th i ckness  which were used i n  t h e  d e t a i l e d  neut ronics  ca lcu-  

l a t i o n .  SPOOLT i s  t h e  spool th i ckness  which should always be input  as 

zero (conf igura t ion  no longer  has a spoo l ) ,  DDWEQ i s  t h e  equiva len t  

s o l i d  dewar th i ckness ,  and THKCAS i s  t h e  TF c o i l  case.  
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TUNDI-I := 0.8  x CORDH 

TUNTFH ::: 0.8 x CORTFH 

TUN’1’FD := 0.8  x CORI’FL) 

I f  tungs ten  i s  chosen as t he  inboard s h i e l d  ma te r i a l ,  t h e  above 

t h r e e  v a r i a b l e s  coinrect t h e  tungsten inboard s h i e l d  th ickness  f o r  

v a r i a t i o n  i n  t h e  s t e e l  spool ,  dewar, and TF case th ickness .  

Correct ions t o  t h e  outboard s h i e l d  th ickness  are similar t o  t h c  

inboard except  an outboard spool  was no t  p a r t  of the conf jgura t ion  used 

i n  t h e  d e t a i l e d  neiitroriics c a l c u l a t i  o m .  The inboard c o r r e c t i o n  must be 

modified by 0.05 rn t o  be app l i cab le  to  t h e  outboard.  

CORTFHO = GOKTFH 1- 0.05 

CORTFDO = CORTFD f 0.05 

‘TUNTFIIO = 0.8 x CORTFO 

TUNTFDO .= 0.8  x CORTFDO 

AT t h i s  p o i n t ,  e i t h e r  subrout ine  S X A M  o r  subrout ine  TORUS i s  

c a l l e d ,  depending on the  va lue  o f  IITORUS, i n  order  t o  c a l c u l a t e  the 

va lue  o f  t h e  f irst-wall  area designated as FWSIJR. 

Neutron Wall Loading 

LW = 0 . 8  x POWFMW/FWSUR ( M W / d )  , 

where 

POWFMW i s  t h e  fus ion  power i n  MW and FWSUR i s  t h e  su r face  a r e a  of 

the  f i r s t  wa 11 i n  m3. 
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inboard S h i  e 1 d 'TTr ickm s s 

If t h e  inhoard shield thickness ,  DSHT, i s  input  g r e a t e r  than  zero, 

then  t h a t  va lue  i s  used. I f  OSHI i s  i npu t  as z e ~ o ,  then  t h e  va lue  o f  

the  r equ i r ed  s l i ie ld  thiclrness  i s  ca l cu la t ed  as fol lows.  

First, t h e  r equ i r ed  inboard s h i e l d  th i ckness ,  DSlltlP, to l i m i t  t h e  nuc lear  

hea t ing  i n  t h e  TF c o i l  case i s  determined. 

If s t e e l  > 

where MHTF i s  t h e  maximum nuclear  hea t ing  i n  t h e  '1'F c o i l  case i n  MW/m3 

If tungt;ten,  

Next, the inboard s h i e l d  th i ckness  r equ i r ed  t o  l i m i t  the  r a d i a t i o n  dose 

t o  t h e  'fF e l e c t r i c a l  i n s u l a t o r  i s  determined. 

where 

LIFE i s  the  tokamak l ifetime in years and MXDOSE i s  t h e  maxiriiiuii 

dose t o  the '1'12 co i l  i n  rads.  
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If  tungs ten ,  

TUNTFD (m) . 

8.431 x 10” x L’N x DFAC x L I F E  I n  (-_I.._ . .. ... 

PIXDOSE 

18.22 
..__....I___I_ I___ - DSILID = 

The requi red  inboard s h i e l d  th ickness  i s  s e t  equal t o  t h e  g r e a t e r  va lue  

o f  DSHHT o r  DSHID: 

DSHI 2 DSHHI and/or  DSHID . 

Outboard Shi.eld Thickness 

The outboard s h i e l d  th ickness ,  DSHO, i s  determined i n  a similar 

manner as t h e  inboard.  An a d d i t i o n a l  c o n s t r a i n t ,  shutdown dose r a t e ,  i s  

imposed. Only s t a i n l e s s  s t e e l  i s  considered.  If  DSHO i s  input  10 ,  

then t h a t  va lue  i s  used; i f  input  i s  zero,  t h e  outboard s h i e l d  th ickness  

i s  ca l cu la t ed  based on t h e  fol lowing l i m i t s .  

Nuclear hea t ing  r a t e  l i m i t :  

5.539 x LW In  _..._. ( MI-ITF 
DSI-IIIO = .- CORTFHO ( m )  . 

13.67 

Dose r a t e  l i m i t :  

6.455 x x LW x DFAC x L I F E  

- CORTFDO (m) . 
MXDOSE -) 

- . .-. ... . .. 
In ( .--.----. 

DSHOD = .- 
13.83 

Shutdown dose r a t e :  

2 . 3 2  x LW 

- + 1 . 3  - CORDHO (m) , 
In ( MXSDDR ) 

16.9 

DSHOSD = ______ ......_.._ 
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where 

MXSDDR i s  hardwired as 2.5 mrem/h. 

The outboard s h i e l d  th i ckness  i s  s e t  equal t o  t h e  l a r g e s t  va lue  of 

DSHHO , DSliOD and DSHOSD : 

DSHO > DSHHO and/or DSIlOD and/or DSI-IOSD . 

Shie ld  Volume, Weight, Area 

A t  t h i s  p o i n t ,  subrout ine  SEGAM o r  subrout ine  TORUS i s  c a l l e d .  

Knowing t h e  s h i e l d  th i ckness  and loca t ion ,  t h e  volume, weight,  and 

su r face  a r e a s  a r e  ca l cu la t ed  f o r  e i t h e r  t h e  D-shaped t o r u s  o r  r ec -  

t angu la r  t o r u s .  (See explana t ions  of subrout ines  SEGARA and TORUS 

included a t  t h e  end of t h i s  appendix s e c t i o n . )  

TF Coi l  Geometry 

A t  t h i s  p o i n t ,  t h e  systems code e x i t s  t h e  f i r s t -wal l  s h i e l d  module 

and e n t e r s  t h e  'TF c o i l  module. The TT; c o i l  su r f ace  a r e a  i s  needed i n  

the  f irst-wall  s h i c l d  module i n  order  t o  compute t h e  t o t a l  nuc lea r  

hea t ing  i n  t h e  TI: c o i l  allowed by t h e  s c l e c t e d  s h i e l d  th ickness .  The TI: 

c o i l  i s  configured t o  e n c i r c l e  t h e  plasma p l u s  s h i e l d  o r  i s  configured 

based on a l i m i t i n g  r i p p l e  c r i t e r i a  a t  t h e  plasma edge. 

op t ion  i s  a c t i v a t e d  ( i . e . >  t h e  ou te r  l eg  of t h e  TF c o i l  i s  allowed t o  be 

embeddcd i n  t h e  outboard s h i e l d ) ,  then  t h e  TF c o i l  e n c i r c l e s  t h e  plasma 

p l u s  a minimum s h i e l d  th i ckness  (DSHOM) t o  p r o t e c t  t h e  TF c o i l  o r  i s  

again set  by r ipple--whichever  i s  t h e  most s t r i n g e n t  requirenicnt. 

If t h e  i g l o o  

If IGLOO = 1, then  t h e  minimum th i ckness  t o  p r o t e c t  TF c o i l s  i s  t h e  user  

input  va lue  DSIIOM 

DSHOP = DSkiObI (m) , 
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o r  

DSHOP = value  set  by r i p p l e  2 DSHOM (in) . 

Recal l  t h a t  

DSHO = t o t a l  outboard s h i e l d  th i ckness .  

(See t h e  fol lowing appendix s e c t i o n  on t h e  TF module f o r  a d d i t i o n a l  

information .I ) 

A t  t h i s  p o i n t ,  t.he systems code d r i v e r  r e t u r n s  t h e  code t o  t h e  f i r s t  

wall  s h i e l d  module, 

Uetermine Inboard Heating Rates ( f o r  s t a i n l e s s  s t ee l  inboard s h i e l d )  

Heating r a t e  a t  surface o f  carbon amor :  

QFWl = 6.735 x LW (MW/rn3) . 

Heating r a t e  a t  surface o f  inboard s h i e l d  

QSHI = 9 .77  x LW (FN/ll?) . 

Heating r a t e  a t  surface o f  'T'F dewar: 

(?4h'/m3) . [-1.3.65 x (DSHI + CORDH)] 
QDWI = 6.499 x LW x e 

H e a t i n g  r a t e  a t  s u r f a c e  of  TF case: 

(W/,3) . [-13.67 x (DSHI + CQRI'FH)] 
QTFI = 5.539 x Lw x e 



Determine Inboard Heating Rates ( for  tungs ten  inboard sh ie ld )  

(Refer t o  above d e f i n i t i o n s  used f o r  s t a i n l e s s  s teel  inboard s h i e l d s . )  

QFWI = 7.03 x L W  (MW/m3) 

QSHI = 1.8.82 x LW ( M W / I ~ ~ >  

(MW/m3) 
[-17.86 x (DSIII + TIJNDH)] 

QDCV.1 = 9.527 x L W  x e 

and 

[-17.87 X (DSHI + ‘TUNTF)] 
(kfiv/m3) QTFI = 8.49 x L W  x e 

Calcula te  Power Deposited i n  Inboard Region ( f o r  s ta inless  s teel  inboard 

s h i  e 1 d) 

Power depos i ted  i n  t h e  arinor: 

PFWI -= IBDPC X 0.2 x POWFMW X (1 - SPLIT) 

0*0s3]/13.72 (W Y 
- ( 1 3 . 7 2  + QFWX x AFWI x [1 - e 

where 

IBDPG i s  f r a c t i o n  of t h e  f irst  wall/armor alpha power going t o  t h e  

inboard region;  

SPLIT i s  f r a c t i o n  of a lpha  t o  l i m i t e r ,  and ( 1  - SPLIT) is  t h e  

f r a c t i o n  a t  a lpha  power t o  t h e  f irst  wall/armor; 

POWFMW i s  t o t a l  fu s ion  power i n  M W ;  

AFWI i s  area of  inboard armor computed i n  subrout ine  SEGARA o r  

subrout ine  TORUS. 

The th i ckness  of  t h e  armor i s  set  a t  5 c m  f o r  neu t ron ic  c a l c u l a t i o n s .  

Note that  t h e  power t o  t h e  armor i s  composed of  two sources  ( t h e  a lpha  

power and the nuc lea r  h e a t i n g ) .  



Power depos 

PSHI + 

where 

ted in inboard sta 

QSHI x ASH1 x [1.0 

nless steel shield: 

]/12.62 (MW) , - e  -(12.62 X DSHIj 

ASH1 is the front area of the inboard shield from SEGARA or '1'OKUS. 

Calculate Power Deposited in Inboard Region of TF Coil 

(In Attachment 1, power deposition in the TF coil is modeled as 

W/cm of coil length, assuming all neutrons transversing the shield are 

intercepted by the coils. 1 

x CHAMLI x RFW/3.5 (MW) , [-13.7 x (DSHI + CORTFH)] PTFI = 11.89 x LW x e 

where 

CHAMLI is the equivalent length of  the TF coil inner leg calculated as 

CHAMLI = 2 x (a x KAPPA + SCRAPL) (m) * 

RFW is radius o f  the first wall referenced to the tokamak centerline; 

3 . 5  is a normalizing factor and is the radius of the first wall of the 

FED. 

Calculate Power Deposition in Inboard Region (for tungsten inboard 

shield) 

(See above definition used in stainless steel inboard shield.) 

]/10.7% - ( 1 0 . 7 2  x 0.05)  
[e 
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] /16.2 - (16.2 X DSHI) PSI11 = QSHI x ASHI x [1.0 - e 

Ca lcu la t e  t h e  Neutron Flux (E  0 . 1  MeV) i n  the Inboard Region 

( f o r  s t a i n l e s s  s tee l  inboard s h i e l d s )  

Flux i n c i d e n t  on armor: 

FLFWI = 2.26 x 1 O l 8  x LW (neutron/s-m2) . 

Flux inc iden t  on inboard s h i e l d :  

-17.5 x 0.05) FLSI-I1 = FLFWI x e 

(assumes 5-ciii-thick armor) . 
(neut 1-on/ s - m 2 >  

Flux i n c i d e n t  on dewar: 

- [ 11.53 X (DSI-I1 + CORDH)] 
FLDWI = FLSIII x e (neutron/s-m2) . 

Flux i n c i d e n t  on TF superconductor:  

- [ 13.77 X (DSHI + CORTFD) ] 
(neutron/s-m2) FLTFI = 1.694 x 1018 x LW x e 

(E > 0 . 1  MeV) . 

DPA i n  t h e  copper s t a b i l i z e r  of TF c o i l :  

-[13.89 X (USHI + CORTFD)] Lw DFAC LIFE DPTFI = 2.693 x e 

(displacements per atom). 
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Calculate the Neutron Flux (E > 0.1 MeV) in t h e  Inboard Region 

(for tungsten inboard shields) 

(See definitions in above stainless steel section.) 

FLFWI = 2.58 x 1OI8 x LW (neutron/s-n") , 

FLSHI = FLFWI x e - (5 * 697 0 * 05) (neutron/s-m2) 

(assuiiies S-crn-.tEiick armor) 

and 

-[18.3 X (DSHX + T U N T f i D ) ]  Lw DFAC LIFE DPTFI = 3.342 x e 

(displacements per  atom) . 

Calculate Heating Rates and Power Deposition in Outboa.sd Regions 

Heating rate at surface of first wall: 

QFWO = 15 LW ( M w m 3 >  - 

Heating rate at surface of outboard shield: 

QSHO = 14.74 x LW ( W m 3  1 

(based on 2-CP SS first wall solid thickness) . 

Heating rate at surface of TF dewar: 

( W m 3 )  
-[13.65 X DSHO] 

QTFDO = 6.499 x LW x e 

(if IGLOO = 1, DSIJOP is used in above equation instead of DSHO) . 
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Hea t ing  ra te  a+, surface of TF coi.1 case :  

- [ 1.3.67 x (DSI-117 + CORII'FHQ) ] (2'TFO = 5,539 x LW x e 

( i f  'IGLOO :I: 1, DSIiO i s  used i n  above equat ion i n s t e a d  of DSHO) . 

Power depos i ted  imi outhoard f irst  wall: 

OUDPC i s  fraction of t h e  f i r s t  wall/armor a lpha  power t o  outboard 

region;  

EEDPC i s  f r a c t i o n  of t he  first wall/amsr a lpha  power t o  end reg ions ;  

SPLIT i s  f r a c t i o n  of  a lpha  power t o  the limiter and (1 - SPLIT) i s  

the f r a c t i o n  o f  alpha powei- t o  the ar rnor / f i r s t  wall; 

POWFMW i s  t o t a l  f u s i o n  power i.n megawatts; 

AFWCl and AFWE are areas o f  t h e  outboard and end regions of  the 

f i r s t  wall c a l c u l a t e d  i n  subrout ines  SEGAKA or" TORUS; 

FGWEQ i s  t h e  equivalent s o l i d  f i r s t - w a l l  thickness i n  iiieters 

(hardwired i n  a t  0 . 0 2  m) a 

Note t1mt t h e  wwer i n  t h e  f l r s e  wall i s  from two sources: a lpha  power 

and  nuclear bea t i  ng.  

Power depos i ted  i n  outboard s h i e l d :  
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where 

ASHE2,  ASH03, and ASH04 a r e  t h e  f r o n t  su r f ace  a reas  o f  top ,  bottom, 

and ends o f  t h e  t o r u s  as ca l cu la t ed  i n  subrout ine  SEGARA and sub- 

r o u t i n e  TORUS. 

Power depos i ted  i n  outboard reg ion  of  TF c o i l  

- [ 1 3 . 7  x (DSHO + CORTFHO) ] 
clwlT,Q P ' r m  := 11.89 x LW x e 

(W 
x TFSAO x (TFNO/SURF) x RFW/3.5 

( i f  IGLOO = 1, DSHOP i s  used i n  above equat ion in s t ead  of DSHO),  

where 

TFSAO i s  t h e  outboard TF c o i l  area of a s i n g l e  c o i l  ca l cu la t ed  i n  

t h e  TF module; 

TFNO i s  t h e  number of TF c o i l s ;  

SURF i s  t h e  su r face  3rea  obtained by r o t a t i n g  the  TF ou te r  l eg  

about t h e  average r ad ius  of t h e  TF c o i l ;  

where t h e  equiva len t  TF ou te r  l eg  length  i s  given by 

CHAMLQ f: CHAbILN - CHAMLT (m) ; 

where 

CHAMLN i s  t h e  t o t a l  po lo ida l  vacuum vesse l  circumference ca l cu la t ed  

i n  subrout ines  TORUS and SEGARA 

and 

( R I N  f RTOTL) ._ 
2 

SURF = ( 2 ~ )  (LEN'TFO) 

where 

R I N  i s  t h e  TF c o i l  i nne r  r ad ius  from tokamak cen te r ;  

RTOTL i s  t h e  TF c o i l  ou te r  r a d i u s  from tokamak cen te r .  
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The c a l c u l a t i o n  f o r  h e a t  depos i t i on  i n  t h e  ou te r  TF c o i l  l egs  i s  

s imilar  t o  t h a t  f o r  t h e  inne r  l egs  except t h a t  a c o r r e c t i o n  has been 

added f o r  t h e  open space between ad jacent  'TF c o i l  o u t e r  legs .  

t h a t  t h e  algori thm was der ived  as W/cm o f  length ,  assuming a l l  neutrons 

were in t e rcep ted . )  

(Recal l  

Calcu la te  t h e  Ncutrori Flux (E  > 0.1 MeV) i n  t h e  Outboard Region 

F l u x  i n c i d e n t  on first.  wall: 

FLFWO = 2.58 x l O l a  x LW 

Flux i n c i d e n t  on outboard s h i e l d :  

- (9.73 X FWOEQ) 
FLSI-IO = FLFWO x e 

(neutron/s-m2) 

(neutron/s-m2) , 

where 

FWOEQ i s  t h e  equiva len t  s o l i d  th ickness  of t h e  f i rs t  wall (a va lue  

o f  0 .02  m i s  hardwired i n t o  t h e  module). 

Flux i n c i d e n t  on dewar: 

-(10.56 X DSHO) 
FLTFDO = FLSHO x e 

( i f  IGLOO = 1, DSI-IOP i s  used i n  t h e  above equat ion i n s t e a d  of DSHO 

t o  compute f l u x  i n c i d e n t  on TF dewar; however, even i f  IGLOO = 1, 

t h e  va lue  of FLTFDO ca l cu la t ed  with DSHO ( t h e  t o t a l  outboard 

s h i e l d  th ickness)  i s  t h e  va lue  of neutron f l u x  t r ansmi t t ed  t o  t h e  

r e a c t o r  c e l l  t o  compute wall t h i ckness  for environmental p r o t e c t i o n ) .  

Flux i n c i d e n t  on TF superconductor:  

-[13.77 x (DSHO + CORTFDO)] 
FLTFO = 1.68 x 1 O l 8  x LW x e (neutron/s  -m2> 

( i f  IGLOO = 1, DSHOP i s  used i n  t h e  above equat ion i n s t e a d  of  DSHO). 
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DPA t o  outboard TF copper matrix:  

-[13.89 x 
DPTFO = 2.691. x e 

(displacements p e r  atom) ; 

( i f  IGLOO = 1, DSIiOP i s  used i n  t h e  above equat ion i n s t e a d  of USHO) 

Calcula te  Shutdown Dose Rate ( 2 4  h a f t e r  shutdown) 

-[16.9 x ( M H O  - 1 . 3  f CORDHO)] 
SUDR -= 2.32 x LW x e (mr em/ h) ; 

(above equat ion v a l i d  a f t e r  s a t u r a t i o n ;  i . e . ,  a f t e r  about 1 MWh/m2 

a t  t h e  f i rs t  wa l l ) .  

Calcu la te  Dose t o  Inboard T F  E l e c t r i c a l  lnsulatjon 

For s t a i n l e s s  s t ee l  i n h o a r d  sh i e ld ing :  

-[13.83 x (DSHI  3 CORTFD)] DOSE1 := 6.455 x 1012 x T.,W x DFAC x LTFE x e 
( rad)  . 

For tungsten inboard sh ie ld ing :  

DOSE1 = 8 .43  x 1012 x LW x DFAC x L I F E  x e -[18.22 X (DSIII + TUNTFD)] 

( rad)  . 

Calcula te  Dose to Outboarcl TF Coi l  

-[13.83 X (DSHO + COKTFDO)] DOSE0 = 6.455 x lo1’ x LW x DFAC x LTFE x e 
( rad)  ; 

(if I G L O O  = 1, DSHOP i s  used i n  t h e  above equat ion i n s t e a d  of  DSI-IO) . 

Calculate Cost- of  Various Torus Components 

(Cost c a l c u l a t i o n s  shown are f o r  t h e  s h i e l d  conf igura t ion  ITORIJS = 2 ;  

i . e . ,  t he  r ec t angu la r  t o r u s .  Procedure i s  similar lror ITORUS -- 1, t h e  

D- Shaped to rus .  ) 
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_I Shie ld  c o s t  ( s t a i n l e s s  s tee l  design)  

80% of t o t a l  voluiiie i s  steel; 

10% of  top ,  bottom, and outboard is boron caybide.  

H.emovc volume o f  copper i n s e r t  embedded i n  s h i e l d  if t h e r e  i s  a coppel 

i n s e r t .  

VTOTDM VTOT - VOECl  

where 

VTOT i s  t h e  t o t a l  s h i e l d  volume (calculated i n  '1'OKLJS srnbroutine) ; 

VOLCI i s  t h e  volume QE t h e  copper i n s e r t  ( ca l cu la t ed  i n  TF module). 

Cost of S t e e l  p o r t i o n  of  sh i e ld :  

CSTEEL = VTOTDM X ( 1  - VOXFRC) X UCSTL X DENSTL 

where 

VOIFRC i s  t h e  i n p u t  void f r a c t i o n ;  

UCSTI, i s  t h e  i n p u t  u n i t  c o s t  of  s t e e l ;  

DENSTI, i s  t h e  inpu t  d e n s i t y  of s tee l .  

Cost of boron ca rb ide  i n  sh ie ld :  

C B K  = (VTOP + VBOT + VOUTBD) x 0.1  x DENBrZC x UCB4C ($1 9 

where 

V'1'OP i s  volume of top  of  torus from subrout ine  TORUS; 

VBQT i s  volume of bottom of t o r u s  from subrout ine  TORUS; 

VOUTBD i s  volume of outboard s h i e l d  from subrout ine  TORUS; 

DENB4C i s  inpu t  d e n s i t y  of  boron carb ide ;  

UCB4C i s  inpu t  u n i t  c o s t  of boron. carb ide .  

(10% of t h e  s h i e l d  volume i s  assumed boron carb ide . )  
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Cost of  bulk s h i e l d :  

TCBS = (CS'1'EEL + CB4C)/106 ($  mil l ion)  . 

Shie ld  cos t  ( tungs ten  design) 

80% of inboard volume i s  tungsten;  

10% of inboard volume i s  s t e e l .  

Cost o f  s t e e l  p o r t i o n  of  s h i e l d  i n  outboard,  t op ,  and bottom: 

CSTEEL = (VTOP + VBOT + VOU'TBL) - VOLCI) X (1  - VOIFRC) X UCSTL X DENSTL 

where 

VTOP i s  t h e  volume of  t h e  s h i e l d  top from subrout ine  'TORUS; 

VBOT i.s t h e  volume of t h e  s h i e l d  bottom from subrout ine  TORUS; 

VOUTBD i s  the volume of  t h e  s h i e l d  outboard fi-oiii subrout ine  TORUS; 

VOIFRC i s  t h e  inpu t  void f r a c t i o n ;  

UCSTL i s  t h e  inpu t  u n i t  c o s t  of  s t e e l ;  

DENSTL i s  the inpu t  d e n s i t y  of  s t e e l .  

Cost of boron ca rb ide  po r t ion  of s h i e l d  i n  top ,  bottom, and outboard: 

CB4C = (VTOP + VBOT .+ VOIJTBD) x 0.1 x DENB4C x UCB4C . 

Cost of inboard sh ie ld ing :  

C I N B D  = V I N R D  x 0 . 1  x UCSTL x DENSTL -t V I N B D  x 0.8 x UCTUN x DENTUN , 

where 

V I N B D  i s  t h e  inboard s h i e l d  volume ca l cu la t ed  i n  subrout ine  TORUS; 

UCTUN i s  t h e  inpu t  u n i t  c o s t  o f  tungsten;  

DENTUN i s  t h e  inpu t  d e n s i t y  o f  tungs ten .  

Cost of  bulk s h i e l d  ( tungsten op t ion ) :  

TCBS = (CSTEEL -t CB4C + CINBD)/106 ( $  mil l ion )  . 
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Cost of  f i rs t  wall (outboard s t a i n l e s s  s tee l  panels)  

CFW = 22500 x F W A R E A / ~ O ~  ($  mil l ion )  , 

where 

22500 i s  $/m2;  

FWAREA i s  first-wall su r face  area c a l c u l a t e d  i n  subrout ine  TORUS. 

Cost o f  g r a p h i t e  armor 

CARMOK = 8800 x AAfWOR/106 ($ mil l ion )  , 

where 

8800 i s  $/m2;  

AARMOR i s  s u r f a c e  area of  inboard armor ca l cu la t ed  i n  subrout ine  

TORUS. 

Cost of  1i.miter b lades  

The pumped l imiter  forms a t o r o i d a l  d i s k  a t  t h e  bottom of t h e  

plasma. 

plasma. The width (L)  s ca l ed  by t h e  plasma minor r ad ius  from t h e  FED 

geometry as 

The c e n t e r  i s  assumed t o  be t h e  plasma major r a d i u s  of t h e  

L = a x 1.4/1.3 . 

The l i m i t e r  area i s ,  t h e r e f o r e ,  

ALIM = [ (Ro + $ ) 2  - (a  - $ ) ' I  , 

I 

where 

R i s  t h e  major r a d i u s .  
0 
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Cost of  l imi- te r :  

C L T M  = 61000 x ,4LIM/1O6 . ($ mil l ion)  . 

SlJBROIJ'l'lNE SEGARA 

(I ' l 'ORUS = 1) 

'l'liis subrout ine  c a l c u l a t e s  t h e  volume and su r face  a r c 3  f o r  a 

D-shaped t o r u s .  A 22.5 '  s h i e l d  segment, shown i n  Fig.  4 ,  i s  formed 

around t h e  plasma by  c a l c u l a t i n g  sur face  a reas  a t  each of f i v e  loca t ions  

progressing away from t h e  plasma. The su r faces  a r e  ind ica t ed  i n  F i g .  5. 

The f i r s t  l oca t ion  i s  t h e  su r face  of t h e  f i r s t .  wal l .  Succeeding loca t ions  

a r e  a t  t h e  ou t s ide  o f  t h e  f irst  wal l ,  i n s i d c  su r face  o f  t h e  s h i e l d ,  

ou t s ide  su r face  o f  the s h i e l d ,  and ou t s ide  su r face  o f  a lead l aye r .  The 

i n s i d e  su r face  o f  t h e  f i r s t  wall i s  def ined by the fol lowing equat ions.  

Inboard surfacer  R 1  = RO -. A .- S P I ,  H1 = A x KAPPA .t SPO , 

Outboard su r face :  R4 = RO + 4 i SPO, Hb ::I 1/3(Hl) , 

A := plasma minor r ad ius  

RO = major r ad ius  

KAPPA ::: plasma e longat ion  

SPX = iriboard d i s t a n c e  from plasma t o  f irst  wall 

SPO = outboard d i s t a n c e  from plasma t o  f i r s t  wall 

R 1  1 r a d i u s  .to inboard f irst  wal l  

1-11 := one-half  of  t h e  maxiniuii f i r s t - w a l l  he ight  

R4 ::I r ad ius  t o  outboard f i r s t  w a l l  

IIL, ::: one-half  of  t h e  minimum first-wall  he ight  . 
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'ID" SHAPED TORUS 

QRNL-DWG 84- 3757 FED 

22.5' 

c_ 1- 
_I P-' 

SHIELD VOLUME 
I 

ASH14 

/ 

A4--, 

F i g .  4 .  Shield t o r u s  segment. 
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LOCATIONS FOR GEOMETRY CALChlLAT1ONS 
I'D" SHAPED TORUS 

ORNL- DWG 84 - 3758 FED 

FIRST W A L L  

Q SURFACE AREA CALCULATED 
AT 5 L O  C AT I 0 N S 

Fig. 5 e Locations for geometry calculations, I ' D "  shaped torus. 
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Top and bottom s u r f a c e  geometry i s  given by 

where 

A2 = t o p  and bottom f i r s t -wal l  su r face  a rea ,  

W 1  = inboard f i r s t -wal l  segment width,  

W23 = first-wall width a t  t h e  major ax is .  

'The outboard 45' corners  are tangent  t o  t h e  plasma scrape-of f  reg ion .  

The geometric l oca t ions  are  def ined  t o  be 

Radii  and he igh t s  a r e  determined f o r  each of t h e  f i v e  loca t ions  

through t h e  s h i e l d  by looping through t h e  subrout ine  SEGARA with 

inc reas ing  th i ckness ,  Widths of  t h e  t o r u s  module are ca l cu la t ed  

as fo l lows:  

W1 = R1 x 2 x t an(a /2)  , 

, 
, 

w23 = Ro x 2 x t an (a /2 )  

W3 = R4 x 2 x t an(a /2)  

where 

a = 22.5O, 

W 1  = inboard f i r s t -wal l  segment width,  

W p 3  = f i rs t -wal l  width a t  t h e  major a.xis,  

W3 = outboard f irst-wall  segment width.  

These widths are  ind ica t ed  i n  Fig.  6. 
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PLAN V I E W  
GEOMETRY 

Fig 6 .  ' I D "  shaped tortas. 
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Volumes of s e c t i o n s  of t h e  module a r e  ca l cu la t ed  us ing  t h e  formula f o r  

t h e  f m s t r w n  of a pyramid; t h a t  i s ,  us ing  inne r  and o u t e r  su r f ace  areas 

and the s e c t i o n  th i cknesses  a s  i nd ica t ed  i n  Fig.  4. 

def ined  as 

A t y p i c a l  volume i s  

VOL = SHVI + SHVO + S1-NE 

= 1/3(DSHI)(ASHIl -t A 1  + dISHI1 x A 1  ) + 1/3(DSHO) 

x (ASH03 -+ A 3  + dASHO3 >: A3 

t dASH04 + A 4  ) + 1/3(DSHO) (ASHE2 + A2 + dASHE2 x A2 ) 

t ASH04 + A4 

, 

where 

SHVT = segmented inboard s h i e l d  volume, 

SHVO = segmented outboard s h i e l d  volume, 

SHVE = segmented end bulk s h i c l d  volume, 

DSIII = i n h a r d  s h i e l d  th ickness ,  

DSHO = outboard s h i e l d  th i ckness ,  

ASH11 = f r o n t s i d e  a r e a  of inboard bulk s h i e l d ,  

A 1  = backside area of inboard bulk s h i e l d ,  

ASH03 = f r o n t s i d e  area o f  hypotenuse bulk s h i e l d ,  

A3 = backside area of  hypotenuse bulk s h i e l d ,  

hSH04 = f r o n t s i d e  area o f  outboard bulk s h i e l d ,  

A4 = backside a r e a  o f  outboard bulk s h i e l d ,  

ASHE2 = f r o n t s i d e  area o f  end bulk s h i e l d ,  

A2 = backside area of end bulk s h i e l d .  

Figure 4 a l s o  shows a l l  t h e  s u r f a c e  areas def ined  above. 

The su r face  areas and module volumes are mul t ip l i ed  by 14 ( i n t e r n a l  t o  

t h e  code) t o  o b t a i n  va lues  f o r  t h e  f u l l  t o rus .  

'The s h i e l d  volume i s  then mul t ip l i ed  by 1.0 minus t h e  input  void fraction 

CVOIFKC) t o  account f o r  t h e  po r t ion  of s h i e l d i n g  that i s  water:  
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VOLIJME = 16 X VOL X (1 - VOIFRC) . 

SUBROUTINE TORUS 

(ITORUS = 2)  

This  s h i e l d  opt ion  recognizes  t h a t  t o r u s  designs have become very 

complex geoiiietrically i n  t h e  sense t h a t  t h e  s h i e l d  tends t o  be divided 

i n t o  many modules, sh i e ld ing  extends r a d i a l l y  outward between t o r o i d a l  

f i e l d  c o i l  l e g s ,  and a d d i t i o n a l  sh i e ld ing  i s  needed outboard of t h e  TF 

c o i l .  

r ep resen ta t ion  o f  t hese  requirements .  i t  should be pointed out ,  however, 

t h a t  with t h i s  conf igura t ion  t h e  TF c o i l  ou te r  leg  i s  not  n e c e s s a r i l y  

embedded i n  t h e  outboard s h i e l d .  I f  one s p e c i f i e d  IGLOO = 0 ,  t he  TF 

ou te r  l eg  w i l l  be s i zed  t o  e n c i r c l e  t h e  t o t a l  outboard s h i e l d  th ickness .  

Even i f  IGLOO = 1, which allows embedding t h e  TF l e g  i n  t h e  s h i e l d ,  t h e  

magnetic f i e l d  r i p p l e  requirement a t  t h e  plasma edge may be such t h a t  

t he  o u t e r  TF l e g  i s  s i zed  such t h a t  it a l s o  completely e n c i r c l e s  the 

t o t a l  outboard s h i e l d .  

The simple approach def ined  i n  t h i s  op t ion  provides  a reasonable  

The s h i e l d  i s  represented  by t h e  c ros s  s e c t i o n  shown i n  Fig.  7. 

Volume i s  based on a t o r o i d a l  r evo lu t ion  of t h e  s e c t i o n  shown. The 

volume i s  t h e r e f o r e  represented  by d i s k s  a t  t h e  top  and bottorn and by 

th ree  c y l i n d e r s .  

Radii  K1 through Rg d e f i n e  t h e  iririer and ou te r  r a d i i  of t h e  t h r e e  

s h i e l d  cy l inde r s ,  as shown and def ined  i n  Fig. 8.  The v e r t i c a l  d i s t ances  

from t h e  plasma c e n t e r  t o  t h e  i n s i d e  of  t h e  s h i e l d  su r faces ,  ILr and 
1 

, are a l s o  shown and def ined  i n  Fig.  8.  Calcu la t ions  t o  d e f i n e  these  
HB 1 
dimensions a r e  as fol lows.  

RADII (Figs .  8 and 9) 

R 1  = R - a - SCRAPL - DFWI - D 1 2  - DSNI 
0 
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SHIELD VOLUME ITORUS = 2 MODEL 

ORNL-DWG 84-3760 FED 

-DSHOP 

-DSHO- 
DSHOP 

Fig .  7. Shield volume ITOKUS = 2 model. 
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MODEL, FOR STAINLESS STEEL 
ALL PANELS AND AR 

ORNL-DWG84-3762 FED 

ARMOR 

F i g .  9. Model f a r  s ta inless  s tee l  first wall 
pariels and armor. 
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where 

R i s  t h e  major r a d i u s ,  

a i s  t h e  plasma minor r a d i u s ,  

SCRAPT, i s  t h e  sc rape -o f f  th ickness ,  

DFWI i s  t h e  armor t-hickness,  

D12 i s  a gap between armor and s h i e l d ,  

DSHI i s  t h e  inboard s h i e l d  th i ckness .  

0 

where 

DFWO i s  t h e  outboard f irst-wall  th ickness ,  

DO2 i s  a gap between f i r s t  wall and outboard s h i e l d .  

R~~~~~ = R 3  +. DSHO (ml , 

where 

DSHO i s  t h e  t o t a l  outboard s h i e l d  th i ckness .  

A t  t h i s  p o i n t ,  a t e s t  i s  made t o  determine i f  t h c  TF c o i l  ou te r  leg  

If 
C LLAK ' 

dimension ( t r a n s f e r r e d  from t h e  TF module) i s  g r e a t e r  than R 

it i s ,  R4,  R 5 ,  and R g  a r e  equal t o  R 3 .  I f  t h e  TF c o i l  ou te r  l e g  

dimension i s  l e s s  than  R 

and c a l c u l a t j o n s  f o r  R 4 ,  R 5 ,  and R6  a r e  inade as fol lows:  

then t h e  l e g  i s  embedded i n  t h e  s h i e l d ,  C LEAK ' 

where 

DSHOP i s  t h e  s h i e l d  th ickness  inboard of t h e  TF c o i l  ou te r  leg .  

Value i s  t r ans fe r r ed  from TF module and i s  2 DSHOM, where DSHOM 

i s  the input  minimum s h i e l d  th i ckness  t o  p r o t e c t  t h e  TF c o i l .  
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R 5  = R 4  + DDW + TFTHK i- DDW -+ DAGO (m) 9 

w h e r e  

DDW i s  the TF d e w a r  t h i ckness ,  

TFTHK i s  t h e  TF c o i l  th ickness ,  

DAGO i s  t h e  inpu t  gap between t h e  outboard s h i e l d  and TF c o i l .  

HEIGHT TO TOP 

I4T1 = a x K + SCRAPL + DFWI + DI2 

w h e r e  

K i s  t h e  plasma e longat ion .  

THICKNESS OF LIMITER (Fig.  7) 

TLIM = 0.3 x a /1 .3  (m) 9 

sca l ed  f r o m  a p o i n t  design.  

THICKNESS OF PUMP DUCT ( Fig.  7) 

s ca l ed  from a p o i n t  design.  

HEIGHT TO BOTTOPI 

HB1 = a x K x TLIM + TDUCT 

PCR3iETER 01: C!JAMBER ( ins ide  dimension) 

CHAMLN = [(HTi - DFWI - DI2)  + Hsl] x 2 . 0  + (a + SCRAPL) x 4 . 0  (m) . 
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Shie ld  volumes are  def ined  as fol lows.  

Top an3 bottom d i s k :  

vT = DSHO ' i i ( ~ :  - R:) . 

Outboard : 

2 2 
V o  = (HT1 + 'IBl) n [ ( R q  - R 3 )  -t - Rg)] . 

SURk'ACE AREA OF ARMOR (Figs. 8 aiid 9) 

L IM) AARMOR = ITER: - R;] + 2 n R 2 ( I I .  + a x K + 
1'1 

SURFACE AREA OF FIRST WALL (F igs .  8 and 9) 

FWAREA = 2-irR3(HT1 i- a x K) . 

S H I E L D  SURFACE AREAS ( i n s i d e  f aces )  (F ig .  5) 

(needed i n  s h i e l d  power depos i t ion  

Inboard : 

ASH1 = 27r  x Rz x (Hrn I- HBl) 

cal cu 1 a t  i on) 

(m?) . 

Outboard: 

ASH04 = 2,ir x R 3  X (HTl + HBi> 
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Table 8 .  Geometrical model and zone compositions 
f o r  t h e  neut ronics  model 

Radius (cm) 
Zone Thickness Composition 

d e s c r i p t i o n  From T O  (cm) volume percentage 

TF c o i l  ca se  

TF coi.1 winding 

TF c o i l  case 

‘Thermal i n s u l a t o r  

TF dewar 

Gap 

Spool s t r u c t u r e  

Gap 

Inboard sh ie lda  

Armor 

Scrape-off 

Plasma 

Scrape- o f f  

F i r s t  wa 11 

Outboard s h i e l d  

S t r u c t u r e  

Lead s h i e l d  

174 182 

182 2 39 

239 247 

247 264.5 

264.5 267 

267 277 

277 282 

282  285 

285 345 

345 350 

350 370 

370 630 

630 650 

650 652 

652 780 

780 790 

790 795 

8 

57 

8 

17.5 

2.5 

10 

!I 

3 

60 

5 

20 

260 

20 

2 

128 

10 

5 

100% type  136 s tee l  

5% NbTi,  23% Cu, 19% He, 
45% type  316 s t e e l ,  
8% i n s u l a t o r  

100% type  136 s t e e l  

1% i n s u l a t o r  

100% type  316 s t e e l  

Va cuuni 

100% type 316 s teel  

Vacuum 

80% type  316 s t e e l ,  

100% carbon 

Vacimm 

Vacuum 

Vacuum 

50% type 316 s t e e l ,  

80% type 316 s t e e l ,  

100% type  316 s tee l  

100% Pb 

10% Bi+C, 10% €120 

50% H 2 0  

10% h + C ,  10% 1120 

a 
A composition o f  80% tungsten,  10% type 316 s t e e l ,  and 10% H20 i s  
used f o r  tungsten s h i e l d .  



neutron exposure of Ql t o  6 MWy/m2 a t  t h e  first wall. 

f o r  t h e  inboard f i rs t  wall are included i n  t h e  model f o r  each s h i e l d i n g  

opt ion .  

Two armor materials 

The neutror i ics  c a l c u l a t i o n s  f o r  t h e  model were performed us ing  t h e  

d i s c r e t e  o r d i n a t e  code ANISN3 with S8 symmetric angular  quadra ture  se t  

and P3  legendre expansion f o r  t h e  s c a t t e r i n g  c ros s  s e c t i o n s .  A 67 

multigroup c ross  s e c t i o n  (46 neutrons and 2 1  pro t rons)  co l lapsed  from 

t h e  CTR l i b r a r y 4  was used f o r  ANISN c a l c u l a t i o n s .  

employed t o  c a l c u l a t e  t h e  nuc lea r  responses  (nuc lear  hea t ing ,  r a d i a t i o n  

damage, gas product ion,  e t c . ) .  For dose equiva len t  a f t e r  shutdown, t h e  

c a l c u l a t i o n s  fo l low t h e  ANISN-RACC-ANISN path .  6 ,  

f irst  used t o  o b t a i n  t h e  s t e a d y - s t a t e  neut ron  f luxes  i n  each i n t e r n a l  of  

t h e  geometry. These f luxes ,  a f te r  normalizat ion f o r  t h e  proper  neutron 

wall loading a t  t h e  f irst  wall, were used by t h e  RACC code t o  genera te  

t h e  decay gamma source d i s t r i b u t i o n s  f o r  va r ious  ope ra t ing  times and 

decay pe r iods  a f t e r  shutdown. Decay gamma t r a n s p o r t  was then  performed 

with t h e  ANISN code t o  o b t a i n  t h e  dose equiva len t  f o r  each gamma source 

d i s t r i b u t i o n .  

t he  fol lowing parameters :  

f i r s t  wall ,  (b) a 1-year  ope ra t ing  time, and (c) a 1-day decay t ime 

a f te r  shutdown. 

The MACKLIB5 was 

The ANISN code was 

The dose equiva len t  r e s u l t s  adopted f o r  t h i s  model assume 

(a)  a 1-MW/m2 neutron wall loading a t  t h e  

A paramet r ic  s tudy  was performed t o  genera te  nuc lear  responses  as 

a func t ion  of  t h e  s h i e l d  th i ckness  (inboard and outboard) u s ing  a 

homogeneous s h i e l d  composition f o r  both types of s h i e l d ,  type  316 s tee l  

and tungs ten .  A s  an example, Figs .  10 through 16 are p l o t s  of t h e  

d i f f e r e n t  nuc lea r  responses  c a l c u l a t e d  f o r  both s h i e l d s  with carbon 

armor. 

loading o r  l-MWy/m2 D-T neutron exposure a t  t h e  f irst  wall. 

g ives  t h e  dose i n  t h e  thermal i n s u l a t o r  as a func t ion  of t h e  s h i e l d  

th ickness  f o r  both s h i e l d s .  

i n s u l a t o r  dose by a f a c t o r  of  10 compared t o  t h e  s tee l  s h i e l d  a t  60-cm 

s h i e l d  th ickness .  The maximum dose i n  t h e  e l e c t r i c a l  i n s u l a t o r  i s  0.23 

times t h e  thermal f o r  both s h i e l d s .  Figure 12  g ives  t h e  maximum nuclear  

hea t ing  i n  t h e  case  and t h e  dewar of  t h e  TF c o i l s .  

A l l  t h e s e  r e s u l t s  are normalized t o  1-MW/m2 D-T neutron wall 

Figure 10 

The tungs ten  s h i e l d  reduces t h e  e l e c t r i c a l  

The t o t a l  nuc lear  



1 2 2  

ORNL-DING 84-3842 FED 

35 40 45 58 55 
I N B O A R D  SHIELD THICKNESS (cm) 

F i g .  10. Maximum dose in the thermal i n s u l a t o r  normalized 
to 1 MWy/m2 DT neutron exposure at the f i r s t  wall as a funct ion 
of t h e  inboard s h i e l d  t h i c k n e s s  for tungstcn and steel shield. 
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ORNL-DWG 84-3843 FED 

35 40 45 50 55 60 
INBOARD SHIELD THICKNESS (cm) 

F i g .  11. Maximum dose i n  the  e l e c t r i c a l  i n s u l a t o r  normalized 
t o  1 MWy/m2 UT neut ron  exposure a t  t h e  f irst  wall as a func t ion  
of t h e  inboard s h i e l d  th i ckness  f o r  tungs ten  and s t e e l  s h i e l d .  
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F i g .  12. Maximum nuclear heating in the dewar case of the 
TF coils nomralized to 1 MW/m’ neutron wall loading at the first 
wall as a function of the inboard shield thickness for steel 
and tungsten shield. 
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ORNL-DWG 84-3845 FED 

W 

35 40 45 50 55 60 
INBOARD SHIELD THICKNESS (cm) 

Fig. 13. Nuclear heating in the TF coils (winding 
materials and case) per unit length at midplane normalized 
to 1 MW/m2 neutron wall loading of the first wall as a 
function of the inboard shield thickness for tungsten and 
steel shield. 
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4d3 

c 

Id" 

ORNL-DWG 84--3845 FED 

35 4Q 45 50 55 SO 
INBQARU SHIELD THICKNESS (cm) 

F i g  I 14 .  Maximum neUtru i l  f l u x  i n  t h e  superconductor 
ma te r i a l  normalized t o  1 MW/m2 neutron wal l  loading a t  t h e  
f i r s t  wall as a function o f  t h e  i n b o a r d  s h i e l d  th ickness  
and s t e e l  s h i e l d .  
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ORNL-DWG 84-3847 FED 

35 40 45 50 55 60 
INBOARD SHIELD THICKNESS (cm) 

Fig. 15. Maximum copper induced resistivity normalized 
to 1 MWy/m2 DT neutron exposure at the first wall as a 
function of the inboard shield thickness for tungsten and 
steel shield. 
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ORNL-DWG 84-3848 FED 

+7 
TYPE-316 SS SHIELD 

0 20 40 60 80 100 120 140 460 
OUTBOARD SHIELD THICKNESS (cm) 

F i g .  16.  Neutron flux as a function of the outboard shield 
thickness  normalized t o  1 MW/m2 neutron wall loading at the first 
wall for tungsten and steel shield, 
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hea t ing  p e r  u n i t  l eng th  o f  t h e  TF c o i l s  i n  t h e  inboard s e c t i o n  i s  shown 

i n  Fig.  13, F igure  14 g ives  t h e  maximum neutron f luence  (E > 0.1 and 0.0 

MeV) i n  t h e  NbTi superconductor.  

copper s t a b i l i z e r  i n  terms of t h e  induced r e s i s t i v i t y  is  shown i n  Fig.  15.  

For t h e  outboard s h i e l d ,  Fig.  16 shows tho  t o t a l  neutron f l u x  as a 

func t ion  of  t h e  s h i e l d  th i ckness  f o r  both s h i e l d s ,  wherever t h e  tungsten 

s h i e l d  i s  n o t  included i n  t h e  model. 

The r e s u l t s  from t h e  paramet r ic  s tudy were used t o  genera te  numerical 

T h e  maximum r a d i a t i o n  damage i n  t h e  

f i t t i n g  f o r  t h e  r e s u l t s  f o r  each nuc lea r  response as a func t ion  of t h e  

s h i e l d  th i ckness ,  t h e  D-T neutron wall loading (MW/m2), and t h e  t o t a l  

ope ra t ing  t ime (y ) .  The D-T neutron wall load and t h e  D-T neutron 

exposure i n  MWy/m?- are ca l cu la t ed  a t  t h e  f i r s t  wal l .  

c a r r i e d  out  f o r  f o u r  d i f f e r e n t  conf igu ra t ions  as fo l lows .  

This  process  was 

1. S t e e l  shi.eld f o r  t h e  whole r e a c t o r  with 5-cm carbon armor f o r  t h e  

inboard f irst  wall. 

* Thermal i n s u l a t o r  dose ( rads)  i n  t h e  inboard s e c t i o n  of  t h e  

TF c o i l s  

= neutron exposure (MWy/m2) x 1.428 x 1013 x exp[-0.1381 x t (cm)] ,  

where t i s  t h e  th i ckness  of t h e  inboard s h i e l d  as shown i n  Table 8 .  

* E l e c t r i c a l  i n s u l a t o r  dose ( rads)  i n  t h e  inboard s e c t i o n  of 

t h e  TF c o i l s  

= neutron exposure (MWy/m2) x 6.455 x 10 l2  x exp[-0.1383 x t (cm)] .  

* Maximum neutron f l u x  (n/cm”-s) a t  t h e  inboard superconductor of 

t h e  TF c o i l s  wi th  E > 0 .1  MeV 

= neutron wall loading (MW/m2) x 1.684 x 1014 x exp[-0.1377 x t(cm)].  

Maximuin neutron f l u x  (n/cm2-s) at t he  inboard superconductor of 

t h e  TF c o i l s  wi th  E > 0.00 MeV 

= neutron wall loading (MW/m2.) x 3.131 x 1014 x exp[-0.1367 x t (cm)] .  
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a 

8 

Maximum neutron f luence (n/m2) a t  t h e  inboard superconductor of 

t h e  TF c o i l s  with E > 0 . 1  MeV, M N F G l  

= neutron exposure (MWy/m2) x 5.321 x l o2 ’  x exp[-0.1377 x t (cm)] .  

Maximum induced r e s i s t i v i t y  (i:-cm) i n  t h o  co;,per s t a b j  l i z e r  of 

t h i n  board sec t ion  o f  t h e  TF c o i l s  

= [1.449 + 78.1(MNFGI x - 7.153(MNFGl x 

+ 0.2852(MNFGl x 1 0 - ’ ~ ) 3 1  x 

Maximum atomic displacement (dPa) i n  t h e  copper s t a b i l i z e r  o f  the 

iilboard s e c t i o n  o f  t h e  TF c o i l s  

= neutron exposure (MWy/m2) x 2.693 x exp[-0.1389 x t (cm) 1 .  

Maximum nuclear  hea t ing  r a t e  (W/cm’) i.n t he  board sec t ion  of t h e  

TF dewar 

= neutron wal l  loading (MW/m’) x 6.499 x exp[-0.1365 x t [cm)] .  

Maximum nuc lea r  hea t ing  r a t e  (W/cm3) i n  t h e  inboard TF case  

= neutron wall  loading (MW/m2) x 5.539 x exp[-0.1367 x t (cm)] .  

To ta l  nuc lear  hea t ing  r a t e  p e r  u n i t  l ength  (W/cm) i n  t h e  inboard 

s e c t i o n  of t h e  TF c o i l s ,  winding pack and case 

= neutron wall loading (MW/m2) x 1.189 x l o 5  x exp[-0.1370 x t(cm)].  

Nuclear hea t ing  i n  t h e  inboard s h i e l d  (W/cm3) with 5-cm carbon 

armor between t h e  D-?‘ neutron source and t h e  s h i e l d  su r face  

= neutron w a l l  loading (MW/m2) x 9.770 x exp[-0.1262 x t ( cm) ] ,  

Nuclear hea t ing  i.n t h e  inboard carbon armor (W/cm3) 

= neutron wall loading (MW/rn2) x 6.735 x exp[-0.1372 x C(cm)], 

where C i s  t h e  carbon armor th ickness  and v a r i e s  from 0 t o  5 c m ,  



13 1 

8 Nuclear hea t ing  i n  t h e  outboard f i r s t  wall 

= neutron wall loading (W/in2) x 15.00 x exp[-O.1362 x F(cm)] ,  

where F i s  t h e  f i rs t -wal l  th i ckness  and v a r i e s  from 0 t o  2 cm. 

Q Nziclea-r hea t ing  i n  thc  outboard s h i e l d  with 2-cm f i r s t  wall 

betwecn t h e  D-T neutron source and t h e  sh i e ld  surface 

= neutron wa l  I loading (MW/m2) x 1 4 . 7 4  x exp[ -0.1474 x ~ ( c I I ~ ) ] .  

8 Tot;n'b neutron f l u x  i n  the  s h i e l d ,  @(t), n/cm'-s 

= neutron wall loading ( M M / ~ ~ >  x 9, x exp[-X(cm-l) x t(cm)], 

where $o i s  t h e  t o t a l  neutron f l u x  a t  t he  s u r f a c e  of  t h e  zone 

under cons idera t ion ,  $(t)  i s  t h e  t o t a l  neutron f l u x  a t  t e e n t i -  

meter fram t h e  su r face  of t h e  zone under cons idcra t ion ,  and l / ~  

i s  t h c  mcan f r e e  pa th  (cm) o f  t h e  material in the zone under 

cons idera t ion .  

T 
$0 

Zone 

FAST NEU'l'RUN FLUX F. > 0. 1 MeV 

Inboard shi.eld wi.th 5-cm carbon armor 1.27 x 1014  

Carbon armor (0 t o  5 cm) 2.26 x 101.4 

Outboard s h i e l d  wi th  2-cm f i rs t  wall 2 . 1 2  x 101" 

Outboard f i rs t  wall (0 t o  2 cm) 2 . 5 8  x lo1'+ 

TOTAL NEUTRON FLUX E > 0.0 MeV 

Inboard s h i e l d  w i t h  5-cm carbon armoi- 3.36 x lo l l+  

Carbon armnr (0 t o  5 cm) 1 .91  x 1014  

Outboard f i r s t  wall (0 t o  2 cm) 3 .72  x 1014 

Outboard s h i e l d  wi th  2-cm f i r s t  wall 2 - 9 8  x 1 0 ~ 4  

0.1153 

0.0750 

0.0973 

0.1056 

0.1129 

0.0743 

0.1102 

0.1016 
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2 .  Tungsten s h i e l d  f o r  t h e  inboard s e c t i o n  with 5-cm carbon armor f o r  

the inboard f i r s t  wall and s t e e l  s h i e l d  f o r  t h e  outboard s e c t i o n .  

* Therinal i n s u l a t o r  dose (rads)  i n  t h e  inboard s e c t i o n  of t h e  

TF c o i l s  

= neutron exposure (MWy/m2) x 1.914 x 1013 x expf-0.1816 x t (cm)] ,  

where t i s  t h e  th ickness  o f  t h e  inboard s h i e l d  as shown i n  Table 8.  

E l e c t r i c a l  i n s u l a t o r  dose ( rads)  i n  t h e  inboard s e c t i o n  of 

t h e  TF c o i l s  

= neutron exposure (MWy/m2) x 8.431 x 10 l2  x exp[-0.1822 x t (cm)]  , 

Maximum neutron f l u x  (n/cm’-s) a t  the  inboard superconductor of 

t h e  TF c o i l s  with E > 0 . 1  MeV 

= neutron wall loading (MW/m2) x 2.285 x l O l 4  x exp[-0.1821 x ~ ( c I ~ I ) ] .  

a Maximum neutron f l u x  (n/cm’-s) a t  t he  inboard superconductor of 

t h e  ‘TF coj. ls  with E > 0.0 MeV 

= neutron wall loading (MW/m2) x 4.813 x l O I 4  x exp[-0.1805 x t ( cm) ] .  

* Maximum neutron f luence  (n/m2) a t  t h e  inboard superconductor of 

t h e  TF c o i l s  with E > 0 .1  MeV, N M F G l  

= neutron exposure (MWy/m2) x 7 . 2 2 1  x x exp[-0.1821 x t ( c m ) ] .  

* Maximum induced r e s i s t i v i t y  (R-cm) i n  t h e  copper s t a b i l i z e r  of 

t h e  inboard s e c t i o n  o f  t h e  TF c o i l s  

= E1.449 + 78.1(MNFGl x lo-’’) - 7.157(MNFGl x 10-18)2 

+ 0.2852(MNFGl x 10 -18131  x 1 0 - 9  

a Maximum atomic displacement (dPa) i n  t h e  copper s t a b i l i z e r  of t h e  

inboard s e c t i o n  of  the TF coi. ls  

= neutron exposure (MWy/m2) x 3.342 x exp[-0.1830 x t(cm)].  
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9 

Maximum nuc lea r  hea t ing  r a t e  (W/cm3) i n  t h e  inboard s e c t i o n  of 

t h e  TF dewar 

= neutron wall loading (MW/m2) x 9.527 x exp[-0.1786 x t (cm)] .  

Maximum nuc lea r  hea t ing  r a t e  (W/cm3) i n  t h e  inboard TI: case 

= neutron wall loading (MW/m2) x 8.490 x exp[-0.1787 x t (cm)] .  

To ta l  nuc lea r  hea t ing  p e r  u n i t  l ength  (W/cm) i n  t h e  inboard 

s e c t i o n  of t h e  TF c o i l s ,  winding pack and case 

= neutron wal l  loading (MW/m2) x 1.793 x l o 5  x exp[-0.1800 x t (cm)] .  

Nuclear hea t ing  i n  t h e  inboard s h i e l d  (W/cm3) wi th  5-cm carbon 

armor between t h e  D-T neutron source and t h e  s h i e l d  su r face  

= neut ron  wall loading (MW/m2) x 18.82 x exp[-0.1620 x t (cm)] .  

Nuclear hea t ing  i n  t h e  inboard carbon armor (W/cm3) 

= neutron w a l l  loading (MW/m2) x 7.029 x cxp[-O.1072 x C(cm)], 

where C i s  t h e  carbon armor th ickness  and varies from 0 t o  5 cm. 

Nuclear hea t ing  i n  t h e  outboard f i rs t  wall 

= neutron wall loading (MW/m2) x 15.84 x exp[-0.1261 x F(cm)], 

where F i s  t h e  f irst-wall  th i ckness  and v a r i e s  from 0 t o  2 cm. 

Nuclear hea t ing  i n  t h e  outboard s h i e l d  with 2-cm f i r s t  wall 

between t h e  D-T neutron source  and t h e  s h i e l d  s u r f a c e  

= neut ron  wall loading (MW/m2) x 14.74 x exp[-0.1474 x t(cm)].  

To ta l  neut ron  f l u x  i n  t h e  s h i e l d ,  $ ( t ) ,  n/cm2-s 

= neutron wall loading (MW/m2) x $o x exp[-X(cm-l) x t (cm)];  

$ ( t )  , and X a r e  def ined  i n  P a r t  1. 
$0 
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Zone 
_._ _.__ _..__ __ ....,..,. . . . . .. . .. - -_ - 

FAST NEU1'KON F L U X  E > 0.1 MeV 

Inboard s h i e l d  with 5-cm carbon armor 1.945 + 14 

Carbon armor- (0  t o  5 cm) 2.584 + 14  

Ou-tb3ard f i rs t  wall ( 0  t o  2 cmj 2.899 + 14 

Outboard s h i e l d  with 2-cui f i r s t  w a l l  2.55% + 14 

TOTAL NEUTRON FLUX k > 0 . 0  MeV 

Inboard s h i e l d  with 5-cm carbon armor 3.132 +- 1 4  

Carbon amor  ( 0  to 5 em) 4.325 +- 1 4  

Outboard f i r s t  wall (0 t o  2 cm) 4.657 + 1 4  

Chitboard s h i e l d  with 2-cm f irst  w a l l  3.896 + 1 4  

i 

0.1547 

0.05b97 

0.05326 

0.1056 

0.1519 

0.06450 

0.08919 

0.1016 

3. S t e e l  s h i e l d  f o r  t h e  whole r e a c t o r  wi th  2-cm gteel  a m o r  f o r  t h e  

inboard f i r s t  wall. The nucJear respoiises i n  t h e  I'l+ c o i l s  f o r  the 

carbon armor given i n  Part 1 can be used w i t h  (I: + 7 )  i n s t ead  

of t f o r  t h e  s h i e l d  th ickness .  

Nuclear hea t ing  i n  t h e  inboard s h i e l d  (W/sm3)  with 2-cm s t e e l  

armor between t h e  D-'r neutron souice  and t h e  s h i e l d  su r face  

= neutron wall loading (E1W/m2) x 11.96 x exp[-0.1350 x t ( c m ) ] .  

Nuclear hea t ing  i n  t h e  jnboapd s teel  armor (W/crrta) 

= neutron wall loading (MW/m2) x 1 2 , 2 7  x exp[-0.1749 x S(cm)], 

where S i s  t h e  s t e e l  armor th ickness  and v a r i e s  from 0 t o  2 cili. 

Nuclear hea t ing  i i i  t h e  outboard f irst  wall  

= neutron w a l l  loading (MW/m2) x 15.17  x exp[-0.1380 x F(cn)] ,  

where F i s  t h e  f i r s t - w a l l  t h i ckness  and v a r i e s  froiii 0 t o  2 c m .  

@ Nuclear hea t ing  i n  t h e  outboard s h i e l d  with 2-cm f i r s t  wall 

between t h e  L)-T neutron source and t h e  s h i e l d  surface 
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=: neutron wall loading (MW/m”) x 14.85 x exp[-0.1367 x t(cm)].  

Zone T 

FAST NEIJTRON FI,klX E > 0.1  MeV 

Inboard s h i e l d  with 2-em s t ee l  armor 1.59 x 

S t e e l  armor (0 t o  2 cm) 2,10 x 

Outboard f i r s t  wall (0 t o  2 cm) 2,50 x 

Outboard shielcl  wi th  2-em first wall 2.07 x 

TOTAL NEUTRON FLUX E 0.0 MeV 

Inboard s h i e l d  wi th  2-cm s t e e l  armor 2 . 3 6  x 

S t e e l  armor (0 t o  2 cm] 3.20 x 

Outboard f i rs t  wall (0  t o  2 cm) 3.30 x 

Outboard s h i e l d  wi th  2-em first  w a l l  2 .62 x 

0.0965 

0.1378 

0,0953 

0.1054 

0.0971 

0.1520 

0.1148 

0,1009 

4 .  Tungsten s h i e l d  f o r  t h e  inboard s e c t i o n  with 2-cm s teel .  armor f o r  

t h e  inboard f i rs t  wal l  and s t ee l  s h i e l d  f o r  t h e  outboard sec t ion .  

The n u c l e a r  responses  i n  t h e  TF co i l s  f o r  t h e  carbon armor given i n  

Part 2 can be  used wi th  ( t  + 2.8)  i n s t e a d  of t f o r  t h e  s h i e l d  

th i ckness .  

Nuclear hea t ing  i n  t h e  inboard s h i e l d  (W/cm3) wi th  2-cm s teel  

armor between t h e  L)-T neutron source and the s h i e l d  s u r f a c e  

= neutron wall loading (hlW/m2) x 23.39 x exp[-0.1646 x t (cm)] .  

e Neutron hea t ing  i n  t h e  inboard s teel  armor (W/cm3) 

= neut ron  wall loading (hItg/rn2) x 1 3 , ~  x exp[-0.1565 x ~ ( c m ) ]  , 

where S i s  t h e  s tee l  armor th i ckness  and v a r i e s  from 0 t o  2 cm. 
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Neutron hea t ing  i n  t h e  outboard f irst  wall 

= neutron w a l l  loading (MW/m2) x 16.17 x exp[-0.1310 x F ( c m ) ] ,  

where F i s  t h e  f i r s t - w a l l  th ickness  and v a r i e s  from 0 t o  2 c m .  

Nuclear hea t ing  i n  ?.he outboard s h i e l d  with 2-cui f i r s t  wall  

between t h e  D - T  neutron source and t h e  s h i e l d  su r face  

= neutron wall loading (MW/m2) x 14.85 x exp[-0.1367 x t (cm)] .  

Q) Tota l  neutron f l u x  i n  t h e  s h i e l d ,  4 (t) , n/cm2-s 

= neutron wall  loading (MW/m2) x $o x exp[-A(cm-l) x t (cm)] ;  

$(t), and X a r e  def ined  i n  Part 1. 
$0,  

Zone 
$0 

T 

FAST NEUTRON F L U X  E > 0 . 1  MeV 

Inboard s h i e l d  with 2-cm s t e e l  armor 1.929 + 14 

S t e e l  armor (0  t o  2 cn) 2.378 + 14 

Outboard f irst  wall (0 t o  2 cm) 2.7309 + 14 

Outboard s h i e l d  with 2-crn f i r s t  wall 2.9777 + 14 

TOTAL NElJTRON FLUX E > 0 .0  MeV 

Inboard s h i e l d  wi th  2-cn s t e e l  armor 3.081 + 1 4  

S t e e l  armor (0 t o  2 cm) 4.076 + 14 

Outboard f irst  wall (0 t o  2 cm) 4.470 +- 14 

Outboard s h i e l d  with 2 - c m  f irst  wall 3.715 +- 14 

0.1591 

0.1067 

0.0486 

0.1054 

0.1513 

0.1396 

0.0925 

0.1009 
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The TI" module develops the design of t h e  TF c o i l s  and bucking 

cy l inde r .  

r equ i r ed  f i e l d  on a x i s  a t  a given plasma major r ad ius  c o n s i s t e n t  with an 

input  value of cu r ren t  d e n s i t y  over t.he winding pack and an al lowable 

s t r e s s  l e v e l  i n  t h e  coi.1. Rn i t e r a t i o n  loop i s  a v a i l a b l e  t h a t  will 

a d j u s t  the f i e l d  on a x i s  t o  maintain a s p e c i f i e d  maximum f i e l d  a t  t h e  

winding. 'The TF o u t e r  l e g  i s  s i zed  based on t h e  larger  of [ l )  a m i n i m u m  

r a d i u s  t o  accomodate the to rus  o r  (2) a r ad ius  t o  l i m i t  t h e  value of 

magnetic f i e l d  r i p p l e  at t h e  plasma edge t a  an acceptab le  value.  The 

TI: coil .  shapes may be a constant tens ion  shape o r  an a r b i t r a r y  shape. 

An es t imate  i s  made of t h e  s t o r e d  magnetic energy and t h e  cyc le  average 

ac l o s s e s  i n  t h e  c o i l  case due t o  t h e  puls ing  polo ida l  f i e l d  (PF) c o i l s .  

The TF c0i.l may be superconductiiig o r  r e s i s t h e .  

enhancexnent o f  t h e  f i e l d  on a x i s  i s  a v a i l a b l e  by c a l l i n g  a copper i n s e r t  

suhrout ine .  

force. 

The TE winding c ross - sec t iona l  a r e a  i s  determined based on a 

Capabi l i ty  t o  provide 

A bricking cy l inde r  i s  s i zed  t o  r e s t r a i n  t h e  TF c o i l  cen te r ing  

MAJOR ASSLIMl''T1ONS AND CONSTRAIN'TS 

OIice t h e  c o i l  shape i s  known, the c o i l  ampere-turns and f i e l d  

d i s t r i b u t i o n  i n s i d e  t h e  magnet bore  are determined by us ing  Ampere's 

1 aid .a 

MODIJLB INPUT 

Key user - input  items t o  t h e  TT module iriclude: plasma major r ad ius ,  

f i e l d  on t h e  plasma a x i s ,  rriaximum f i e l d  a t  the TF c o i l  winding, winding 

cu r ren t  dens i ty ,  a l lowable stress, number o f  TE c o i l s ,  and u n i t  c o s t  

va lucs .  Tables  9 and 1 0  l i s t  use r  input  f o r  the TF module:. 
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Table  9 .  IJser Input - Toroidal  f i e l d  c o i l  (and copper i n s e r t )  input  d a t a  
--I_ _I..- _--. 
ACASTK 

AGSTN 

DAG I 

DAG0 

DCASE 

DCOND 

DC s 

DDW 

EPJICK 

ECASE 

ECUNIj 

FCFUUC 

FWEDGE 

HMAX 

JCDOU'I' 

JCONTF 

ITFKA 

NUBUCK 

OAC DT F 

RUMAX 

NfC1'1'F 

RMAX 

SFG4PD w 

SE4PTF 

TFNO 

a l lowable  hoop stress 

al lowable strain 

TF i n s i d e  gap between s h i e l d  and dewar 

TF ou t s ide  gap between s h i e l d  and dewar 

case d e n s i t y  

conductor d e n s i t y  

f r a c t i o n  of gap between c i r c l e  and 
t r apezo id  not  f i l l e d  wi th  conductor 
o r  winding 

dewar th i ckness  ( inc luding  dewar, 
n i t rogen  s h i e l d  and vacuum space) 

bucking cy l inde r  module o f  e l a s t i c i t y  

TF case module of  e l s s t . i c i t y  

conductor module of e l a s t i c i t y  

f r a c t i o n  of centering f o r c e  assumed t o  
be supported by bucking cy l inde r  

TF c o i l  cross s e c t i o n  (if 1, t r a p e z o i d a l ;  
if 0, r ec t angu la r ;  i f  > O ,  <I, i n  between) 

maximum he igh t  of  TF c o i l s  (used with 
Si-LAPTF = 2 only)  

o u t e r  T F  l e g  c u r r e n t  d e n s i t y  ( i f  0 ,  
JCDOUT = JCONTF) 

cond.uc t o r  curr e n t  deiisi t y  

'rF c.oi.1 operating current 

Poisson!s r a t i o  f o r  bucking cy l inde r  

o v e r a l l  c u r r e n t  d e n s i t y  (used wi th  

t h e  r a d i u s  t o  t h e  riraximurri TF c o i l  he ight  
(used wi th  SHAPTF' = 2 only)  

c o i l  r e s i s t i v i t y  (if superconducting, 

TF c o i l  maxirnurn r a d i u s  (used with 
SHAPTF = 2 only) 

dewar shape opt ion  (1. := ORNL dewar 

TF c o i l  shape opt ion  (1 = cons tan t  tensi-on 
D-skaped, 2 = a r b i t r a r y ,  3 = modified 
cons t an t  tension)  

number of  TF c o i l s  

SIiAPTF := 2 only)  

RHOTI: 0 )  

sy5telll) 

p s i  

(no longer used) 

I11 

111 

kg/m3 

kg/m3 

m 

p s i  

p s i  (no longer used) 

p s i  (no longer  used) 

m 

A/cm2 

A / d  

kh 

A/cm2 

In 

52 -m 

m 
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T a b l e  9 (continued) 

TFTMP 

THKCAS 

'TOLTOR 

UC BC 

UCCASE 

UCCOND 

VFTF 

XTP 

Y SBUC K 

YTP 

TF c o i l  opera t ing  temperature 

assumed TF case  th ickness  

t h e  to l e rance  between a to rus  
s e c t o r  and the  'TF window f o r  
s t r a i g h t - l i n e  s e c t o r  removal 

u n i t  c o s t  o f  bucking cy l inde r  

u n i t  c o s t  o f  'TF case  

u n i t  c o s t  of  TF conductor 

conductor void f r a c t i o n  

TF c o i l  inboard l e g  r a d i u s  (used with 
SI-IAPTF = 2 only) 

bucking cy l inde r  y i e l d  s t r e n g t h  

he ight  o f  i nne r  TF l e g  s t a i g h t  
s e c t i o n  (used with SHAPTF = 2 only) 

K 

m 

m (no longer  used) 

do l l a r s /kg  

d o l l a r s / k g  

do l l a r s /kg  

m 

p s i  

m 
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Table 10. TF Input flowing i n  from o t h e r  modules of  t h e  systems code 

KSHLD I 

B’r 

RO 

RSLDO 

IGLOO 

D SHO 

DSHOM 

RIPPLE 

BMAXTF 

BV 

TOHS 

TQNCH 

inboard s h i e l d  inner  r a d i u s  

f i e l d  on a x i s  

major r a d i u s  

outboard s h i e l d  o u t e r  r a d i u s  

s h i e l d  shape op t ion  

outboard s h i e l d  th i ckness  

minimum outboard s h i e l d  th i ckness  t o  
p r o t e c t  TF c o i l  

maximum r i p p l e  

maximum TF r i p p l e  f i e l d  at c o i l  

plasma po lo ida l  f i e l d  

OIi  solenoid swing time 

plasma quench time 

m 

m 



1 4 2  

GOVERN TNG EQUA1'lONS 

Refer t o  Fi-gs .  17 and 18 f o r  geometric r e l a t i o n s h i p .  

CALCULATE F4AXTMUM 'Tf: F I E L D  AT THE WINDJNG 

Radius from device  c e n t e r  t o  h igh - f i e ld  s i d e  of  iriirer l e g  (n ) :  

KC = RSJILDI - DAG1 - DDW , 

where 

RSIXDI i s  the r ad ius  from device  c e n t e r  t o  t h c  inboard s h i e l d  ( in) ;  

D A G 1  i s  t h c  gap between inboard sh ie ld  and TF c o i l  (in) ; 

DUW i s  t h e  th ickness  o f  t h e  dewar. 

Radial d i s t a n c e  between c i r c l e  with r a d i u s  RC and Lrapezoid winding. 

I f  DCS (an input  item) i s  entered as zero ,  t h i s  space i s  u t i l i z e d  as 

part of  t h e  winding ( i . e . ,  t r apezo id  with an a r c ) ,  If DCS is entcred as 

1, a t rapezoid  a r e a  i s  used and this space i s  empty. 

Radius t u  conductor edge from device  ceater .  

R 2  = RC - DCS - THXCAS (m) , 

where 

TI-IKCAS i s  an input  es t imate  of t h e  I'F case th ickness  i n  rncters 

(only used in c a l c u l a t i n g  max f i e l d ) .  

If BMAXTF (an input  item) is entered as zero,  then 'I'FMAX i s  used as 

BMAXTF. If BMW1'E i s  entered as a p o s i t i v e  va lue ,  thcr, new va lues  o f  BT 

a r e  re iurned  t o  t h e  physics  module unt i l .  TEMAX = B M A X l E .  
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F i g .  17.  Tokamak elevation view. 
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ORNL-DWG 84-3765 FED 

Fig .  18 .  Midplane c ross  s e c t i o n  of  t h e  inne r  l eg  o f  a ‘TF c o i l  
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CALCULATE TF CROSS SECTION 

2n x RO x BT NITF = 
4 n  x 

Tota l  TF ampere-turns.  

S t r u c t u r e  t o  conductor a r e a  r a t i o ,  

where 

ACASTK i s  t h e  a l lowable  s t r e s s  i n  KST based on t h e  number of  

tokamak cyc le s  over l i f e  and t h e  i n i t i a l  flaw s i z e  ( see  Fjg.  19 f o r  

a r e p r e s e n t a t i v e  p l o t  of  stress vs  number of  cyc le s  f o r  an  i n i t i a l  

flaw s i ze  of  0 .1  i n . ) .  

(m2 1 
(1 + ASAC) x NITF 

(1 x 104)JCONTF 
TAFT = 

Tota l  c ros s - sec t ion  area, 

where 

JCONTF i s  conductor c u r r e n t  d e n s i t y  i n  A/cm2.  

CALCULATE I N N E R  RADIUS OF INBOARD LEG 

The c ross - sec t ion  shape may be va r i ed  from t rapezoid  (FWEDGE = 1)  

t o  r ec t angu la r  (FWEDGE = 0 ) .  

If t r apezo id  (FWEDGE = 1 ) .  

2 x TAFT 
x cos  (rr/TFN) RCP = /(Rc)2 - TFN x sin(2n/TFN) 

where 

TFN i s  t h e  number of TF c o i l s .  
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ORNL-DWG 84-3766 FED 

..................... 111” 

40 
io 20 30 40 50 60 70 80 

ALLOWABLE STRESS ( k s i )  

F i g .  19.  Stainless  s t e e l  allowable stress vs  number of  cycles .  
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If shape i s  rectangular o r  i n  between t r apezo id  and rectangular 

(0  < I:K?'EDGE c. 1) , then  

KCP = i n i t i a l  guess . 

Width of  t h e  wedge s e c t i o n  i s  (F ig+  2 0 ) :  

Mi3 I= [RC x S i i l ( T / F F N )  - RCP X tar l ( l~/ 'TFN)]  X (1 - W E D G E )  On) . 

I Height o f  t h e  wedge section i s  

# 
+J 

e, 
+J 
.rl 

k cd WII = WB/.tara (n/TFN) (m> a 

Area of  wedge i s  

AFV WB x WH/ 2 . 

The inner  r a d i u s  o f  t.he inboard l e g  i s  determined from 

.-._ ~ 

TRIF AW 2 ~.- + -  
TFN 2 J sin(2n-/TFN) 

x @as(n /TFN)  (m) a RC 2 - ___l__l 11GP = 

We must i t e r a t e  back t o  t h e  i n j t i a l  guess on RCP u n t i l  t he  i n i t i a l  

guess f o r  RCD and t h e  calcul-ated value of  RCP are within to l e rance .  

I f  t h e  r a d i c a l  above i s  negat ive ,  a rnessnge i s  p r i n t e d  t h a t  there i s  

i n s u f f i c i e n t  space f o r  t h e  TF c o i l  inner l eg ,  and the  execution of  t h c  

code i s  teriiiina t ed  . 
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O R N L - D W G  84-3767 F E D  

Fig. 20. Sketch showing wedge section o f  winding removed t o  form 
a rectangular cross sect i -on.  



149 

CALCULATE INBOARD LEG THICKNESS AND WIDTH 

Radial b u i l d  of inboard annulus:  

DTF = RC - RCP (m) 

TF c o i l  t h i ckness :  

Average r a d i u s  of  t h e  inboard l e g  r e l a t i v e  t o  t h e  device  c e n t e r :  

R I N  = RC - DCS - TFTHK/2 . 

Inboard l e g  h a l f  width (plasma s i d e ) :  

T F I C R N  = RC x sin(,rr/TFN) - wb . 

Inboard l e g  h a l f  width (bulking c y l i n d e r  s i d e ) :  

TFOCRN = RCP x sin(n/TFN) . 

CALCULATE OUTER LEG LOCATION 

The minimum TF c o i l  o u t e r  l e g  r a d i u s ,  r e l a t i v e  t o  t h e  device  

c e n t e r l i n e ,  i s  t h a t  r a d i u s  requi red  t o  j u s t  accommodate t h e  plasma, 

s h i e l d ,  and s e l e c t e d  gaps.  

r ad ius  c o n s i s t e n t  with a minimum value  of  magnetic f i e l d  r i p p l e  a t  t h e  

plasma edge. 

c o i l  ou ter  l e g  r ad ius .  

t h e  midpoint of t h e  outboard l eg  winding based on r a d i a l  b u i l d :  

This  va lue  i s  compared t o  a TF o u t e r  l e g  

The l a r g e r  va lue  o f  t h e s e  two r a d i i  i s  s e l e c t e d  as t h e  TF 

Outer l e g  l o c a t i o n  from t h e  device  c e n t e r l i n e  t o  

RTOT = RSLDO + DAG0 + DDW + TF'1'IIK/2 (m) Y 

where 

RSLDO i s  t h e  outboard s h i e l d  r a d i u s  r e l a t i v e  t o  t h e  device c e n t e r l i n e .  
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I f  an i g l o o  configurat ioir  i s  s e l e c t e d  ( con t ro l l ed  by t h e  input  

v a r i a b l e  Igloo = l ) ,  t h e  TF ou te r  l eg  may be ernbedded i n  the outboard 

s h i e l d ,  i n  whicll case the  va lue  of  RTO1' i s  modified t o  j u s t  accommodate 

a minimum input  oulboard s h i e l d  th i ckness ,  DSHOM, ins tead  of the  e n t i r e  

outboard s h i e l d  th ickness ,  DSHO. 

R T Q T  RTOT - DSIiC) + DSHOM (mj ( i f  l g l o o  :: 1) . 

Outer l e g  l o c a t i o n  t o  t h e  inidpoint of  t h e  winding based on r i p p l e :  

1/TFNO 
RO'I'KP = X l /  ( X 2 )  

where 

X l  = 1.023 (RO + A) , 

X 2  = Ripple/[1.03333 + 0.21@48('l'FNO) - 0.044525(TFN0j3 

+ 0.0035('I'FNO>3 - 0.000129[TFNO)" 

+ 1.85 x 10-6TFN05] . 

The larger  va lue ,  RTO1' o r  RTOP, i s  se l ec t ed  a t  t he  TF c o i l  o u t e r  l c g  

radi-us designated as KI'OTl 

Clear  ho r i zon ta l  bore:  

BOREH = won - RIN - TF'THK - 2 x DDW (m) - 

TF C O I L  S!hlPE 

Three TF c o i l  geometry op t ions  a r e  a v a i l a b l e  i n  t h e  'TF module o f  

t h e  FED systems code. 

t ens ion ,  D-shaped TF c o i l  geometry. The second opt ion  i s  f o r  t h e  

a r b i t r a r i l y  shaped '1'F c o i l  geometry, which can be simulxted by t h r e e  curves 

Among these  t h r e e ,  t h e  f i r s t  op t ion  i s  t h e  constant- 
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and one s t r a i g h t  l i n e  pass ing  through three predetermined p o i n t  l o c a t i o n s  - 
‘The las t  opt ion  desc r ibes  the  non-constant- , tension TF coi l .  geometry with 

t h e  f irst  c e n t e r  o f  cu rva tu re  loca t ed  a t  t h e  machine c e n t e r .  

In t h e  f i rs t  op t ion ,  spec i f i ed  by StLWTF = 1, t h e  bas i c  parameters 

necessary  f o r  determining t h e  exac t  shape of a cons tan t - tens ion ,  D-shaped 

magnet are R l Y  R 2 ’  1-1 

t h e  same as t h e  prev ious ly  def ined  v a r i a b l e s  RTN and RTOTl. 

R1/K2, HRl/R2 Hmax/R2 and Rthax/K2 f o r  d i f f e r e n t  values o f  .the 

independent v a r i a b l e  p / R .  were c u r v e - f i t t e d  by Moses and Young. 2 2  
rati.0 was presented  by a four th-order  polynomial equat ion of  t h e  

independent variab1.e 0 2 / R a  as: 

(shown i.n F i g .  21). R and R a re  
I l l Y  llmax* and %max 1 2 

The r a t i o s  

Each 

4 

j -0 
x/RZ =: C A j ( p 2 / K 2 )  j , 

where 

x i s  one o f  t h e  above fou r  r a t i o s ,  

A .  i s  a four th-order  polynomial of t h e  fcarrar 
3 

4 
A .  = c A ~ N ”  

J j -0  

where 

N i s  t h e  number of  ?‘F c o i l s ,  

A .  i s  a four th-order  polynomial r e l a t i n g  one of  t h e  fous 

basic parameters t o  t h e  number of TF c o i l s .  
I 

The b a s i c  parameters a r e  solved through the a p p l i c a t i o n  o f  t h e  nonl inear  

simultaneous equat ions  so lver  HYBRID1 e 

c o i l  geometry opt ion ,  SHAPTF = 2.0, t h e  ‘TF c o i l s  are approximated by 

t h r e e  c i r c u l a r  and one s t r a i g h t  s e c t i o n  (Fig.  2 2 ) .  The f i r s t  

s e c t i o n  of  t h e  TF c o i l  i s  enclosed by (H190), (RmaxyO) 

For t h e  a r b i t r a r i l y  shaped TF 

and (x’,y’) . 
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F i g .  2 1 ,  Schematic o f  the cons tan t - t ens ion ,  D-shaped T F  c o i l  
geometry. 
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I 
NO N CONSTANT T E NSI 0 N 

R -“ rnox-4 

Fig. 2 2 .  A ‘TF c o i l  with specified (xc”, y”’), (RMmax, Hmax), 
and (Kmax, 0) (non-constant t e n s i o n ) .  
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’The end p o i n t s  oE t h e  second s e c t i o n  are  ( x ’ , ~ . ) ~  (x” ,y”) ,  and 

(H2>K2), while t h e  t h i r d  c i r c u l a r  s cc t ion  i s  i d e n t i f i e d  by (x”,y”)  , 
(x’”,y’~’) , and ( H 3 , K 3 ) .  

points (x”’,O) and (x” ’ ,~” ’ ) .  Caution should be exerc ised  i n  using 

t h i s  op t ion  i n  t h a t  t h e  inner  and outer  I F  l e g  r a d i i  are  input  by the  

u s e r ,  and no cns~s i s t cncy  check i s  made fo r  geometric i n t e r f e r e n c e  with the  

torus  o r  f o r  r i p p l e  c r i t e r i a  v i o l a t i o n .  

t h i s  op t ion  t o  spcc i fy  an a r b i t r a r y  shape t h a t  t h e  cons tan t - tens ion  opt ion  

f i r s t  be run to  ob ta in  s e l f - c o n s i s t e n t  l o c a t i o n  of t h e  inner  and o u t e r  

TF l eg  r a d i i  f o r  use  i n  t h e  a r b i t r a r y  shape run  f o r  a f ixed  plasma/torus 

conf igura t ion .  

F ina l ly ,  t h e  s t r a i g h t  s ec t ion  inc ludes  

I t  i s  suggested t h a t  i n  using 

The three predeteriuined po in t s  are  (x”’ ,~”’ )  , (Rmax,O), and 

) . With these  lciiown l o c a t i o n s ,  t h e  fol lowing c h a r a c t e r i s t i c s   hiax ax “‘max 
o f  an a r b i t r a r i l y  shaped TF c o i l  can be w r i t t e n :  

H = R  
2 max ’ 

““-‘-“--2- .. . . .. . . .. 
R = R3 + J ( H 3  - H2)‘  + (y’” - Kz) , 2 

R = /(X’ - + (y-j-7- 
1 Y 
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R. = 3 
J(x” - H 3 ) 2  + (y” - K 3 j 2  , 

and 

(x’ - Ill) = y’/K2(H2 - H1) * 

Given t h e  l o c a t i o n  o f  H1, t h e  preceding eleven equat ions are solved f o r  

t h e  eleven unknowns, namely, R1, K 2 ,  R g ,  H2,  € I g ,  K 2 ,  K g ,  x’, y’, x”  

and yc’ through the a p p l i c a t i o n  o f  subrout ines  FCN, NLINEAR,  and HYBRID1. 

The las t  op t ion ,  SHAPTF = 3.0,  d i f f e r s  froin the first op t ion ,  

SHAPTF = 1.0,  i n  the  assumption of  p 

t h e  f irst  c e n t e r  o f  r a d i u s  i s  loca ted  a t  the machine c.enter (x = 0,  

= K2 o f  F i g .  15 ,  o r  equ iva len t ly ,  2 

y = 0 ) .  

STORED ENERGY 

The subrout ine  ENERGY calculates the stored magnetic energy i n  each 

TF c o i l .  T n  ordcr t o  c a l c u l a t e  t h e  s to red  energy, i t  i s  necessary t o  know 

t h e  f l u x ,  $, l i n k i n g  t h e  ’1’F c o i l s ,  which i n  t h i s  subrout ine  i s  c a l c u l a t e d  

by numerical i n t e g r a t i o n .  

For c a l c u l a t i n g  the i n t e g r a t e d  f lux ,  t h e  TF c o i l  i s  d iv ided  i n t o  

t en  v e r t i c a l  s e c t i o n s ,  as shown sckeinat ical ly  i n  F i g .  2 3 .  

a t  rad ius  I i s  c a l c u l a t e d  from 

?lie f i e l d  Rn 

n 

The f i e l d  v a r i a t i o n  with he ight  is ignored.  

‘l’he area o f  each v e r t i c a l  s t r i p  i s  

AA = 2(r l l+l  - rn) (I-IT) 

where 

HT i s  the  he ight  from t h e  midplane of  each s t r i p  t ha t  i s  

computed i n  subrout ine  BAII. 
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I 

Fig.  2 3 .  TF c o i l  schematic showing g r i d  f o r  numerical ly  determining 
t h e  magnetic s tored  energy. Grid i s  composed of t e n  equal  segments. 
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Compute f l u x  l i nkage :  

1 0  

n= 1 
Q , =  C B x D A  

n (Wb) . 

Compute s to red  energy pe r  c o i l :  

CENTEKING FORCE 

Center ing f o r c e  pe r  TF c o i l  (Fig.  15 ) :  

BMAXTF x NITF 

2 x TFN x L O s  
CFOKCE = (HMAX + I i K 1  - 2 x R3) 

BUCKING CYLINDER 

The o u t s i d e  su r face  of  t h e  bucking cy l inde r  c r o s s  s e c t i o n  i s  a 

r e g u l a r  polygon with  t h e  number of s i d e s  equal t o  NTF ( t h e  number of TF 

c o i l s ) .  The i n s i d e  su r face  i s  a c i r c l e .  With the o u t s i d e  su r face  

considered s p e c i f i e d ,  subrout ine  BUCK2 c a l c u l a t e s  t h e  i n s i d e  r a d i u s  R I B C  

so as t o  s a t i s f y  s t r u c t u r a l  des ign  c r i t e r i a ,  These c r i t e r i a  cons ider  

gross  d u c t i l e  f a i l u r e  and elastic r i n g  buckl ing as t h e  p o t e n t i a l  f a i l u r e  

modes. 

Subrout ine BUCK2 models t h e  bucking c y l i n d e r  as a hollow r i g h t  

c i r c u l a r  c y l i n d e r .  The o u t s i d e  r a d i u s  ROBC i s  one-half  t h e  d i s t a n c e  

ac ross  f l a t s  and i s  the r a d i u s  of t h e  c i rc le  insc r ibed  i n  t h e  r e g u l a r  

polygon. 

s t r a i g h t  s e c t i o n  of  t h e  TF c o i l ,  o r  i n  t h e  case  of a curved i n s i d e  l e g ,  

as t h e  he igh t  of t h e  r a d i a l l y  innermost arc de f in ing  t h e  TF c o i l  

mid- s u r f  ace. 

'The he igh t  IIBC of  t h e  cy l inde r  i s  taken as t h e  he igh t  o f  t h e  
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The cy l inde r  i s  assumed t o  be loaded by a uniform inward p res su re  

SIBOBC given by 

SIGOBC = N'TF x CBC/(2n x RORC x H K )  . 

CBC i s  FCFBUC t i m e s  t h e  riet cen te r ing  force  on each TF c o i l .  bCFBUC i s  

a dimensionless m u l t i p l i e r  suppl ied as input  d a t a ;  i t  i s  usua l ly  taken 

as 1 . 0 ,  although a va lue  less tliari 1 . 0  would be used i f  i t  were des i r ed  

t o  dcsign t h e  bucking pos t  t o  r e a c t  less than  t h e  f u l l  n e t  cen te r ing  

load ( i . e .  t o  depend upon wedging of t h e  TF c o i l s ) .  

The r e s u l  Ling compressive hoop s t r e s s  i n  t h e  bucking c y l i n d r r  assumes 

i t s  maximum value  a t  the i n s i d e  su r face  of  the  cy l inde r  i n  accordance with 

t h e  c l a s s i c a l  Lame' t h i c k  cy l inde r  s o l u t i o n .  The i n s i d e  r ad ius  i s  

ca lcu la t ed  so t h a t  t h i s  maximum hoop s t r e s s  i s  equal to  a design al lowable 

SIGCSS: 

R I B C  = RORC 4 1 - 2 x SXGOBC/STGCSS . 

SIGCSS i s  computed as YSS/SMCSS, where SMCSS i s  p r e s e n t l y  r ixed a t  1 . 0  

and YSS i s  suppl ied as input  d a t a  through the v a r i a b l e  YSBIICK. Although 

YSS i s  labe led  as t h e  ma te r i a l  y i e l d  s t r e s s  on a COMMENT card i n  the  

program l i s t i n g ,  it i s  recommcnded t h a t  YSS be chosen as t h e  minimum of  

two - t h i r d s  t h e  y i e l d  s t ress  o f  t h e  cy l inde r  metal o r  one- th i rd  t h e  u l t ima te  

compressive s t r e n g t h  of  the i n s u l a t i n g  ma te r i a l  ( i f  d i e l e c t r i c  breaks are  

used ) .  

Having e s t ab l i shed  an  i i i i t i a l  cy l inde r  th ickness  DRO - KOBC - RIBC, 

subrout ine  BUCK2 then  c a l c u l a t e s  t h e  c r i t i c a l  e l a s t i c  buckling p res su re  

SIGBUK : 

3 
SIGBUK = $ ESS( K) , 

where ESS ( a l s o  known as EBIJCK i r i  t h e  input  paramcters) i s  "Lie Young's 

modulus o f  t h e  cy l inde r  m a t e r i a l ,  DR - ROBC R I B C  i s  t h e  cy l inde r  th i ckness ,  

and KAV = (ROBC + RIBC)/Z i s  t h e  mean r a d i u s .  'Ihe above expression a p p l i e s  
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to an open-ended cylinder. 

for the critical elastic buckling pressure f o r  a cylinder with rigid 

end caps, but presently this expression is not used for sizing the bucking 

cy1 inder . 

The program also contains an expression 

The program requires the elastic buckling pressure SICBUK to be at 

least SMBUCK times as great as the applied pressure SIGOBC; SMBUCK is 

presently f ixed at 5. 

thickness remains equal t o  DRO. I f  SIGBUCK < SMBUCK x SICQBC, the inside 

radius RIBC is decreased in steps of  0.05 DRO and SIGBUK is recalculated 

for the current values of DR and KAV until SIGBUK SMBUCK x SIGOBC. 

The systems code prints a message to indicate whether the final 

If SIBUCK > SMBUCK x SLGOBC, the cylinder 

inside radius is based on the ductile failure o r  the buckling criterion. 

Weight of bucking cylinder: 

WTBC = T T ( R O B C ~  - RIB@) x 2 x TFHMAX x 7800 . 
Cost of bucking cylinder: 

CBCMD = w'm x ucBC/106 ($million) , 

where 

UCBC is the unit cost of the bucking cylinder in $l/kg. 

WEIGHT AND COST CALCULATION 

The weight of the TF structure and conductor is calculated based an 

the cross-sectional areas of each and a mean circumference of the coil. 

Conductor area per coil: 

TATF 
= (1 + ASAC) (TF'N) 
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Conductor weight f o r  a s i n g l e  TF c o i l :  

WHTCON = TFLENG X ACOND x (1 - VFTF) X DCOND (kG) 9 

where 

TFLENG i s  t h e  mean circumference of a TF c o i l  tal-culated i n  t h e  

SHAPE s e c t i o n  of t h i s  module. 

Area of a TF c o i l  case ( s t r u c t u r e ) :  

Weight o f  a TF c o i l  ca se  

WHTCAS = TFLENG x ACASE x DCASE (kG) * 

I f  a copper TF c o i l  i s  chosen by spec i fy ing  a f i n i t e  r e s i s t i v i t y  

(RHOTF > 0 ) ,  d i f f e r e n t  cu r ren t  d e n s i t i e s  i n  t h e  conductor a r e  

allowed i n  t h e  inne r  and ou te r  l egs  o f  t h e  c o i l s  f o r  t h e  purpose of 

es t imat ing  c o i l  mass, r e s i s t i v e  l o s s e s ,  and c o i l  cos t s .  However, t he  

geometric ou tpu t ,  inc luding  t h e  conf igu ra t ion  p l o t s ,  does no t  show t h e  

d i f f e r e n t  c o i l  thicknesses  f o r  t h e  outboard l e g .  The inboard l e g  

th ickness  i s  shown i n  a l l  geometric ou tput .  The cu r ren t  d e n s i t y  a t  

t h e  o u t e r  l e g  i s  spec i f i ed  by t h e  v a r i a b l e  JCDOTF. 

c u r r e n t  d e n s i t y  i s  zero,  t h e  c o i l  c u r r e n t  d e n s i t y  va lue  JCONTF i s  used 

f o r  the whole c o i l .  

If t he  ou te r  l e g  

Tota l  c o s t  of c o i l  conductor 

TCCOND = WHTCON x TFN x U C C O N D / ~ O ~  ($mi l l ion)  . 
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Tota l  c o s t  of c o i l  s t r u c t u r e :  

'1'CCASE = WHTCAS x 'TFN x UCCASE/106 ($mil l ion)  . 

The weight of t h e  inner  c o i l  support  s t r u c u t r e  i s  based on an algori thm 

der ived  from a d e t a i l e d  p o i n t  des ign .  

Weight of i nne r  c o i l  support  s t r u c t u r e :  

WTICSS = [0.6 -t .063 (TFLENG - 30) J X WHTCAS X TFN 

Cost of i nne r  c o i l  support s t r u c t u r e :  

TCICSS = W?'ICSS x U C C A S E / ~ O ~  ($mi l l ion)  . 

CRYOSTAT SIZE AND COST (scaled from a p o i n t  design)  

Height of t h e  c r y o s t a t  i s  given by: 

HCRYO = 2 x HiiAX + TFTHK + 7 

where 

HMAX = one-half  c o i l  he igh t ,  

TF'THK = c o i l  t h i ckness .  

Radius of c r y o s t a t :  

RCRYO = RTOTl + TFTHK/2 + DDW -t 1 

Cost of vacuum vessel i s  given as :  

RCRYO \ (Tf) (m, 
RCRYO I4CRYO + 3.21 __ vvC = 6-1  RCRYo + 2.07 (11.8 - ) 2  (m) 

($mil l ion)  . 
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Cost o f  cold s h i e l d  i s  given as :  

($mi.llion) . 

Tota l  c r y o s t a t  c o s t  i s  given b y ;  

CRYOC = VVC + CSC ( $ a i l l i o n )  , 

CRYOC = 0 i f  RHOTF > 0 ( i . e . ,  r e s i s t i v e  TF c o i l ) .  

AC LOSS CALC1JLATION 

The ac l o s s  c a l c u l a t i o n s  a r e  made on t h e  b a s i s  of  t he  po lo ida l  f i e l d  

(E, ) due t o  plasma. I t  i s  assumed that. t h e  saiiie f i e l d  i s  experienced by 

t h e  TF c o i l  ca ses .  The l o s s  caJcu1at ions a r e  made on t h e  bas i s  of  a f l a t  

p l a t e  being ac ted  upon by a perpendicular  f i e l d .  

from a po in t  des ign .  

V 

The l o s s e s  are  sca led  

Losses during t h e  plasliia s t a r t u p  per iod  (T ) a r e  given as 
ohs 

VOL’1’F ( B ~ ’ T ~ h ~ )  
0.01562 ACLSU = 60 x -.____ X 275 

where 

Bv i s  po lo ida l  f i e l d  ( T ) ,  

TOHS i s  ramp time during s t a r t u p  ( s ) ,  

VOL’1’F i s  t o t a l  volume of t h e  TF c o i l s .  

Likewise, l o s s e s  during t h e  plasma quench phase are  

v o L n  (BV/TQNCH) 

273 0 .00562  ACLSD = 20 X X J 

where 

TQNCH i s  quench t ime. 
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Cycle average ac losses:  

TCYCLE i s  t h e  tokamak cycle du ra t ion  c o n s i s t i n g  of  t h e  suniiiiation o f  

startup, burn, shutdown, and charge tiines ~ 

TF RESISTIVE LOSSES 

I f  RHQI’F > 0, then t h e  TF c o i l s  arc  copper and t h e  r e s i s t i v e  losses  are  

calculated. 

Conductor area per t u r n  inboard  l e g :  

Conductor area per  t u r n  outboard l e g :  

Ni.un~ber o f  turns i n  al.1 TF c o i l :  

NITF 
TFTURN = 

ITFKA x 1 0 3  

Resistance of  a l l  TF c o i l s :  

(TFLENG - 2 X I-IFt.1) X TFTURN 
(a> 9 

.+ 
ACOPO 



164 

where 

HR1 i s  t h e  T k  c o i l  inner  l eg  length  ( s t r a i g h t  s ec t ion  of TF c o i l ) .  

RES I ST IVE POWER 

(MW) . 

COPPER INSERT CALCIJLATION 

Fie ld  enhancement by the  use of r e s i s t i v e  copper c o i l  buried i n  

t h e  bulk s h i e l d  can be modeled by t h e  subrout ine  C I F ,  which i s  c a l l e d  

by t h e  TF module. The input  necessary f o r  t h i s  subrout ine  i s  contained 

i n  Table 11. 

‘The copper i n s e r t  c a l c u l a t i o n s  follow c l o s e l y  those developed f o r  

TF c o i l s .  The magnetic f i e l d s  due t o  t h e  copper i n s e r t s  a r e  ca l cu la t ed  

i n  t h e  same manner, and superpos i t ion  i s  used t o  g e t  t h e  t o t a l  magnetic 

f i e l d  from both sets of c o i l s .  

i n s e r t  c a l c u l a t i o n  i s  a p o s s i b l e  s o l u t i o n  i s  t h e  ci i r rent  d e n s i t y  i n  t h e  

copper i n s e r t  J C O N C I .  Whenever t h i s  v a r i a b l e  i s  g r e a t e r  than  zero,  t h e  

program i s  allowed t o  s e l e c t  t h e  copper i n s e r t s  t o  achieve t h e  requi red  

iiiagnetic f i e l d s .  

‘The key f l a g  t o  i -nd ica te  t h a t  t h e  copper 

To perform t h e  copper i n s e r t  c a l c u l a t i o n s ,  t h e  maximum magnetic 

f i e l d  i n  t h e  TF c o i l  BMAXIF t akes  on a s l i g h t l y  d i f f e r e n t  meaning than  

i n  t h e  previous ve r s ions .  Whenever t h e  copper i n s e r t  cu r ren t  dens i ty  i s  

g r e a t e r  than zero,  t h e  parameter BMAXTF i n d i c a t e s  t h e  maxiiiium f i e l d  t h a t  

i s  allowed by t h e  superconducting ?‘F c o i l .  

requi red  than  can be achieved by t h e  superconducting c o i l ,  t h e  add i t iona l  

f i e l d  i s  achieved by adding an appropr i a t e  amount of copper i n s e r t  TF 

c o i l .  Thus, t h e  opt ion  (BMAXTF = 0) which al lows determinat ion of t h e  

maximum TF f i e l d  when t h e  f i e l d  on ax i s  i s  given,  i s  not  allowed when 

the  copper i n s e r t  op t ion  has  been se l ec t ed .  

i n s e r t  op t ion  does n o t  n e c e s s a r i l y  mean t h a t  a copper i n s e r t  wi.11 be 

used. If t h e  f i e l d  on a x i s  can be achieved by us ing  less than  t h e  BMAX 

f i e l d  i n  t h e  superconducting TF c o i l ,  on ly  superconducting c o i l s  w i l l  be 

s e l e c t e d ,  The bucking cy l inde r  i s  s i zed  c o n s i s t e n t  with t h e  f i . e ld  i n  

t h e  superconducting c o i l s .  The copper i n s e r t  c o i l s  i n  t h e  s h i e l d  a r e  

assumed t o  be supported independent of t h e  bucking cy l inde r .  

I f  more f i e l d  on a x i s  i s  

The s e l e c t i o n  of t h e  copper 
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Table 11. Input v a r i a b l e s  f o r  t h e  copper i n s e r t  (CI) op t ion  

ACASCI = al lowable CT ca se  ma te r i a l  s t r e n g t h  (ps i )  

DCASCI = d e n s i t y  o f  C I  case  ma te r i a l  (kg/m3) 

DCONCI = d e n s i t y  o f  C I  conductor (kg/m3) 

DCSCI = d i f f e r e n c e  between c i r c u l a r  c o i l  and f l a t - s i d e d  c o i l  (m) 

DSHIL = t h i ckness  of i n s i d e  bulk s h i e l d  1 (m) 

DSHOL = t h i ckness  o f  o u t s i d e  bulk s h i e l d  1 (m) 

FWDGCI = wedge f r a c t i o n  f o r  determining C I  c o i l  c ros s - sec t iona l  shape 

ICIU = c u r r e n t  p e r  C I  c o i l  t u r n  (kA per  tu rn )  

J C D O C I  = cur ren t  d e n s i t y  i n  t h e  o u t e r  C I  c o i l  l e g  (A/cm2) 

J D O N C I  = c u r r e n t  d e n s i t y  i n  t h e  inne r  C I  c o i l  l e g  (A/cm2) 

RHOCI = r e s i s t i v i t y  of C I  (Q-m) 

UCCNCI = u n i t  c o s t  of C I  conductor ($/kg) 

UCCSCI = u n i t  c o s t  of C I  case material ($ /kg)  

VFCI = void f r a c t i o n  i n  t h e  C I  conductor 
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The TF subroii t jhe makes t h e  appropr i a t e  checks t o  s ee  i f  copper 

i n s e r t  coj.1.s a r e  r equ i r ed .  

i s  set. which c a l l s  t h e  C I  s u b r o u t h e .  The copper i n s e r t  suhrout ine  then 

cal.ci.iLates t h e  c h a r a c t e r i s t i c s  of  the copper i n s e r t  magnets and provides  

tlne appropr ia te  ou tput .  The copper i n s e r t  input  and output  a r e  included 

w i t h  the TF c o i l  input  and output  d a t a ,  r e s p e c t i v e l y .  'l'he inner  and 

ou te r  l e g s  of the copper i n s e r t  c o i l s  a r e  allowed to have d i f f e r e n t  

cur ren t  d e n s i t i e s .  This  op t ion  i s  s e l e c t e d  by p lac ing  t h e  ou te r  l c g  

cu r ren t  de?nsS.ty J D C O C I  a t  some valiue g r e a t e r  than  zero. Other copper 

i n s e r t  input  para.meteT.9 correspond t r d  similar input  parameters f o r  t h e  

TF c o i l .  , These input  parameters inc lude  case  and conductor dens i ty ,  

conductor currer i t ,  and u n i t  c o s t  parameters.  

I f  copper i .nsert  c o i l s  are  r equ i r ed ,  a f l a g  

The copper i n s e r t  c a l c u l a t i o n s  r e q u i r e  t h e  s p e c i f i c a t i o n  of  where 

A ske tch  of i n  t h e  s h i e l d  s e c t o r  t h e  copper i n s e r t s  a r e  t.0 be placed.  

t h e  expected conf igu ra t ion  i s  shown i n  Fig.  24. The v a r i a b l e s  DSHOl and 

DSIIIl spec i fy  t h e  th ickness  o f  shie1.d between t h e  copper i n s e r t  c o i l s  

and t h e  plasma f o r  t h e  ou te r  l eg  and inner  l e g ,  respect.i.vely. I f  a 

va lue  i s  spec i f i ed  f o r  eiz'ner o f  t hese  v a r i a b l e s ,  it w i l l  be used as the  

minimum s h i e l d  th i ckness  i n  f r o n t  o f  t h e  copper i n s e r t  c o i l s .  If zero 

i s  s p e c i f i e d  f o r  e i t h e r  v a r i a b l e ,  t h e  program places  t h e  copper i n s e r t  

c o i l  a t  t h e  back of t h e  s h i e l d  s e c t o r  as f a r  from the  plasma as poss ib l e .  

The t o t a l  sh i e ld  th i ckness ,  inc luding  t h e  copper i n s e r t  i s  s t i l l  maintained 

as ca l cu la t ed  by t h e  s h i e l d  c a l c u l a t i o n s  (DSHO and DSHI from t h e  FWS 

subrou t ine ) .  Thus, t h e  assumption i s  made t h a t  t h e  copper has the  same 

sh ie ld ing  e f f e c t  as t h e  sh i e ld ing  mat.eria1 it rep laces .  The two s h i e l d  

th icknesses ,  DSHOl and DSHI1, carr r e s u l t  i n  spec i fy ing  u n r e a l i s t i c  

conf igu ra t ions  where t h e  copper i -nser t  coi.1 exterids ou t s ide  t h e  s h i e l d  

and i n t o  t h e  superconducting TF c o i l s .  

t o  ensure t h a t  t h e  des i r ed  conf igura t ion  i s  a t t a i n e d .  'l 'ablc 1 2  shows 

a TF module output  sample. 

The use r  should check h i s  r e s u l t s  

1,  R .  W .  Moses and W .  C. Young, J r . ,  "Analytic Expressions f o r  Magnctic 

Forces on Sectored 'Toroidal Coi l s , "  p .  917 i n  Proc. 6t-;2 Symp. 

Engineering ProbZems of Fusion Research, 1975. 
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O R N L D W G  84-3888 FED 

E 

BUCKING CYLINDER 

-TF COIL 

- GAP 

-OUTSIDE INNER SHIELD (DSW12) 
-COPPER INSERT 

-PLASMA SIDE SHIELD (DSHIl)  

TOTAL OUTER SHIELD 
THICKNESS (DSHO) 

I 

TOTAL INNER SHIELD 
I H  ICKNESS (DSHI) 

PLASMA SIDE OUTER SHIELD (DSHO1) d 
COPPER INSERT - 

OUTSIDE OUTER SHIELD (DSHOZ) 

GAP - 
TF COIL - 

Fig. 24. Sketch of copper i n s e r t  and sh ie ld  conf igu ra t ion .  
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4. POLOIDAI, F I E L D  C O I L  MODULE 

The PF c o i l  module determines coi.1. c u r r e n t s ,  number o f  turns, 

l o c a t i o n s ,  r e s i s t i v e  l o s s e s ,  weights,  and c o s t  of t h e  PF systerii. ’The 

module main ta ins  the PF c o i l s  i n  t h e  sane posht ion  ( r e l a t i v e  to t h e  

plasma edge, t h e  bucking cyli .nder,  t h e  s h i e l d  he igh t ,  t h e  TF c o i l  

r a d i u s ,  e t c . )  as t h e  input  r e fe rence  PF c o i l  system. ‘The Equi l ibr ium 

F i e l d  (EF) c o i l  c u r r e n t s  are sca l ed  from t h e  inpu t  r e fe rence  val.ues 

cons ider ing  changes i n  c o i l  l o c a t i o n s  and plasma cu r ren t .  The input  

r e fe rence  EF systeiii, upon which the scal ing i s  based, was derived 

cons ider ing  magnetohydrodynamic (bEI1)) requirements .  The c u r r e n t  i n  t.he 

OH so lenoid  i s  determined based on the maximum magnetic f i e l d  allowed i n  

the so lenoid .  

AS SlSMP T I ONS AND CONSTRAINTS 

@ The PF system ( l o c a t i o n  and c u r r e n t s )  i s  sca l ed  from a refereiicc 

system which was der ived  based an MIL). 

e ‘The PF conf igu ra t ion  assumes an OH so lenoid  inboard o f  the bucking 

cy l inde r .  

p a r t s  by an EF c o i l  a t  t h e  midplane. 

The soleiivid may be continuous o r  separa ted  i n t o  two 

e ‘rhc ind iv idua l  ET: c o i l  c u r r e n t s  are est imated t o  s c a l e  as t h c  

plasma c u r r e n t ,  as the d i s t a n c e  from t h e  c o i l  t o  t h e  c e n t e r  of t h e  

plasma squared,  and i n v e r s e l y  a t  t h e  c o i l  r a d i u s  squared (Fig.  19) .  

I =  
C 
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INPUT 

Input t u  t h e  PF modules inc ludes  cu r ren t  dens i ty ,  c u r r e n t  per  t.iirn, 

void f r a c t i o n ,  and r e s i s t i v i t y  f o r  each PF c o i l .  

of zero i n d i c a t e s  a superconducting c o i l .  

conta in ing  r a d i i ,  he igh t s ,  and c u r r e n t s  i s  iriput f o r  s c a l i n g  purposes.  

The loca t ion  of  each c o i l  i s  s p e c i f i e d  by a parameter c a l l e d  "LOCATE," 

which i s  a symbol composed of two d i g i t s  separated by an  ampersand ( 6 ) .  

The f i r s t  d i g i t  i d e n t i f i e s  whether t h e  c o i l  i s  (1) an EF c o i l  i n t e r i o r  

t o  t h e  TF c o i l ,  (2) an EF c o i l  e x t e r i o r  t o  t h e  EF  c o i l ,  ( 3 )  an OH 

component c o i l ,  o r  (4) an OH so lenoid .  The second d i g i t  s p e c i f i e s  

whether t h e  c o i l  i s  loca ted  (1) adjacent  t o  the  t o r u s ,  ( 2 )  ad jacent  t o  

t h e  'I'F c o i l  ou te r  su r f ace ,  o r  ( 3 )  adjacent  t o  the bucking cy l inde r  inner  

su r face .  (A value  of 2 f o r  t h e  second d i g i t  i s  not  c u r r e n t l y  used.)  

Figure 25 shows an example PF c o i l  con f igu ra t ion .  A l l  t he se  EF  c o i l s  

a r e  e x t e r i o r  and ad jacent  t o  t h e  TF c o i l s ,  t hus  the  parameter LOCA'I'E 

would have a va lue  of 2 6 3 .  The solenoid would be i d e n t i f i e d  by LOCATE 

a s  4 4 .  The c o i l s  can a l s o  be grouped i n t o  common c i r c u i . t s  i f  des i r ed  

by t h e  input  parameter I N D E X .  Two similar coi . ls ,  one above and one 

below t h e  midplane, would be a candida te  f o r  grouping i n t o  a c i r c u i t .  

I f  I N D E X  has a va lue  of 1 f o r  a c o i l ,  then t h a t  c o i l  i s  an independent 

c i r c u i t .  If I N D E X  has a va lue  of 0 ,  then  t h a t  c o i l  i s  grouped with 

o the r  c o i l s  i n t o  a c i r c u i t ,  The grouping i s  ended by us ing  a va lue  of 

1 f o r  I N D E X  i n  t h e  l a s t  c o i l  of t h e  group. 

entered i n  sequence i n  t h e  input  f i l e .  

Specifying a r e s i s t i v i t y  

A r e fe rence  set; of c o i l  d a t a  

- ~~ 

Coi l s  wi th in  a group must be 

A des i r ed  c u r r e n t  waveform i s  a l s o  input  f o r  each EF  c i r c u i t  and i s  

The waveform i s  based on an MHD a n a l y s i s  o f  a similar conf igu ra t ion .  

normalized t o  t h e  c o i l  c u r r e n t  a t  t h e  end of t h e  burn, inc luding  t h e  

s ign  o €  t h e  c o i l  c u r r e n t s .  The s igns  of t h e  c o i l  c u r r e n t s  a r e  r e l a t i v e  

t o  t h e  d i r e c t i o n  of t h e  plasma c u r r e n t  with t h e  s ign  of t h e  plasma 

cu r ren t  being p o s i t i v e .  The normalized waveform accounts f o r  f i v e  t i m e  

per iods ,  namely, (1) OH c o i l  charges  per iod (may inc lude  dwell  time f o r  

vacuum pump opera t ion  between p u l s e s ) ,  ( 2 )  OH swing t i m e ,  ( 3 )  plasma 

hea t ing  per iod ,  ( 4 )  s t e a d y - s t a t e  burn t i m e ,  and (5) plasma quench. An 

exxmple waveform f o r  an EF system i s  shown i n  Fig.  26. 'The ind iv idua l  



173 

ORNL-DWG 82-2582R FED 
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A =  4.0 

42 MAT 

/ 10.5 MAT 

MAT 
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Fig .  25. Reference PF system f o r  a plasma elongation of 1 .6 .  
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waveforms may a l s o  be normalized t o  t h e  peak cu r ren t  i n  each c o i l  

i n s t ead  of t h e  va lue  of c u r r e n t  a t  t h e  end o f  burn. 

Tables  13  and 1 4  l i s t  the PI: module input  i tems,  arid Table 15 i s  an 

example o f  -the output .  
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Table 13. PF module input  (code suppl ied)  

Symbo 1 Descr ip t ion  Units  
... 

a Plasma minor r ad ius  m 

ACRSTR Case stress psi 

BCYLIR Bucking cy l inde r  i n n e r  r a d i u s  m 

HSHLD Height (from plasma C / L )  of outboard m 
su r f ace  of s h i e l d  

r High b e t a  plasma c u r r e n t  MA 

IPLB Low b e t a  plasma cu r ren t  MA 

P 

NSEQ The number of  time sequences i n  t h e  cyc le  -- 

P l a s m a  major r a d i u s  m 

ROUT 'TF c o i l  o u t e r  l eg  r a d i a l  dimension 
(measure from iiiachine C/T.) 

ni 

SEqrI (k) Sequence dura t ion  of each po r t ion  of S 

tokamak cyc le  

TFHT Height of TF c o i l  r e l a t i v e  t o  plasma m 
C /  L 
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Table 14. PF module input (user-input items) 

c o i l  i n w t  d a t a  
re ference  r l s s e a  minor r ad ius  Ill 

i aamet ic  f i e l d  in o h  solenoid t 
re ference  nradnetic f i e l d  in oh  t. 

refererlce ~1asn1i j  h a l f  he ight  8 
cIJrrertt per t u r n  in each F f  c o i l  amps 
w a c e  between bucking c r l i n d e r  and ni 

o h  u i n d i n i :  
r e f  e re  rice s h  i e 1 d he i s h t, me ,?YJ r e  d ni 

from Plasnia c / l  
re fe rence  P f  c o i l  c u r r e n t s  nr ei3 a - a a P 5 
coi  1 Srouring i n d e x  

= 1  i f  c o i l  i 5  t.he l a s t  c o i l  

=O o l h e r u i s e  
rpference h i Q h  beta  ~135r1i3 cclrrerlt Ili e a - a Ill P 5 

c u r r e n t  d e n s i t r  of e?ch ;.f c o i l  
Pf c o i l  l o c a t i o n  ( a  t u a - d i 3 i t  number) 

f i r s t  d i s i  t.: 
1 e f  co i l  i n t e r i o r  t o  t f  c o i l  
2 e f  coil e x t e r i o r  t o  t f  c o i l  
3 uh cwnfrorient c o i l  
4 oh r;olenoid 
seccrrld d i g i t . :  
1 1ocat.ed off  t o r u s  ou te r  s u r f a c e  
2 n o t  u sed  
3 loca ted  o f f  t f  c o i l  o u t e r  s u r f a c e  
4 loca ted  o f f  b u c k i n g  c r l i n d e r  inner  r a d i u s  
( I J S ~  in indi;ct  niodul?) 

rlunlber of inter!or r f  c r ~ l l s  
number o f  e x t e r i o r  e f  c a l l s  
nrrmtrer a f  nh conrPanerlt c o i l s  
rrunlber of oh  s o l e n F i d s  
o r d e r  o f  t h e  2ause,ian i n t e g r a t i o n  

(used i n  induct  module) 
p r i n t  w t i o n  f a r  inductance va lues  
oh so lenoid  f r a c t i a n  of t f  c o i l  he ight  
fr.c,ctiorl , o f  oh c u r r e n t  a t  r l a s m a  nuench 

re ference  t f  c o i l  o u t e r  l eg  diuiension tlr 
re ference  major r a d i u s  I 
re ference  r a d i u s  of e w h  r f  c o i l  lil 
re ference  t f  c o i l  h e i g h t  from I 

unit cos t  of c o w e r  c o i l  w i n d i n g  
u n i t  c o s t  o f  ???? 

5 0  1 eno i d 

o r  ortlt; c o i l  of a g r o u p  

a IB P 5 / c n~ 4 # 2 

r e s i s t i v i t r  o f  each P f  c o i l  o h s - ni 

r lasn~a c / l  

I ucsc rinjt. c o s t  of surrrconduct.in! w i n d i n g  dollars/k,g * v f [ n )  v o i d  f r a c t i o r ~  of each r f  c o i l  
ii; z r e f ( n 1  re ference  height, of each ef  c o i l  L 
t from Plasma c / l  
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Table 1 4  (continued) 
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GOVERNING EQUATIONS 

DETERMINE RADIAL AND VERTICAL MOVEMENT OF EF C O I L S  FROM 

REFERENCE LOCATIONS 

If J.,OCATE i s  1 E 1 ( i n t e r i o r  EF c o i l  ad jacent  t o  to rus )  

- a 1 (m) * r e f  ref (RO 
AR = (R - a)  - 

0 

Change i n  c o i l  r ad ius  based on movement o f  plasiiia edge loca t ion ,  

where Ro = major r a d i u s  and a = minor r ad ius .  

A2 = toy(2)  - hshld (mj . 

Change i n  c o i l  he ight  based on change i n  s h i e l d  he igh t ,  where t o y ( 2 )  

i s  t h e  outsi.de he ight  o f  t h e  s h i e l d .  

Kfac = 0 . 

No s t e e l  c o i l  case  considered f o r  t h i s  class of  EF c o i l s .  

If LOCATE i s  2 6 3 ( e x t e r i o r  EF c o i l  ad jacent  t o  t h e  TF c o i l  and t h e  
r e fe rence  c o i l  r ad ius  i s  l e s s  than  t h e  major r ad ius )  

4R = (Ro - - 
r e f  (Ro 

Change i n  c o i l  r a d i u s  based on movements of  plasma edge loca t ion .  

AZ = tfht - t f h t r  (m) . 

Change i n  c o i l  he ight  based OA change i n  'TF he igh t ,  where t f h t  i s  t h e  

he ight  o f  t h e  'I'F c o i l  [po in t  y l (3 )  of  c o i l  i nne r  su r face  dimeiisions]. 
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Kfac = 1 .0  . 

S t e e l  case i s  included f o r  t h i s  class EF c o i l .  

( e x t e r i o r  EF c o i l  ad jacent  t o  TI: 
ref c o i l  and r e fe rence  c o i l  r a d i u s  i s  

’ Ro If LOCATE i s  2 E, 3 and Rc 
ref 

g r e a t e r  than  r e fe rence  major r a d i u s )  

AR = Xl(1) - r o u t r  (m) . 

Change i n  EF c o i l  r a d i u s  based on movement o f  TF c o i l  ou te r  l eg .  

Xl(1) i s  t h e  TF c o i l  o u t e r  l e g  r a d i u s  and r o u t r  i s  t h e  r e fe rence  

TF c o i l  outer l e g  r a d i u s .  

CZ = t f h f  - t f h t r  (m) . 

Change i n  EF c o i l  he ight  based on change i n  TF c o i l  he igh t .  

Kfac = 1 . 0  . 

S t e e l  case considered f o r  t h i s  class of  EF c o i l s .  

If LOCATE i s  2 E, 4 (an EF c o i l  embedded i n  t h e  OH solenoid-the c o i l  
l oca t ed  o f f  t h e  i n s i d e  of bucking cy l inde r  a t  t h e  
h o r i z o n t a l  midplane) 

Kfac = 0 . 

No s t e e l  c o i l  case considered f o r  t h i s  class o f  EF c o i l s .  

If LOCATE i s  3 E, 3 ( t h e  EF component c o i l  i s  moved i n  t h e  same fash ion  
as t h e  2 6 3 c o i l s . )  

Kfac = 0 . 

No s t ee l  c o i l  case considered f o r  t h i s  class o f  EF c o i l s .  
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If LOCATE i s  4 6 4 ( the  OH so lenoid  i s  loca ted  o f f  the inner  su r face  of 
t he  bucking cy l inde r  v e r t i c a l 1  y centered about Llie 
ho r i zon ta l  midplane.)  

Kfac = 0 . 

No s t e e l  c o i l  case  considered f o r  t h i s  c lass  of  EF c o i l s .  

DETERMINE LOCATION OF EACH EF COIL 

K = r re f  + AR (m) . 
C 

Radius t o  c o i l  inidpoint.  

Z = z re f  -I- AZ (m) . 

Height f rom midplane t o  c o i l  midpoint.  

-- 
D = \/ilRc - R )2 3- 2' (m) . 

0 

Distance from plasma c e n t e r  t o  centcr  of  EF  c o i l ,  where R i s  the 

plasma major r ad ius  e 

0 

DETERMINE EF C O I L  CURRENT 

f o r  a l l  EF c o i l s  except OH component c o i l s .  

I i s  the  plasma cu r ren t  and I i s  t h e  reference plasina cu r ren t  
P Pref  
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The 01-1 coniponent c o i l  c u r r e n t s  a r e  sca l ed  as a func t ion  o f  t h e  solenoid 

MAT : 

OH component c o i l  cu r ren t  where I3 

i s  t h e  f r a c t i o n  of t h e  TF he igh t  used f o r  t h e  so lenoid  he ight .  

i s  t h e  so lenoid  f i e l d ,  ohhghf 01-1 

CALCULATE CONDUCTOR AREA OF EF C O I L  

IC x 106  

J C O N P f  
Area = - 

where IC i s  t h e  

(cm' ) , 

c o i l  cur ren t  (MA) and JCOMPf i s  t h e  c o i l  c u r r e n t  

c ie r i s i ty  ( A / c ~ )  . 

CALCULATE EF C O I L  GEOMETRY (except f o r  2 t, 4 c o i l )  

Conductor c r o s s  s e c t i o n s  a re  assumed square.  

dx = d G / 2  (cm) . 

Coil  th ickness .  

r = Rc x 100 - dx (cm) . a 

Coil. i nne r  r ad ius .  

T = I Z ~  x 100 + dx (cin) . 
b 

Coil  o u t e r  r ad ius .  
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Z = Z x 100 - dx (cm) . 
R 

Height t o  bottom o f  c o i l .  

Z = Z x 100 -t dx (cm] . 
h 

Height t o  t o p  o f  c o i l .  

CALCULATE NUMBER OF ?'URNS FOR EF  C O I L  

I x 106 
-_ C 

t u r n s  = 
cptd  ' 

where cp td  i s  c u r r e n t  p e r  t u r n  (A). 

DETERMINE OH C O I L  LOCATION (and 2 E 4 EF c o i l s )  

r = bcyl i i -  x 100 - gapboh x 100 (cm) . 
b 

OH so lenoid  o u t e r  r a d i u s  where b c y l i r  i s  t h e  bucking c y l i n d e r  i n n e r  

r a d i u s ;  gapboh i s  t h e  gap between t h e  bucking c y l i n d e r  and OH windi-ng. 

OH so lenoid  th ickness  where R i s  t h e  f i e l d  i n  t h e  so lenoid  ( T ) .  OH 

ra = rb - AXsol  (cm) , 

OH so leno id  inne r  r a d i u s .  
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If r < 0, w r i t e  " i n s u f f i c i e n t  spacer  f o r  OH so lenoid ."  a 

Zh = t f h t  x ohhghf x 100 (cm) . 

Height from midplane t o  t o p  of  OH solenoid.  

Z R  - - -Zh (cm) . 

Height from midplane t o  bottom of  so lenoid .  

DETERMINE OH CURRENT E TURNS 

(MA) * 
Axsol 

IC = (JCONPF)(ZI1 - Z R )  ~ 

106 

01-1 c o i l  c u r r e n t .  

IC x 106 
turns  = ( tu rns )  . OH cp td  

If t h e  so lenoid  i s  s p l i t ,  t h e  he ight  of  t h e  2 & 4 EF c o i l  (which i s  

i t s e l f  a small so lenoid)  i s  removed from t h e  c e n t e r  s e c t i o n  of  t h e  

i n t e g r a l  OH so lenoid .  

CALCULATE C O I L  RESISTANCE 

L = 2nRc (m) . 

Coi l  length .  
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r h o  f x L r e s  = 2-- (a) . 
a r e a  x 104 

Coil  r e s i s t a n c e  wherc rhopf i s  t h e  r e s i s t i v i t y .  

Form o f  r e s i s t a n c e  used i n  ELEPOW r o u t i n e  t o  c a l c u l a t e  r e s i s t i v e  

l o s s e s .  

CALCULATE VOI,UME, WEIGHT, AND COST FOR EF COILS 

VOLPF = area x 10'' x L (m3) . 

Conductor volume. 

= VOLPF x 8990 x (1 - v f )  (kg) . 
Wtcond 

Conductor weight where vf i s  the conductor void f rac t ion .  

(kg) - c 20000 
R 

W t s  := Kfac x 225000. x - I C  X __ X 
6 . 1  9 .5  ACASTR 

St r i ic turc  weight where ACASTK i s  t h e  al lowable case  s t r e s s  i n  

pounds pe r  square inch.  

lJCS x Wes 
+ ( $ m i  I1 ion)  . $M = uCc Wtcond. ..... 

106 106 

Coil  cost.. 

CALCULATE VOLUME, WEIGHT, AND cosr FOR OH SOLENOID 

C I R C  = 2nR (m) . c 

Circumference o f  OH so lenoid .  
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(m3) > 
Axsol Vol = CLRC x (Zh - Za,) x ___ 
1 o4 

= 8900 x vol x (1 - v f )  (weight) , 
w t S O l  

( cos t )  . Wtsol $M = UCC x - 
1 0 6  

GENERATE CURRENT PER TURN FOR EACH C O I L  FOR EACH TIME PERIOD OF THE 

? ‘ O M K  CYCLE 

C P T ( i , k )  = waves (i,k) * cptd(i)/1000 (kA) , 

where 

i = 1 - number of  E F  c i r c u i t s ,  

k = 1 - number of time per iods ,  

waves ( i , k )  is t h e  inpu t  cu r ren t  waveform. 

OH Sslenoid Current P e r  Turn 

CPT = cptd/1000 (kA) . 

Current per turn at the beginning and end of tokamak cycle. 

Current per turn at t h e  end of t h e  OM swing and at t h e  end of  

burn is determined in the volt -second module. 
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C I R C U I T  RESISTANCE 

I f  t h e r e  i s  one c o i l  per  c i r c u i t ,  then  the r e s i s t a n c e  of  t h e  

c i r c u i t  i s  simply t h e  r e s i s t a n c e  of t h e  c o i l :  

res  = r e s  . 
c r t  

If t h e  c i r c u i t  conta ins  more than  one c o i l ,  

where N i s  the  number of  c o i l s  i n  t h e  c i r c u i t .  
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5. INDUCTANCE MODULE 

SUMMARY 

This  program c a l c u l a t e s  se l f -  and mutual-inductances f o r  a set  o f  

concen t r i c  c i r c u l a r  c o i l s .  If t h e  c o i l  se t  c o n s i s t s  of  s eve ra l  subgroups, 

t h e  programs w i l l  a l s o  c a l c u l a t e  s e l f -  and mutual-inductances among 

va r ious  subgroups. The c a l c u l a t i o n s  are based on Gaussian i n t e g r a t i o n  

and use  e l l i p t i c  func t ions .  

included i n  t h e  For t r an  l i s t i n g .  

Ridge Nat ional  Laboratory (ORNL) and has been i n  use  t h e r e  f o r  a number 

of  yea r s .  

The c o e f f i c i e n t s  of  e l l i p t i c  func t ions  are  

This  program was developed a t  Oak 

MODULE INPUT 

The program ob ta ins  t h e  number of PF c o i l s ,  t h e i r  i n s i d e  and o u t s i d e  

r a d i i ,  and winding c u r r e n t  d e n s i t i e s  from t h e  PF c o i l  module. 

inductance c a l c u l a t i o n  i s  based on a uniform c u r r e n t  d e n s i t y  over  t h e  

winding pack. 

The 
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6 .  FLUX L I N K A G E  MODULE 

The f l u x  li-nkage module compute..; t h e  vol t -seconds a v a i l a b l e  from 

t h e  PF systein, EF system, and t h e  OH so lenoid  t o  induce t h e  plasma 

cu r ren t  and maintain i t  during t h e  burn. The ava i - lab le  vol t -seconds are  

based on t h e  curx-cnt waveforms f o r  each c o i l  generated i n  t h e  PF module 

and f o r  t h e  i-nductance mat r ix  generated i n  t h e  inductancc  nodule. The 

plasma cu r rcn t  and vol t -seconds requi red  f o r  s t a r t u p  a r e  comput.ed i n  t h e  

phys ics  module. If more vol t -seconds are  produced b)- t h e  PF system, 

assuiiiing a f u l l  p l u s  (+) t o  minus (-) f l u x  swing i n  t h e  OH solenoid,  

than  are  r equ i r ed  t o  induce t h e  plasma c u r r e n t ,  as s p e c i f i e d  by t h e  

physics  module, t h e  excess vol t -seconds a r e  a v a i l a b l e  t o  s u s t a i n  a burn 

pulse .  

requi red  f o r  s t a r t u p ,  the code execution cont inues based on one of  t h e  

th ree  fol lowing opt ions  con-trol led by t h e  v a r i a b l e  IOPT'. If IOPT -1 1, 

t h e r e  i s  no i t e r a t i o n  on burn time, and t h e  code cont inues t o  t h e  next  

module. An input  va lue  o:f burn t ime, contained i n  t h e  physics  inpu t ,  is 

passed to t h e  remainder of  t h e  code ( t o  c a l c u l a t e  duty f a c t o r ,  e t c . )  

r ega rd le s s  o f  t h e  va lue  o f  burn t ime cal.culated by an excess o r  de f i c i cncy  

o f  vol t -seconds from t h e  PIC system. If IOPT = 1, t h e  aspec t  rati.0 is  

ad jus t ed ,  t.hmugh an i t e r a t i o n  back t o  t h e  phys ics  module, unti.1 t h e  

ca l cu la t ed  burn t ime, based on induct ive  vol t -seconds equals  t h e  iriput 

va lue  of burin t i m e .  I f  IOPT = 2,  the input  va lue  of burn tiiiie i s  

ad jus ted  through an i t e r a t i o n  unc..i.l i t  equals t h e  ca l cu la t ed  va lue  of 

burn time c o n s i s t e n t  wit.h the input  aspec t  r a t i o .  

If fewer vol t -seconds a r e  provided by t h e  PF system than a r e  

ASSUMPTIONS AND CONSTRATNTS 

@ An ohmic hea t ing  so lenoid  i s  always assumed, 

@ The maxiinim cu r ren t  i n  the ohmic hea t ing  solenoid i s  based on t h e  

maxinium f i e l d  allowed i n  the so lenc id .  I'he maximum current swing 

i s  twice  t h e  maximuill OH c o i l  c u r r e n t .  [Swing i s  frolll p lus  (+) t o  

minus (-) t h e  maximum c u r r e n t . ]  
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MODULE INPUT 

Key input  items t o  t h e  vol t -seconds module inc lude  t h e  inductance 

mat r ix  f o r  t h e  EF and OH c o i l s ,  t h e  c u r r e n t  waveforms (cur ren t  as a 

func t ion  o f  t ime) f o r  t h e  EF c o i l s ,  and t h e  r equ i r ed  vol t -seconds f o r  

c u r r e n t  s t a r t u p  ( i . e . ,  cu r ren t  induct ion) .  The inpu t  parameters  are 

l i s t e d  i n  Table 16. Example output  i s  given i n  Table 17. 

Table 16. Volt-seconds module input  parameters ,  

cx 
Synibo 1 Descr ip t ion  Units  Source 

AR Aspect ra t  i o  C 

CPT ( i )  Current  pe r  t u r n  i n  each c o i l  
f o r  each time per iod  o f  t h e  
tokamak cyc le  

kA C 

IOPT Burn time op t  ion  C 

M(i) Mutual inductance between each I4 C 

NC IRT Number of  c i r c u i t s  C 

TBURN Input  va lue  o f  burn time S C 

V Plasma vo l t age  dur ing  burn V C 

vssrr Required vol t -seconds f o r  s t a r t u p  2b C 

c o i l  and t h e  plasma 

V = i npu t  i s  suppl ied  by user ;  C = i npu t  flows i n  from o t h e r  modules 
o f  t h e  code. 

a 
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Table  17. Volt-seconds module outpiut 

Uol k-Se6 wl t-sec wl t-sec 
start -up burn tato l  

of : -29.21 8.88 
ah : -61.97 -6 a 09 -68.) 86 

toto1 : -91.18 -6 e 89 -98 187 
-------- ----_-^I --.---^--- 

PLJ al wIt-second by c i rcui t  during stapt-up 

clrcul t 

1 
2 
3 
4 
0 

7.96 
7.96 

-22 D 57 
-22.57 
-61.37 

-91.1 
-----cI- 

tlm (S196) 

38. 
c ircu 1 t 

1 Bs.196 8 .m 50.97 
2 t3.m 8.88 58.97 
3 0.98 8.0B -48.65 -49.57 -49.57 
4 a"@@ 8.88 -48.6 -49.57 -49. 

16.49 49.98 -39.9 -39.93 -49. 
8.88 @.OB 5.3 5.85 5. - - 
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GOVERNING EQUATIONS 

DETERMINE VOLT-SECONDS CONTRIBUTED BY EF COIL DURING STARTUP 

where 

M 

C PT 

(end o f  hea t ing ) ,  

CPT 

( s t a r t  o f  OH swing).  

i s  t h e  mutual inductance between c o i l  i and t h e  plasma, 
( P , i >  

i s  t h e  cu r ren t  p e r  t u r n  of c o i l  i a t  time sequence 4 
( i ,  4) 

( i , 2  
) i s  t h e  c u r r e n t  per  t u r n  of c o i l  i a t  t ime sequence 2 

(NCIRT-2) 
- 
- C v s ( i )  . i=l "EFSU 

Tota l  vo l t - seconds  con t r ibu ted  by €3 c o i l s  dur ing  s t a r t u p ,  where 

N C I R T  i s  t h e  number of EF c i r c u i t s  p l u s  t h e  ON p l u s  t h e  plasma. 

CALCULATE TOTAL VOLT-SECONDS AVAILABLE FROM OH SOLENOID 

- 
"OH - M(P,OI-I) (cpT(OH,5) 

where 

i s  t h e  mutual inductance between t h e  plasma and OH 
(P, OH) 

M 

so  1 enoid , 
CPT(OH, 5) 
sequence 5 (end o f  burn) which i s  equal  t o  t h e  nega t ive  o f  

i s  t h e  c u r r e n t  p e r  t u r n  of  t h e  OH so lenoid  a t  t ime 

[p lus  (+) t o  minus (-) OH c o i l  f l u x  swing].  
(Obi, 2 )  

CPT 
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CALCULATE TOTAL VOLT-SECONDS AVAILABLE FOR STARTUP 

+ VS(-Jki (W - I 

vsnwsu - VSEFSU 

TEST TO DE'i'EKMINE I F  ADEQUATE VOL'Y-SECOND IS AVATLABLE FOR STARTUP 

< VSSTT, w r i t e  message 
If VSTOTSU 

" i n s u f f i c i e n t  vol t -second f o r  startup" 

where 

VSSTT i s  t h e  r equ i r ed  vol t -second f o r  s t a r t u p  computed i n  t h e  

physics  module. 

COMPU'TE THE XEDUCED OH FLUX S W I N G  NECESSARY JUST TO ACHIEVE STARTUP 

( i f  more vol t -seconds a re  a v a i l a b l e  from t h e  PF sys t em than requi red)  

= VSS'1"T - VSEFS" . vsoI-Is u 

Volt-seconds r equ i r ed  from OH so lenoid  t o  achieve s t a r t u p .  

- - vsoHsll 
L1oH VSOH 

Current swing 

(OH, 2 )  
x 2 .0  x CP?' 

i n  OH so lenoid  ( k A ) .  

( 0 1 ~ , 2 >  - A r O I I  ' 
= CPT 

(OH, 3 )  
CPT 

Current  per t u r n  i n  OH so lenoid  a t  end o f  OH swing (kA). 
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'rota1 vol t -seconds r equ i r ed  f o r  s ta r tup .  

CALCULATE VOLT-SECONDS AVAILABLE FOR BURN PULSE 

( inc luding  EF cont r ibu t io i i )  

- 
VSOIIBM - VSOH - vsoIJsu * 

Volt-seconds a v a i l a b l e  from so1enoj.d f o r  burn. (This va lue  w i l l  

be nega t ive  i f  there  a r e  i n s u f f i c i e n t  vol t -seconds f o r  s t a r t u p . )  

Volt-seconds a v a i l a b l e  from a single EF c o i l  f o r  burn pu l se ,  

is . the cu r ren t  per t u r n  of  EF c o i l  i a t  t h e  end of  
( i  ? 5) 

where CPT 

burn 

NclK'r-2 
I - VS(i)  . 

i=l VSEFEN 

To ta l  vol t -seconds from EF system a v a i l a b l e  f o r  burn pu l se .  

To ta l  vol t -seconds a v a i l a b l e  f o r  burn.  
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CALCULATE BURN TIME 

where 

V i s  plasma loop vo l t age  dur ing  burn.  

ITERATION OPTION 

If IOPT = 0, t h e  tokamak systems code goes t o  t h e  next  module and t h e  

inpu t  va lue  of burn t ime (TBURN) i s  used throughout 

r e g a r d l e s s  of t h e  ca l cu la t ed  va lue  of  burn t ime, BURNT. 

I F  IOPT = 1, t h e  tokamak systems code i t e r a t e s  back t o  t h e  physics  

mode and changes aspec t  r a t i o  u n t i l  t h e  ca l cu la t ed  va lue  

of burn time (BURNT) equals  the input  va lue  of  burn 

t ime (TRIJRN) . 
I F  IOPT = 2 ,  code i t . e r a t e s  back t o  the  physics  module and changes 

TBURN u n t i l  i t  equals  t h e  ca l cu la t ed  va lue  BURNT. 

A t y p i c a l  p l o t  of cu r ren t  as a func t ion  of time f o r  t h e  EF c o i l s ,  OH 

so lenoid ,  and plasma i s  shown i n  F i g .  27 f o r  t h e  tokamak conf igura t ion  

of  F ig .  28. 
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Fig. 27. Current as a function of time. 
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ORNL- DWG $ 2 -  2 5 8 2  F E D  

a =  4.0 rn 
A =  4.8 

4 2  MA? 

I 10.5 MAT 

10.5 

F i g .  2 8 .  Reference PI: system f o r  a plasma elongation of  1 , 6 .  
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7 .  PLASMA HEATING SYSTEM 

RFH MODULE 

The r a d i o  frequency hea t ing  ( r f h )  module e s t ima tes  t h e  s a l i e n t  

parameters of  t h e  rf systems, such as frequency, prime power, e f f i c i e n c y ,  

f a c i l i t y  f l o o r  space,  and cost i n  d o l l a r s  o r  d o l l a r s  p e r  watt of  i n j e c t e d  

(launched) power Three frequency regiiiies are a.c.c,onimodated, namely, ion  

cyc lo t ron  resonance hea t ing  (ICIU-I] , lower hybrid resonance hea t ing  

(LI-iIUf) , and e l e c t r o n  cyc lo t ron  resonance hea t ing  [ECRH) . Experiments 

and/or s t u d i e s  have been c a r r i e d  ou t  t h a t  apply each of  t h e s e  regimes t o  

the  t h r e e  func t ions  o f  prehea t ing  (usua l ly  e l e c t r o n  hea t ing)  c u r r e n t  

d r ive ,  and bulk hea t ing .  Through a s e r i e s  of t r a d e  s t u d i e s  on devices  

such as the Engineering Test F a c i l i t y  (ETF) , Fusion Engineering Device 

(FED) , and Tokamak Fusion Core Experiment ('TFCX) , drawing on confinement 

experimental  r e s u l t s ,  it has been determined t h a t  ECRII. i s  b e s t  f o r  

prehea t ing ,  L W R H  i s  p r e f e r r e d  f o r  cu r ren t  d r ive ,  and TCRH i s  t h e  most 

e f f e c t i v e  f o r  bulk hea t ing .  When t-he code was w r i t t e n  i n  1980, cu r ren t  

d r i v e  w 3 s  done wi th  a t ransformer du.ring a l l  phases of t he  dev ice ' s  

ope ra t ing  cyc le .  A t  t h a t  time, t h e  cu r ren t  d r i v e  funct ion was not  

included i n  t h e  rf code. 

such as: EC f o r  e l e c t r o n  cyc lo t ron ,  XC f o r  ion  cyc lo t ron ,  and XS1 f o r  

lower hybr id ,  followed by s u f f i x e s  f o r  func t ion ,  such as: BH f w  bulk 

hea t ing  and SU f o r  s t a r t u p .  

dr ive-an appropr i a t e  one would be CD, obviously,  Fi.gure 29 shows an 

o v e r a l l  f lowchart  of t h e  rfh module. The o r i g i n a l  input  f i l e  conta ins  

t r i g g e r s  t h a t  e s t a b l i s h  which regime and func t ion  a r e  t o  be assumed i n  

es t imat ing  t h e  parameters.  

Var iab les  had p r e f i x e s  i n d i c a t i n g  t h e  regime, 

There was no s u f f i x  used f o r  cu r ren t  

In  t h i s  modified code, t h e  plasma power f o r  each func t ion  has a 

The t r i g g e r s  ope ra t e  based on a nonzero va lue  d i f f e r e n t  v a r i a b l e  name. 

f o r  t h e s e  v a r i a b l e s .  S t a r t i n g  a t  t h e  inpu t  i n  F i g ,  2 9 ,  t h e  f i r s t  t es t  i s  

f o r  an ECRH s t a r t u p  func t ion .  

beams a r e  used, i f  no t ,  e i t h e r  ICRH o r  LHRW bulk  heating is possible. 

The code u t i l i z e s  t h e  percentage of bulk hea t ing  power suppl ied  by t h e  

ICRH (PERIC) t o  c a l c u l a t e  t h e  power r equ i r ed  from each of t h e  ICRH and 

Next, t h e r e  i s  a test  t o  see i f  n e u t r a l  
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LHRH systems, 

check t o  s e e  i f  LHRH i s  t o  be used f o r  bulk hea t ing  and i f  so, t h e  power 

requi red  i s  ca l cu la t ed .  

PLHCD (power needed f o r  c u r r e n t  d r i v e ) .  The t o t a l  lower hybrid system 

power (PPLASMA) needed t o  perform t h e  curent  d r i v e  and/or bulk hea t ing  

func t ion ( s )  i s  then ca l cu la t ed ,  along with f l a g s  t h a t  i n d i c a t e  whether 

t he  LHW system i s  performing both func t ions  o r  only cu r ren t  d r ive .  

PPLASMA i s  g r e a t e r  than zero,  t h e  LH code i s  c a l l e d .  If no t ,  t he  d r i v e r  

goes d i r e c t l y  t o  t h e  c a l c u l a t i o n  of rf system c o s t  (RFD). 

Af te r  t h e  ICRH subrout ine  has been completed, t h e r e  i s  a 

Another branching i s  decided by t h e  value of 

If 

In t h e  o r i g i n a l  code, t h e  e s t ima tes  were based on a s e r i e s  of 

a lgori thms f o r  c o s t ,  prime power, e f f i c i e n c y ,  and f a c i l i t y  f l o o r  space.  

The power i n j e c t e d  was t h e  independent va r i ab le .  

descr ibed a curve which was f i t t e d  t o  experience po in t s .  Since t h e  c o s t ,  

prime power, and f a c i l i t y  space a r e  n o t  l i n e a r  func t ions  of power, t h e  

algori thms contained four  terms. 

These algori thms 

In  1983, a new code was w r i t t e n  f o r  t he  lower hybrid regime. This 

code i s  a des ign  code which a r ranges  t h e  components t o  meet power, space 

and frequency requirements.  A conf igura t ion ,  along with i t s  performance 

and c o s t ,  i s  generated.  

In t h e  d e s c r i p t i o n  t h a t  fo l lows ,  t h e  t h r e e  o l d e r  codes ( t h a t  is ,  

ECSU, ECBH, and XCBI-I) w i l l  be  t r e a t e d  first,  followed by t h e  more 

ex tens ive  t rea tment  o f  t h e  XHBH and XHCD. 

i n p u t s ,  equat ions,  and outputs  w i l l  be covered. 

In  each d iscuss ion ,  assumptions, 

ELECTRON AND ION CYCLOTRON REGIMES 

Major Assumptions and Cons t r a in t s  

Since t h e  algori thms used f o r  t hese  regimes a r e  based on a curve 

f i t  t o  d a t a ,  t h e  goodness of f i t  i s  only  acceptab le  over a l imi t ed  range 

i n  i n j e c t e d  power. This  c o n s t r a i n t  i s  15 MW f o r  e l e c t r o n  cyc lo t ron .  I t  

i s  assumed t h a t  t h e  c o s t ,  power, and f a c i l i t y  space es t imates  a r e  f o r  a 

complete system (power supply,  power chain,  exciter/driver/transmission 

system, launcher ,  ins t rumenta t ion  and c o n t r o l s ,  and a n c i l l a r y ) .  The 

d o l l a r  f i g u r e s  a r e  fo r  FY 1983. 
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Module Inputs 

Table 18 summarizes t h e  input  v a r i a b l e s  and t h e i r  d e f i n i t i o n s .  I t  

should be noted t h a t  t h e  code can c a l c u l a t e  t h e  cyc lo t ron  frequency f o r  

d i f f e r e n t  f u e l  mixtures  and harmonics of  the spec ie s '  cyc lo t ron  frequency. 

Governing Equations 

Each of t h e  dependent v a r i a b l e s  ( cos t ,  f a c i l i t y  space,  priiiie power) 

i s  ca l cu la t ed  us ing  an equat ion of  the  form 

y = a + bx + cx2 -+ dx3 + ex4 . 

111 some cases ,  e i t h e r  a o r  e i s  z e r o .  The c o e f f i c i e n t s  a t o  e a r e  

contained i i r  t h e  EXNUMS subrout ine ,  E f f i c i e i c y  i s  ca l cu la t ed  as t h e  

r a t i o  of power i n j e c t e d  t o  prime power. 

Module Outputs 

Table 19 surnmarizes t h e  output v a r i a b l e s  and t h e j r  d e f i n i t i o n s .  'An 

examination of  t h e  code w i l l  show t h a t  a d d i t i o n a l  f requencies  a r e  

ca l cu la t ed  but  have no t  been included i n  t h i s  ve r s ion  o f  the output  

f i l e .  

LOWER H Y B R I D  REGIME 

Major Assumptiom arid Cons t ra in ts  

A basic conf igura t ion  i s  assumed f o r  t h e  IHRH and i s  b u i l t  i n t o  t h e  

code. 

mu l t ip l e  elements (waveguides) i n  a column of a Brambilla Gri l le ,  There 

i s  a s p e c i f i c  l ineup  of components between the  tube  and t h e  eleiiient f o r  

which assumptions have been made about performance and c o s t .  Figure 30 

(pa-cts a through e) shows Lhe conf igura t ion  d e t a i l s .  The compoiicnt 

c o s t s  are w r i t t e n  i n t c  t h e  code. 

which s c a l e s  t h e  c o s t  by tlte power t o  t h e  th ree -qua r t e r s .  

This  conf igura t ion  assumes a k lys t ron  power ampli f i e r  d r iv ing  

An economy-of-scale f a c t o r  i s  used 

In each 
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Table 18. ECKt-I and I C W  inpu t  f i l e  from r f h  module 
__ I 

Variab 1 e Definition 

PPPLRSM 

P P MSM 

FUNCT 

FREQ 

NERF 

FUEL1 

FUEL2 

FMIX 

PERIC 

Power injected or launched f o r  ICBH (Mw] 

Power injected os launched for ECRH (MW) 

Heating function; 1 for startup, 2 f o r  

Frequency regime; 1 for ECNI, 2 for LIIKII, 

Elcctron density (m-3) 

Atomic mass unit of fuel #1 in the fuel 
mix; 1 f o r  hydrogen, 2 for deuterium, 
3 for tritium 

Atomic mass unit o f  fuel #2 i n  the fuel 
mix 

Fraction of f u e l  mix assigned t o  fuel if1 

Percent of bulk heating power which is ion 

bulk heating 

3 for ICRH 

cyclotron powcr 
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Table 19. ECRH arid I C R H  output file from rfh module 

Variable Description 

PPLASM P o w e r  injected by the ECKH system (MW) 

E c SUE F~ ECRH startup system efficiency 

m u p a  

F 1  

E C S U D ~  

ECSUD/ PPIASM~ 
ECSUFSa 

PPPLASM 

XCBHEF 

XCBHP 

FlAVG 

XC BKD 

XCBHD/ P P P  LASM 

XCBHFS 

ECRH startup system prime powcr (MW) 

ECRH system frequency (GHz) 

C o s t  of ECRH startup system ($ million) 

U n i t  cost of ECRH system ($/W) 
ECRH startup system facility space (m2) 

P o w e r  injected by the ICRH system (MW) 

ICRII  bulk heating system effiei ency 

I C R H  bulk heating system prime power (MW) 
Average fundamental I C R H  frequency (GHz) 

Cost of ICKH bulk heating systein ($ million) 

Unit cost of 1CRI-I bulk heating system ($/VI) 
I C E 1  bulk heating systeili facility space (m2) 

The same set is available f o r  bulk hcating with BI-I substituted fo r  a 

SU;  for example, EXSUEF -+ ECBHEF for ECRH bulk heat ing efficiency. 
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AC CONTROL 
6 

MsTRIBuTK)N 

ORNL-DWG 84-3850 FED 

.c RF 
WSTRIBUTICN 

POWER 

6 MOOlREG 
- supplv - KLYSTRON - 

I I  

a) LH system block diagram. 

b) Klystron connection diagram. 

Fig. 30 .  LHBH (or  LIICD) subroutine conf igura t ion  diagrams. 
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ORNL -DWG 84-3851 FED 

c) Launcher romponcnt arrangement. 

d) ‘rransmission and d i s t r i b u t i o n  l ine-up ,  

I 

r2lxRm & 
TR-&ISlTscIM 
18 W A X  

e) RF power module component layaut.  w 

Fig.  S O .  LIIXII1 (OX- LHCD) subrout ine  conf igura t ion  diagrams 
(coil t inued) . 
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subrout ine ,  an e s t ima te  of % l o  t o  15% i s  added t o  t h e  hardware c o s t  f o r  

bulk material such as b o l t s ,  b racke t s ,  f i t t i n g s ,  e t c .  In  add i t ion ,  an 

assumption i s  made f o r  f a c t o r  f a b r i c a t i o n  and t e s t  labor  f o r  each equip- 

ment group. This  assumption is w r i t t e n  i n t o  t h e  code a t  t h e  end of each 

subrout ine  and ranges  from around 10 t o  15% of t h e  hardware c o s t .  

learning-curve f a c t o r  i s  used t o  a d j u s t  t h e  c o s t  o f  t h e  LH system when 

two o r  more p o r t s  a r e  used. 

t h e  code i n  t h e  WATCOS'I' subrout ine .  Performance assumptions such as 

t ransmiss ion  losses, k l y s t r o n  e f f i c i e n c y ,  a m p l i f i e r  ga in ,  e t c . ,  are 

w r i t t e n  i n t o  t h e  code e i t h e r  i n  t h e  subrout ines  o r  t h e  expe r t  f i l e .  

A 

T h i s  adjustment i s  appl ied  near  t h e  end of  

Modu1.e Support  

Table 20 summarizes t h e  inpu t  f i l e  used i n  t h e  lower hybrid p o r t i o n  

of  t h e  rfh module. 

Modu 1 e F 1 ow c h a r t  and E c p a  t i ons 

Figures 31 through 38 a r e  a series of f lowchar t s  t h a t  d e l i n e a t e  t he  

ope ra t ion  of t h e  code. 

fol lows t h e  conf igu ra t ion  o f  equipment as given i n  t h e  block diagrams i n  

Fig.  30 .  

t o  t h e  power supply.  Subrout ines  t h a t  t a l l y  c o s t s ,  e s t ima te  f a c i l i t y  

space,  and write t h e  output  f i l e  complete t h i s  po r t ion  of  t h e  code. 

Th i s  d e s c r i p t i o n  and arrangement of subrout ines  

I t  s tar ts  wi th  t h e  launcher  and works back through t h e  system 

1. LAUNCHER subrout ine :  Figure 31 shows t h e  f lowchart .  The number of 

columns (each made up of subar rays)  i s  f i rs t  est imated by t h e  

f o l  lowing procedure : 

0 Calcu la t e  waveguide width by 

ES -WGTHIC K 

Ca lcu la t e  he igh t  by 

1.91*f/c (c = speed of l i g h t )  

Est imate  number of  elements by 

PPLASMA/NP/PWU.DENX/ element area 

Ca lcu la t e  number of  subar rays  by 

nwnber of e l  ements/EPSA 

@ 
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Table 20. RFHIN LHBH inpu t  f i l e  

Variable  

f 

XblAXW I D 

XblAXIlITH 

PWRDENI 

ES 

WGTH I CK 

EPSA 

SRSAV 

.___-I.- 

SRSAH 

XLANL 

PLTXl 

2 

3 

4 

PML 

A 

D 

NP 

EFFK 

WINDB 

PPFLUX 

PERCENRG 

DC LOS 

WINLOS 

CIRCLOS 

Descript ion 

Frequency (GHz) 

Maximum al lowable launcher width (cm) 

Maximum al lowable launcher he ight  (cm) 

Maximum al lowable power d e n s i t y  (kW/cm2) 

Element spacing , t o r o i d a l  (cm) 

Waveguide wal l  th ickness  (cm) 

Element pe r  subarray 

Space between subar rays ,  v e r t i c a l  

(given i n  number of ES) 

Space between subar rays ,  ho r i zon ta l  

(given i n  number o f  ES) 

Launcher length  (cm) 

P a t h  l ength ,  launcher  t o  d i v i d e r  (m) 

Path length ,  d i v i d e r  t o  module (m) 

Path l eng th ,  module t o  d r i v e r  (m) 

Path l eng th ,  d r i v e r  t o  e x c i t e r  (in) 

Path length ,  launcher t o  PM (in) 

Path l eng th ,  module t o  PM (m) 

P a t h  l eng th ,  d r i v e r  t o  PM (m) 

Number of p o r t s  

Klystron e f f i c i e n c y  

Loss, launcher window (dB) 

Prime power f l u c t u a t i o n  

Regulation (%) 

Loss , d i r e c t i o n a l  coupler  

Loss, t ransmiss ion  l i n e  window 

Loss,  c i r c u l a t o r  
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ORNL-DWG 84-3852 FED 

START 0 
EST I MATE 
NC # OF 
COLUMNS c 

Fig. 31. Launcher subroutine f l o w  diagram. 
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ORNL-DWG 84-3853 F E l I  

Fig. 31, Launcher subroutine flow di-agram (continued). 



2 I. I. 

F i g .  3 2 .  Flow diagrams f o r  t he  'T'KANSLIN and POWEFWIP subroutines. 



2 1.2 

ORNL-DWG 84-3855 FED 

CALCULATE 
DRIVER 
POWER 

Fig .  33 .  Driver and e x c i t e r  subroutine flowcharts. 
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EST I MATE CALCULATE ESTIMATE CALCULATE 
POWER PRIME D I S T R I B .  TOTAL 

HVPSCOST E F F I C .  COST 

- COST SUPPLY POWER SYSTEM - ' 

. d 

ORNL--DWG 84-3856 FED 

Fig .  34. HY OS subroutine flowchart. 





2 1.5 

I 

F i g .  3 6 .  I and C subroutine flowchart. 
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ORNL-DWG 84-3859 FED 

F i g .  3 7 .  SUPPOKT subroutine flowchart. 
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r 

CALCULATE 

DOLPERW 
. $/W 

ORNL-DWG 84-3860 FED 

START 0 
TOTTLCOS XPMCOST 

TOT1 COS 

EXCCOST 
COSTLH SUPCOS DRCOST 

APPLY 
LEARN1 NG 
FACTOR 

F i g .  38 .  WATCOST subroutine flowchart. 
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* E s t i n a t c  t h e  numbcr o f  colums by a f i rs t  guess of launcllel- 

p o r t  a spec t  r a t i o  x square r o o t  o f  t o t a l  number o f  subarrays.  

Next, as can be scen from t h e  f lowchart ,  t h e  width of  a launchcr 

t h a t  has NC columns i s  camparzd t o  t h c  maximum width. 

t h e  r o u t i n e  goes 011 t o  a similar approach f o r  detcrrnining the  he ight  

o f  t h e  1amche.r. However, i f  it i s  too  wide, tlir number o f  columns 

i s  reduced by one and the width i s  checked f o r  a f i t  again.  

t r i e s  a r c  allowed bcfore  leav ing  t h e  loop and s e t t i n g  t h e  "launcher 

i s  too  wide" f l a g .  O f  course, i f  t h e  va lue  of  NC goes t o  zero (case 

i n  which t h e  p o r t  widell i s  l e s s  than  a subarray wide),  then t h e  f l a g  

i s  a l so  set. 

check on area before  e s t ima t ing  t h e  cast .  

launcher  has an assumed c o s t ,  

c a l c u l a t i o n  of  t h e  power d e n s i t y  i n  t h e  waveguide and a coniparkan 

wi th  t h e  s p e c i f i e d  maxinwn. 

l o s s e s  are ca l cu la t ed .  

If it f i t s ,  

N i r l c  

Af t e r  t h e  code es t imates  t h e  he ight ,  there i s  a f i n a l  

Each component i n  the 

Following t h e  cos t ing ,  there  is  a 

If t h i s  check i s  passed, then t h e  

2 .  TRUSLIN -_I-_- and P O W E W P  subrout ine:  Figure 32 shows t h a t  t h e s e  two 

subrout ines  are s t ra ight€orward i n  t h c i r  arrangcment * Again, t h e  

component l ineup  i n  t h e s e  two groups o f  equipment matches t h a t  of 

Fig.  24. 1x1 calcu'baLirig t h e  rf module power l e v e l ,  one module is  

assumed t o  d r i v e  NR*NP elements and i s  based on t h e  ca l cu la t ed  

'bosses of  t h e  traiisiiiissi on l i n e  componcnts. 

cletemined a f tc r  the losses a r e  es t imated fo r  the t u b e ' s  output  

c i r c u i t ,  s i n c e  it m u s t  make up f o r  t hese  t o  achieve t h e  requi red  

module power. 

l o s s e s ,  The requi red  dc and rf power inpu t s  a r c  es t imated.  The cost 

of  t h e  high power components (such as t h e  tube  and c i r c u l a t o r )  scale 

by t h e  power output .  

Thc k lys t ron  power i s  

Woi-king wi th  t h e  assumed tube  e f f i c i e n c y  and component 

3 .  l__l___l......__ DRIVER and EXCITER subrout ine:  

t h e s e  subrout ines .  

where two s o l i d  s t a t e  ampl i f i e r s  a m  combined wi th  a hybrid.  

power output  of  t h i s  combination i s  s e t  t o  supply t h e  need d r i v e  

l e v e l ,  inchid ing  losses. Thc e x c i t e r  subrout ine  i s  simgly a c o s t  

estimate. 

Figure 3 3  shows t h e  Elowchart fo r  

A rcduridant d r i v e r  arrangement has been assumed 

The 
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4.  - HVDCPS _- subrout ine :  The flow f o r  t h i s  subrout ine  is  given i n  Fig.  34. 

The  number of modulator r e g u l a t o r s  i s  always equal  t o  t h e  number of 

k l y s t r o n s  and t h e  number o f  t ransformer  r e c t i f i e r s  i s  equal  t o  t h e  

number of  elemeries i n  a subar ray ,  

t h e  rf power module) and a do l l a r -pe r -k i lowa t t  f i g u r e ,  t h e  cos t  of  

modulators i s es t ima ted ,  

(based on t h e  r equ i r ed  r c g u l a t i n g  range) ,  t h e  t ransformer  r e c t i f e r  

can be s i z e d  and cos ted .  

es t imated  as t h e  product  of t h e  t ransformer  r ec t i f i e r  and modulator/ 

r e g u l a t o r  e f f i c i e n c i e s .  Now t h e  prime power i s  c a l c u l a t e d  as (PHVDC/ 

e f f i c i e n c y l x  number of  modulators. 

given by PPLASMA/prime power. 

d i s t r i b u t i o n  system c o s t  i s  es t imated  based on a do l l a r -pe r -wa t t  

f i g u r c .  F i n a l l y ,  t h e  c o s t s  are added with appropr i a t e  markups f o r  

bulk m a t e r i a l  and labor .  

Using t h e  dc power needs (from 

Knowing the ef f ic i  ency of t h e  r e g u l a t o r  

The o v e r a l l  power supply e f f i c i e n c y  i s  

The overal l  system c f f i c i e n c y  is  

With t h e  t o t a l  prime power, t h e  ac  

5. PERFMON subrout ine :  As can be seen froin F ig .  35 ~ t h i s  subrout ine  

simply counts  up t h e  number of monitoring p o i n t s  and a p p l i e s  t h e  

appropr i a t e  d o l l a r s  pes p o i n t  t o  estimate t h e  cos t .  Two o t h e r  items 

a r e  added one f o r  t h e  performance monitor processor  ( s i zed  based 

on number of monitor ing po in t s )  arid another  f o r  a phase ana lyzer .  

Costs  are then added t o  o b t a i n  t h e  t o t a l .  

6. IANDC subrout ine :  

previous one ( F i g .  3 6 ) .  In  t h i s  case, t h e  number o f  c o n t r o l s  is  

es t imated  and t h e  processor  s i z e d  and cos ted .  

Th i s  r o u t i n e  i s  very  similar t o  t h a t  o f  t h e  

7.  SUPPORT subrout ine :  I n  this subrout ine ,  t h e  d i e l e c t r i c  SF6 system 

i s  s ized based on t h e  l eng ths  of t ransmiss ion  l i n e s .  

system i s  s i zed  based on t h e  power d i s s i p a t e d ,  and t h e  c o s t  i s  

sca l ed  by t h e  power r a i s e d  t o  0.75. 

f lowchar t  a 

The cool ing  

Figure 37shows t h e  s i l i~ple  

8 .  WATCOS'T subrout ine :  

F ig .  38. F i r s t ,  t h e r e  i s  a s m a t i . o n  of a l l  t h e  c o s t s  from t h e  

previous subrout ines  Second, a learning-curve f a c t o r  i s  used t o  

e s t ima te  the impact of bu i ld ing  m u l t i p l e  systems. 

of t h e  form 

The f lowchar t  f o r  t h i s  subrout ine  i s  given i n  

This a lgori thm i s  
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This  assumes t h e  volume of  equip~iient i s  g ross ly  p ropor t iona l  t o  t h e  

number o f  p o r t s .  

code. The f i n a l  c a l c u l a t i o n  i s  d iv id ing  t h i s  ad jus ted  c o s t  by 

PPLASMA ( t h e  i n j e c t e d  power) t o  g e t  t h e  u n i t  cos t  i n  d o l l a r s  pe r  

watt.. 

The va lues  of  A, B ,  C, and A a r e  b u i l t  i n t o  t h e  

9. LHSPACE subrout ine :  

I t  u ses  a very  simple algori thm which r e l a t e s  t h e  f a c i l i t y  space t o  

i n j e c t e d  power. 

s e p a r a t e l y  and then  combined. 

There i s  no flow diagram f o r  t h i s  subrout ine .  

Both ou t s ide  and i n s i d e  a reas  a r e  es t imated 

10. ENDIT subrout ine :  -- 
output  f i l e .  

based on t h e  ICDRV t r i g g e r s  generated i n  t h e  rfh d r i v e r  program. 

This  completes t h e  LHBH po r t ion  by w r i t i n g  t h e  

There are  formats and headings t h a t  t a i l o r  t h e  output  
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Module Outputs 

T a b l e  2 1  g ives  t h e  l i s t  of ou tput  v a r i a b l e s .  Table 22 shows sample 

output  from t h e  module execut ion.  

NB MODULE 

This  module a r ranges  major components, i t e ra tes  t h e  s i z e  of t h e s e  

components t o  meet t h e  r equ i r ed  performance, arid es t imates  c o s t  of a 

n e u t r a l  beam i n j e c t o r .  In  t h e  material t h a t  fol lows,  t h e  assumptions 

and/or c o n s t r a i n t s ,  module inpu t s ,  f lowchar t s ,  and equat ions  and module 

output  w i l l  be descr ibed .  The bulk of  t h e  ma te r i a l  i s  on t h e  f i f t e e n  

subrout ines  which make up t h e  module. Figure 39 (2 shee t s )  shows t h e  

o v e r a l l  f lowchar t  f o r  t h i s  module. The process  begins  with e s t a b l i s h i n g  

t h e  i n p u t  parameters ,  both expe r t  and non-expert. In  subrout ine  INITIA,  

t h e  expe r t  i npu t  d a t a  a r e  augmented with c ros s - sec t ion  d a t a  generated by 

subrout ines  CROSS and SIGMA. 

are supplemented by a c a l c u l a t i o n  o f  d r i f t  duc t  length  i n  t h e  event  none 

i s  s p e c i f i e d  i n  t h e  inpu t  d a t a  f i l e .  

e f f e c t s  of s t r a y  magnetic f i e l d s  (CELLBH and CELLBV) on t h e  beam shape 

and d i r e c t i o n  are  c a l c u l a t e d .  

ca l cu la t ed  us ing  arr i n i t i a l  va lue  of source s i z e  (AV4). 

e f f i c i e n c y  i s  estimatec!. F i r s t ,  t h a t  of t h e  a c c e l e r a t i u n  g r i d s  i n  

GRDEFF then  t h e  beam scrape-of f  i n  OPTDRI. 

sources  r equ i r ed  t o  meet t h e  power requirements i s  n o t  equal  t o  t h e  

des i r ed  number, t h e  source s i z e  i s  ad jus ted  and t h e  c a l c u l a t i o n  repeated.  

Up t o  n ine  i t e r a t i o n s  on t h e  source s i ze  a r e  allowed t o  match t h e  number 

of  sources  c a l c u l a t e d  wi th  t h a t  s p e c i f i e d  i n  t h e  inpu t  f i l e .  

source c u r r e n t  e s t a b l i s h e d ,  t h e  pumping loads can be ca l cu la t ed  i n  PUMP 

and t h e  cryopump s i z e  i t e r a t e d  (up t o  n ine  t imes)  u n t i l  t h e  r e i o n i z a t i o n  

l o s s  i n  t h e  d r i f t  reg ion  i s  acceptab le .  

components i s  obtained by s c a l i n g  t h e  c o s t s  of  t h e  n e u t r a l  beam i n j e c t o r  

f o r  TFTR. 

FLAGS i n  t h e  event  t h a t  t h e  number o f  sources ,  r e i o n i z a t i o n  l o s s ,  o r  

pumping speed l i m i t  was n o t  m e t .  

The non-expert  d a t a  i n  subrout ine  PARAM 

In  t h e  DIVE6 subrout ine ,  t h e  

A t  t h i s  p o i n t ,  t h e  source cu r ren t  i s  

Now t h e  beamline 

If t h e  number of t hese  s i z e  

With t h e  

I n  MONEY, t h e  c o s t  of major 

The output  f i l e  i s  w r i t t e n  i n  TERM and messages are s e n t  by 
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Table 21. LMWH/LHCD output  f i l e  f rom r f h  module 
...................... ...-~lll^l_-l._._I ................ ~ ~ . -  . . . . . . . . . . .. 

Variab 1 e Description 

P LHC D 

P P LASMA 

TOTE F I: 

HVPPOW 

f 

WGH 

P WRD E N 

WGW 

NP 

NC 

N K  

EPSA 

COSTLH 

DOL PE RW 

Power reqni red  f o r  current d r i v e  (bfi') 

Power required f o r  bulk heatj-ng 

and current d r i v e  (MW) 

S ys t em e f f i c i. ency 

Prime power (MW) 

Frequency (GHz) 

Waveguide he ight  (clil) 

Cal cu 1 a't ed power dens it y (kW/ a n 2  1 
Width of  waveguide (cm) 

Number of po r t s  

Number o f  col.ianns 

Number o f  rows 

Elenients pe r  subar ray  

Cost  of  LH system ($  million) 

Unit cost 

-. . . . . . . . . . . . . . . . . . 
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F i g .  39. N B  module flowchart. 

ORNL-DWG 84-3861 FED 

F i g .  39. N B  module flowchart. 
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I 

M 

F i g .  39. N B  module flowchart (continued). 
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MAJOR ASSUMPTIONS ANI) CONSTRAINTS 

The n e u t r a l  beam i n j e c t o r  geometry i s  t h e  major assumption f o r  t h i s  

module. Figure 40 shows a t y p i c a l  l ayou t .  A posi t ive- ion-based beam i s  

assumed with deuterium gas.  There i s  a gas ce l l  n e u t r a l i z e r .  Cryopumps 

a r e  used t o  pump t h e  co ld  gas .  

as va lues  chosen f o r  parameters.  

but  a r e  l i s t e d  i n  t h e  code. 

There a r e  many lesser assumptions,  such 

These are  too  numerous t o  mention here  

MODULE INPUTS 

Figures  41 and 42 show computer l i s t i n g s  of t h e  input  f i l e s  used by 

t h e  n e u t r a l  beam code. In a d d i t i o n  t o  t h e  two words (ANCINJ and NNB) of  

t h e  phys ics  inpu t  d a t a ,  t h e r e  are t h e  beam energy i n  key (e ) and beam 

power i n  NW (p ) values ,  t h a t  come from t h e  physics  module. Figure 42 

g ives  t h e  balance o f  t h e  inpu t s ,  both t h e  non-expert and exper t .  

b 

b 
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NUCLEAR SHIELD 

Fi.g 40. Neutral beam i n j e c t o r  system. 
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~ i g .  4 1 .  N e u t r a l  beam in jec t ion  inpu t  i n  physics data.  
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F i g .  4 2 .  Neutral  beam i n j e c t i o n  input  da t a .  
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MODULE FLOWCHARTS AND EQUATIONS 

1. YAKAM Subrout ine.  Or ig ina l ly ,  PARAM stood €or t h e  parameters 

and t h e  non-expert  conunon f i l e s  t h a t  were i n i t i a l i z e d  by reading t h e  

input  f i l e  ETFIND (Fig.  4 3 ) .  For t h i s  ve r s ion  ( in t eg ra t ed  i n t o  t h e  

systems code) "USE 

This  subrout ine  a l s o  c a l c u l a t e s  t h e  d r i f t  duc t  and t o t a l  beamline l eng th  

i f  none has been s p e c i f i e d .  I t  uses  t h e  tokamak geometry ( i . e . ,  TF c o i l  

r a d i u s  and th i ckness ,  s h i e l d  th ickness ,  e t c . )  and t h e  i n j e c t i o n  a.ngle t o  

c a l c u l a t e  t h e  duc t  l eng th  DUCTL. The t o t a l  beamline l eng th  i s  t h e  duc t  

l eng th  p l u s  an assumed n e u t r a l  beam i n j e c t o r  box l eng th  o f  6 m .  

al lowance of  2 m i s  made f o r  va lves  and neutron s h u t t e r .  

s ta tements  provide t h e  necessary inpu t s .  - - - -  

An 

2 .  INITIA Subrout ine.  This  subrout ine  was named f o r  i n i t i a l i z i n g  

t h e  exper t  f i l e  by reading ETFXD (Fig.  4 4 ) .  In t h i s  ve r s ion ,  t h e  "USE" 

s ta tement  accomplishes t h i s  func t ion .  In  a d d i t i o n  t o  e s t a b l i s h i n g  t h e  

exper t  parameters i n  t h e  common block, t h e r e  are o t h e r  parameters  def ined  

he re .  

d i r e c t  recovery u n i t  a r e  def ined .  Next, t h e  spec ie s  mix, t h a t  i s ,  t h e  

f r a c t i o n  o f  f u l l  h a l f  and t h i r d  energy components from t h e  ion  source,  

a r e  de f ined .  Curren t ly ,  t h e s e  are 0.80, 0 .12 ,  and 0.08, r e s p e c t i v e l y .  

The ex t r ac t ed  c u r r e n t  d e n s i t y  i s  then  given by 

First ,  t h e  a c c e l e r a t o r  g r i d  parameters a long wi th  those  of  t h e  

-C 

b '  
curden = a E 

where 

A t  t h i s  p o i n t ,  subrout ine  CROSS i s  c a l l e d .  

r o u t i n e  i s  t o  o b t a i n  (1) c r o s s  s e c t i o n s  (using subrout ine  SIGMA), ( 2 )  

n e u t r a l  f r a c t i o n s ,  and (3) emission c o e f f i c i e n t s .  

i s  t h e  beam vo l t age  and t h e  va lues  of a and c are empir ica l .  

The o b j e c t i v e  of  t h i s  sub- 

3 .  CROSS Subrout ine.  Figure 45 shows t h e  f lowchart  f o r  t h i s  

subrout ine .  

o b t a i n  t h e  appropr i a t e  c r o s s  s e c t i o n s  from subrout ine  SIGMA f o r  use  i n  

subrout ines  GRDEFF,  D I V E 6 ,  PWKCAL, and PUMP. The way t h i s  ope ra t e s  i s  

through use  o f  a LABEL i n  t h e  c a l l  s ta tement .  

This  subrout ine  i s  c a l l e d  a t  t h e  s tar t  of  t h e  program t o  
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CALCULATE 
TOTAL BEAM 
LINE LENGTH 

F i g .  43.  PARAM subroutine flowchart. 
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F i g .  44. I N I T I A  subroutine flowchart. 
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DESCRIBE 
SPECIES 
ENERGY 

DESCRIBE FAS 
ION ELECTRON 

F i g .  45. Cross subroutine flowchart. 
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Call Sigma (LABEL, XSEXUN), 
where LABEL i s  def ined  as: 

l a b e l  = 1 gives  deuterium equi l ibr ium n e u t r a l  f r a c t i o n s ,  

l a b e l  = 2 g ives  charge exchange c r o s s  s e c t i o n s  (molecular t a r g e t ) ,  

l a b e l  = 3 g ives  r e i o n i z a t i o n  cross s e c t i o n s ,  

l a b e l  = 4 g ives  f a s t  i o n  e l e c t r o n  product ion c r o s s  s e c t i o n s ,  

l a b e l  = 5 g ives  nega t ive  ion  e l e c t r o n  l o s s  c r o s s  s e c t i o n s ,  

l a b e l  = 6 g ives  n e u t r a l  f r a c t i o n s  f o r  d- i n t o  a cesium c u r t a i n ,  

l a b e l  = 7 g ives  secondary emission c o e f f i c i e n t  f o r  d+ onto 

molybdenum, 

l a b e l  = 8 g ives  charge exchange c r o s s  s e c t i o n s  (atomic t a r g e t ) .  

P re sen t ly ,  l a b e l s  1, 2, 3, 7, and 8 are b u i l t  i n .  

4. SIGMA Subroutine.  The var ious  c ros s  s e c t i o n s  are es t imated  

based on a curve f i t  t o  B a r n e t t ' s  da t a .  The c r o s s  s e c t i o n s  are ca lcu-  

l a t e d  i n  1 kV s t e p s  over  t h e  appropr i a t e  ranges.  

s ta tement  t r i g g e r s  o f f  t h e  LABEL. Each LABEL b r ings  i n  a d i f f e r e n t  s e t  

o f  c o e f f i c i e n t s  t o  t h e  func t ions  t o  effect  t h e  f i t t e d  curve.  The flow- 

c h a r t  is  shown i n  Fig.  46. 

A computed GO TO 

5. DIVE6 Subrout ine.  Figure 47 shows t h e  f lowchart  f o r  t h i s  

subrout ine .  

s t r a y  f i e l d  i n  t h e  n e u t r a l i z e r  i s  ca l cu la t ed .  

once f o r  each axis ( r e .  ver t ica l  and ho r i zon ta l )  by t h e  ICALC loop. 

After c a l c u l a t i n g  t h e  i n t r i n s i c  beam divergence (T3) and gyrofrequency 

(wo), t h e  i o n  d i s t r i b u t i o n  i s  modeled as a Guassian wi th  CT = V3 ( func t ion  

o f  T3) and t h e  v a r i a b l e  VNB. 

used i n  a coupled set  o f  k i n e t i c  equat ions.a  

divergence and bo res igh t  i s  eva lua ted  by a "running t a l l y "  generated i n  

a ''DO" loop. 

p lane ,  t h e  process  i s  repea ted  f o r  t h e  ho r i zon ta l  divergence. 

Here, t h e  i n c r e a s e  i n  divergence and s h i f t  i n  angle  due t o  

The c a l c u l a t i o n  is  done 

This  loop genera tes  a se t  of c o e f f i c i e n t s  

The n e t  impact on t h e  beam 

After completing t h e  loop f o r  t h e  divergence i n  t h e  vertical  

A s  noted i n  t h e  code comments, t h i s  modeling i s  based on work done by 
by J. R. Conrad r epor t ed  i n  J .  AppZ. Phyc. - 51 ( 6 ) ,  2957 (1980). 

a 
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F i g .  46. SIGMA subroutine flowchart. 
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F i g .  47.  DIVE6 subroutine flow chart .  
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6 .  GRDEFF Subrout ine.  This subrout ine  c a l c u l a t e s  t h e  c u r r e n t  and --_. 
power l o s s e s  due t o  beam - gas i n t e r a c t i o n s  i n  t h e  g r i d  reg ion .  I t  

provides  e s t ima tes  o f  t h e  c u r r e n t  t ransmiss ion  e f f i c i e n c y  f o r  t h e  g r i d s  

(E'I'AG) and t h e  power i n  f r a c t i o n s  o f  i x v, inves ted  i n  (1) back-streaming 

e l e c t r o n s  (PBACKE), ( 2 )  ions  t o  g r i d  # 2  (GZIP), and ( 3 )  ion  t o  g r i d  # 3  

(GSIP) . Figure 48 shows t h e  f lowchar t .  The subrout ine  s t a r t s  with 

d e f i n i t i o n s  of  t h e  d e t a i l  parameters of t h e  g r i d s  (such as dens i ty ,  gap 

s i z e  and p o t e n t i a l s )  i n  t h e  o rde r  s h o w  i n  t h e  f lowchart .  A t  t h i s  

po in t ,  a "DOrr  loop i s  s e t  up i n  which the  p o s i t i o n  (X)  wi th in  t h e  g r i d s  

e s t a b l i s h e s  t h e  Childs-Langmuir p o t e n t i a l  a t  t h a t  p o i n t .  There are  kV 

p o s i t i o n s  (beam vol tage  + 1000). The loop s tar ts  a t  t h e  1-kV p o s i t i o n  

and goes i n  t h e  down-stream d i r e c t i o n  t o  t h e  f i n a l  k i l o v o l t  pos i t i on .  

Using t h e  va lues  of  C i  (LCKEV), cxmol (LCKEV), cxatom (LCKEV) , SECEM 

(KVI) prev ious ly  ca l cu la t ed  i n  subrout ine  CROSS f o r  LABELS 4, 2 ,  8 and 

7 ,  r e s p e c t i v e l y ,  t h e  c u r r e n t s  and powers i d e n t i f i e d  above a r e  es t imated .  

The v a r i a b l e  LCKEV i s  t h e  Childs-Langn1ui.r p o t e n t i a l  a t  a p a r t i c u l a r  

p o s i t i o n .  

7 .  OPTDRI Subrout ine.  This  subrout ine  i s  t h e  o p t i c s  performance 

es t imat ion  d r i v e r .  I t  ca l l s  two subrout ines  - SRGEOM, which sets up t h e  

ape r tu re  geometry a r r a y s ,  and OPTICS, which c a l c u l a t e s  t h e  beam t r a n s -  

mission.  Figure 49 shows t h e  f lowchar t .  SRGEOM develops t h e  geometry 

of  a mult iple-source beamline. 

t o  be on a g r i d  with sepa ra t ions  o f  SEPH i n  t h e  ho r i zon ta l  and SEPV i n  

t h e  v e r t i c a l .  

c a l c u l a t e  t h e  a p e r t u r e  s i z e  i n  t h e  ho r i zon ta l  and v e r t i c a l  p lanes .  This  

ape r tu re  i s  loca ted  a t  t h c  en t rance  t o  t h e  d r i f t  duc t  and corresponds i n  

s i z e  t o  t h a t  needed f o r  a "zero-divergence" beam. An array of  ape r tu re  

s i z e s  i s  generated - o n e  f o r  each source.  Before r e tu rn ing  t o  t h e  

OPTDRI subrout ine ,  the d i s t a n c e  t o  t h e  en t rance  (LNEAR) and e x i t  (LFAR) 

of t h e  d r i f t  duc t  i s  ca l cu la t ed  along wi th  t h e  beam crossover  d i s t ances  

i n  t h e  ho r i zon ta l  arid v e r t i c a l  p lanes  ( fh  = f v  = d i s t a n c e  t o  d r i f t  duc t  

midpoint) .  

i s  c a l l e d  twice,  once f o r  each end of  t h e  d r i f t  duc t .  This  subrout ine  

responds with a va lue  f a r  t h e  t ransmiss ion  efficiency corresponding t o  

The source arrangements a r e  cons t ra ined  

The subrout ine  uses  the  theory  o€ similar t r i a n g l e s  t o  

A t  t h i s  p o i n t ,  a loop i s  i n i t i a t e d  i n  which subrout jne  OPrICS 
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Fig. 48.  GRDEFF subrout ine  f lowchar t .  
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t h e  s p e c i f i e d  d r i f t  duc t  opening, t h e  "zero-divergence" a p e r t u r e  and t h e  

beam divergence est imated previous ly .  The loop steps through a l l  sources .  

For each source,  t h e  average t ransmiss ion  e f f i c i e n c y  i s  obtained from 

t h a t  of  t h e  en t rance  and e x i t  e f f i c i e n c i e s .  F i n a l l y ,  another  loop i s  

e s t a b l i s h e d  t h a t  averages t h e  t ransmiss ion  e f f i c i e n c y  ac ross  a l l  sources  

t o  o b t a i n  t h e  o v e r a l l  o p t i c a l  e f f i c i e n c y .  

8 ,  SRGfiOM Subrout ine.  This  subrout ine  t akes  t h e  appropr i a t e  

source and d r i f t  duc t  geometry and c r e a t e s  t h e  a r r a y s  dh and dv,  which 

con ta in  t h e  a p e r t u r e  s i z e s  f o r  c a l c u l a t i o n  of beam t ransmiss ion  with 

m u l t i p l e  sources  (F ig .  S O ) .  

used (Fig.  51).  The f irst  t r i a n g l e  i s  formed by SEW ( s i d e  oppos i te )  

and f v  ( s i d e  ad jacen t ) ,  while  t h e  second i s  fornied by dv and DUCTL/2. 

In Fig .  5 0 ,  t h e  f irst  double "DO" loop pu t s  t h e  source l o c a t i o n  i n t o  an 

a r r a y .  

l o c a t i o n .  Before r e tu rn ing  t o  subrout ine  OPTDRI, t h e  d i s t a n c e  t o  t h e  

en t rance  and e x i t  of t h e  d r i f t  duc t  i s  c a l c u l a t e d  along with t h e  d i s t a n c e  

t o  t h e  beam crossover  p o i n t .  

A technique of similar r i g h t  t r i a n g l e s  i s  

The second double loop c a l c u l a t e s  f v  and f h  f o r  each source 

9.  OPTICS Subrout ine.  T h i s  subprogram c a l c u l a t e s  t h e  f r a c t i o n  of ~- 

beam power gass ing  through a ho le  s i z e  o f  2Xd, by 2Yq (F ig .  5 2 ) .  

beam shape i s  modeled as a b i - v a r i a n t  Guassian. 

becomes a func t ion  conta in ing  e r r o r  func t ions :  

The 

The power d e n s i t y  then  

TKAN c1 [ e r f ( a -x )  + e s f ( a + x ) ]  x [e r f (b-y)  + e r f ( b + y ) ]  . 
The balance of  t h e  subprogram i s  concerned wi th  eva lua t ing  t h e  cons t an t s  

froin t h e  geometry and parameters  of t h e  beamline. 

power d e n s i t y  func t ion  g ives  the  power t ransmiss ion  e f f i c i e n c y .  

Plugging i n t o  t h e  

10. PWRCAL Subrout ine.  In  t h i s  subrout ine ,  t h e  powers (prime, 

f u l l ,  h a l f ,  and t h i r d )  are c a l c u l a t e d ,  i f  not  s p e c i f i e d .  The r o u t i n e  i s  

se t  up t o  look f o r  t h e  s p e c i f i e d  input  power and adapt .  

PN'TOT ( t o t a l  n e u t r a l  power) and PNFULL ( f u l l  energy power) are compared 

( F i g .  5 3 ) .  

e i t h e r  PNTO'I' o r  PNFULL. 

The va lues  of 

I t  i s  assumed t h a t  t h e  power w i l l  be s p e c i f i e d  i n  terms of  

The ion  c u r r e n t  leav ing  t h e  e x t r a c t i o n  system 
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START Q 

TRANSMISSION 

F i g .  52 e OPTICS subrout ine  flowchart. 
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F i g .  5 3 .  PUrRCAL subrout ine flowchart. 
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can now be c a l c u l a t e d  us ing  t h e  e f f i c i e n c y  numbers f o r  r e i o n i z a t i o n  and 

o p t i c s  and rhe  spec ies  f r a c t i o n  and neutral .  f r a c t i o n s  : 

1 1 1 
_I_ _qc_.I . PNFULL 
X M I X l  n R E i O N .  0.95fqINfl ' 

I =  
Eb 

Next, t h e  f u l l  energy c u r r e n t  i s  ca l cu la t ed  because t h e  d i r e c t  recovery 

cu r ren t  i s  obtained from t h e  f u l l  energy component only.  

supply c u r r e n t  i s  then t h e  next  c u r r e n t  needed f o r  t h e  source .  Other 

supply c u r r e n t s ,  such as power f o r  t h e  plasma source and d i r e c t  recovery 

u n i t s ,  a re  added t o  t h e  high vo l t age  power input  t o  ob ta in  t h e  prime 

power nceded from t h e  power supp l i e s  (approximate prime power from t h e  

power l i n e ) .  The number of  sources  r equ i r ed  t o  meet t h e  requested 

c u r r e n t  and t h e  number per  beamline are  e a s i l y  obtained along with 

r a t i o s  of  PNTOT t o  prime power and PNFULL t o  prime power. 

r ep resen t  t h e  t o t a l  energy and f u l l  energy component e f f i c i e n c i e s .  

The power 

I'hese r a t i o s  

By r e f e r r i n g  t o  e i t h e r  F ig .  39 o r  the code i n  t h e  main d r i v e r ,  it 

will be noted t h a t  the  des i r ed  number of sourccs i s  compared t o  t h e  

ca l cu la t ed  number of soiirces i n  PWRCAL. I f  they  match, subrout ine  PUMP 

i s  c a l l e d ;  i f  n o t ,  counter  I T E R l  i s  indexed up by one and t h e  new count 

compared t o  a va lue  of 9 .  I f  I E R l  i s  g r e a t e r  than  9 ,  PUMP i s  c a l l e d  

and the program cont inues .  However, when subrout ine  FLAGS i.s c a l l e d ,  a 

message readout  i s  t r i gge red  (by I T E R l  over 9) t h a t  s t a t e s  that t h e  

des i r ed  number o f  sources  could not  be met. I f  ITER1 i s  l e s s  than  9 ,  

t h e  source v e r t i c a l  h a l f - s i z e  i s  ad jus ted  based on t h e  r a t i o  of des i r ed -  

t o -ca l cu la t ed  number o f  sources ,  and t h e  GRDEFF, OPTD1, and PWRCAL sub- 

r o u t i n e s  a r e  run  aga in .  

11. PUMP Subrout ine.  This  subrout ine  s i z e s  t h e  pumping system. 
-_-__I 

Both pumping speeds and beamline p re s su res  are  c a l c u l a t e d .  The beamline 

geometry i s  assumed t o  be a three-chamber conf igura t ion .  The t h r e e  

chambers a re  (1) neutral izer /dump chamber, ( 2 )  d r i f t  chamber, and (3) 

d r i f t  duc t .  Figure 54  shows t h i s  sub rou t ine ' s  f lowchar t .  Chambers 1 

and 2 a r e  separa ted  by a b a f f l e  with holes  where t h e  n e u t r a l  beam and 

some co ld  gas flow through. These holes  are  s i zed  based on t h e  beamline 

geometry and t h e  need t o  no t  impact t h e  o p t i c a l  e f f i c i e n c y .  Cryogenic 
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Fig. 54. PUMP subroutine flowchart. 
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pumps a r e  assumed t o  be loca ted  i n  chambers 1 aid 2 ,  and the tokamak 

pressure  i s  assumed t o  be zero. Gas flow, chainber p re s su re ,  and pump 

speed/conductances are  modeled i n  p rcpa ra t i  on t o  so lv ing  simultaneous 

equat ions.  The b a s i c  equat ion i s  

flow = speed tiines p re s su re  , 
01' 

q = S x P  . 
Subroutiiie MATSOL i s  c a l l e d  t o  determine a compatible s e t  o f  p ressures  

i n  tlic t h r e e  chambers. Now t h e  r e i o n i z a t i o n  l o s s  i s  ca l cu la t ed  and C O I I L  

pared t o  the  desjTed value .  If it i s  o u t s i d e  tlie spec i f i cd  range, tlie 

ITER? counter  i s  indexed by one and t e s t ed  aga ins t  a maxinwn value of  3. 

If i t  i s  less  than  9, t h e  pumping speed i n  t h e  d r i f t  chamber i s  scaled 

based on t h e  r a t i o  o f  ca lcu laeed- to-des i red  l o s s  and P.1ATSOL i s  c a l l e d  

aga in .  When t h e  l o s s  i s  i n  t h e  acceptab le  range o r  t h e  number of 

i t e r aL ions  i s  1 0 ,  t h c  next  subrout ine  i s  c a l l e d .  In  t h e  event t h a t  

ITER2 j s  g r e a t e r  than  9,  a f l a g  w i l l  be t r i gge red  a t  t h e  end of the 

program, i n d i c a t i n g  the  r e i o n j  zation l o s s  idas not, met. 

1 2 ,  bWTSOL Subroutine.  This subrout ine  uses a Gauss-Jordan -I-_.__ 

reduct ion  (G-JR) of  "N" equat ions : 

(SI+CA)Pl - C k P 2  J- Q*P3 - 91- 0 , 
-CA' P l  + (CA+CD+S2)P2 - CD' P 3  - q2 = 0 , 
O * P 1  - CD'P2 + Z*CD'P3 - q3 = 0 , 

where cis P ,  S, and C stand f o r  gas flow, pressure ,  speed, and conduc- 

tance .  

f o r  duc t .  The c o e f f i c i e n t s  a r e  w r i t t e n  as amat (i, j j :  

Subsc r ip t s  i n d i c a t e  which chamber number o r  A fo r  a p e r t u r e  and D 

AMAT(l,l)P1+AM4T(1,2)P2 -I. AMAT(1,3)P3 + AMAT(1,4) = 0 , 
AMAT ( 2 , l ) P l  + 'WT(1,2)P2 1- AMAT(1,S)PS + AWT(2,4)  = 0 , 
AMA'I'(3,l)Pl + , ~ r ( 1 , 2 ) ~ 2  3- AMAT(1,3jP3 t AMA?'[3,4j .- 0 . 
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Referr ing t o  F i g .  55, it can  be seen t h a t  t h e  f irst  "DO" loop is t h e  

f irst  s t e p  i n  t h e  G - J K  i n  which t h e  f i r s t  equat ion i s  d iv ided  by the  P1 

c o e f f i c i e n t  o f  t h a t  equat ion then  subsequent ly  mul t ip l i ed  by each o f  t he  

P1 c o e f f i c i e n t s  from the o t h e r  equations.  and t h e  r e s u l  t i r i g  equat.i.on 

sub t r ac t ed  from it .  

c o e f f i c i e n t  M A T  ( i > j )  zero i n  a l l  but  t h e  f irst  equat ion AiiWf (1,l). 

Subsequent s teps  reduce t h e  number of  tesiiis i n  t h e  equat ions mtil a 

v a r i a b l e  i s  eva lua ted .  

can be found i n  numerous textbooks on mathematical. methods. 

A new se t  of equat ions  i s  generated wi th  the P l  

The G - J K  s o l u t i o n  t o  l i n e a r  equat ions technique 

1 3 .  MONEY Subrout ine.  Figure 56 shows t h e  f lowchart  f o r  t h i s  

'The c o s t s  a r e  es t imated by s c a l i n g  Tokamak E ' L L S ~ O I I  Test  
-- 

subroutine. 

Reactor ( ' W T K )  c o s t s  based on performance parameters .  Within the code, 

t h e r e  are  a series o f  comment s ta tements  t h a t  s p e l l  out t h e  TFTK refer- 

ence design.  For each component, t h e  dol lars-per-performance u n i t  i s  

determined and used as a c o s t  c o e f f i c i e n t  COEFXX. 

i n t o  account such t h i n g s  as economy of s c a l e .  For example, t h e  source 

c o s t  scales by t h r e e - f o u r t h s  o f  t h e  t o t a l  c u r r e n t  and one - fowth  t h e  

e l e c t r o n  back streaming power, so t h e  source c o s t  i s  

The s c a l i n g  l ~ w s  t a k e  

SQCOST = COEFSO (0.75 ASORCE/70 4 0.25 PBACKE/0.0263) . 

After t h e  major components are cos ted  i n  t h i s  manner, the  c o s t s  are  

grouped by ca tegory  (i.e., mechanical, e lectr ical ,  and a u x i l i a r y ) .  The 

f i n a l  set o f  c a l c u l a t i o n s  i s  done i n  ou tpu t s ,  where t h e  t o t a l  and u n i t  

cos t s  a r e  determined. 

14. TERM Subrout ine.  This  subrout ine  writes t h e  output  t o  f i l e .  

(Fig.  57) .  

(See Wodul e Outputs . ' I )  

The output  f i l e  i s  NBOU'I'DT and con ta ins  23 words of da t a .  

1 5 .  FLAGS Subrout ine.  Figure 58 shows t h e  f lowchart  f o r  t h i s  

subrout ine .  

t h e  i t e r a t i o n  counters  numbers 1 and 2 .  They i n d i c a t e  when t h e  c o r r e c t  

number of sources  o r  r e i o n i z a t i o n  l o s s  has  no t  been m e t .  The last  two 

Four f l a g s  are p o s s i b l e .  The f i rs t  two are t r i g g e r e d  by 
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F i g .  55. MATSOL subroutine flowchart. 
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F i g .  56.  MONEY subroutine flowchart. 
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Fig .  5 7 ,  'TERM subroutine f lowchast a 
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F i g .  58. FLAGS subrout ine flowchart. 
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f l a g s  a r e  f o r  pumping speeds i n  t h e  two chambers. 

pumping speed SP-MAX f o r  a given geometry is  c a l c u l a t e d  i n  "1U4P". 

t h i s  va lue  i s  exceeded, t h e  f l a g  i s  w r i t t e n .  

The maximum a t t a i n a b l e  

If 

MODULE OUTPUTS 

Figure 59 shows a t y p i c a l  ou tput  f i l e  (no te :  does no t  conform t o  

t h e  inpu t  f i l e s  shown i n  Figs.  41 and 43) .  The f u l l ,  h a l f ,  and t h i r d  

energy powers correspond t o  t h e  beam power f o r  n e u t r a l s  a t  eb, eb/2,  and 

eb/3 keV ene rg ie s .  

c a p i t a l  c o s t  d o l l a r s  p e r  watt i n j e c t e d .  The energy f r a c t i o n s  0.8, 0.12, 

and 0.08 are assumed va lues  of  t h e  spec ie s  rnix from t h e  a c c e l e r a t o r .  

"ETA" s t ands  f o r  e f f i c i e n c y .  

The do l l a r s -pe r -wa t t  f i g u r e s  correspond t o  d i r e c t  
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F i g .  59. Typical  n e u t r a l  beam i n j e c t i o n  output d a t a  f i l e .  
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8 .  NEUTRAL, BE,W/TF C O I L  INTERFACE 

This program i s  based on p r i n c i p l e s  of a n a l y t i c a l  geometry. I t  i s  

designed t o  determine i f  geometric i n t e r f e r e n c e  o c c u ~ ~  bemeen a neuLra.1 

beam i n j e c t o r  and t h e  two adjacent  TI: c o i l s .  

The only  user inpu t  parameters are t h e  gap between .the neutral .  Ixam 

i n j e c t o r  and t h e  TF c o i l  t o  allow removal o f  t h e  i n j e c t o r  DGAP, t h e  

f a c t o r  AFAC (used t o  l o c a t e  t h e  p o i n t  where t h e  n e u t r a l  beam a n g l e  i s  

measured) an3 THSNB (which r e p r e s e n t s  t h e  n e u t r a l  bear11 u n i t  s h i e l d  

th i ckness ) .  The rest  of  i.nput d a t a  are t r a n s f e r r e d  i n t e r n a l l y  from 

modules preceding t h i s  one. 

For t h e  case of  no geometric i n t e r f e r e n c e ,  t h e  output  inc ludes  

i.nput parameters ,  r equ i r ed  and a v a i l a b l e  he igh t s  and widths,  as wel l  as 

the coord ina tes  of  i n t e r s e c t i o n  p o i n t s  between t h e  t o r u s  wall and t h e  

i n j e c t o r .  

avai.lable width o r  he igh t  between t h e  two a.djacent TF c o i l s ,  a co r re -  

sponding warning message i s  p r i n t e d  out  along with i-nput parameters .  

When e i t h e r  t h e  width o r  he ight  of  t h e  i n j e c t o r  exceeds t.he 

This  module a l s o  inc ludes  both subrout ines  YCAL and NBGSUR. Sub- 

r o u t i n e  YCAL c a l c u l a t e s  the a v a i l a b l e  he ight  a t  a given l o c a t i o n  on t h e  

x-ax is ,  and subrout ine  NBGSUB determines i n t e r s e c t i o n  p o i n t s  of t h e  

t o r u s  wall and t h e  TF c o i l  o u t e r  l e g  with t h e  neutral .  beam i n j e c t o r .  

BASIC EQUATIQNS 

Given loca t ions  o f  two adjacent  TF c o i l  o u t e r  l egs  U’(XD,,ZD,) and 

E‘(XE: t y Z E , ) ,  t h e  p o s i t i o n  o f  the midpoint L ( F i g .  6 ~ )  i s  obtained from 

and 
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(NOT TO SCALE)  

Fig. 60. Neutral beam/TF coil interface. 
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With known neutral-beam-inj  ecti.on angle  0 

and OL i s  

t h e  angle  between l i n e s  OK 
NB' 

ROp 

- - -  TF'r DDW 2 

Aa = 0 

where R 
O P  

t o  determine t h e  po in t  K where t h e  n e u t r a l  beam angle  i s  

measured. 

i s  Ro - a ( 1  - AFAC);  AFRC i s  an input  parameter used 

The p o i n t  K ,  where t h e  n e u t r a l  beam angle  i s  measured, can be determined 

through cons t ruc t ing  a l i n e  a t  t h e  angle  An: above t h e  l i n e  OL t o  i n t e r -  

sect t h e  c i r c l e  of  r ad ius  R . The l o c a t i o n  of po in t  K i s  
O P  

X = R c o s ( $  + A,) 
K O P  

and 

where 

0 i s  360°/NTF 

and NTF: i s  t h e  number o f  TI; co i l s .  

The s lope  of  t h e  l i n e  connect ing p o i n t s  L and K i s  

R O p  s i n  (:- + *a) - Rout s i n  (+) cos0 
SLK = 

R cos (; + A,) - R~~~ (1 - s i n  s in* )  + + m w  ' 
O P  2 2 
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‘The l i n e  pass ing  through p o i n t  D ’ ,  wi th  t h e  s lopc  SLK, i n t e r s e c t s  t he  

t o r u s  X2 t L2 - (Ro + a ) 2  a t  Lhe p v i n t  (X DW’ UW 
Z, ) and i s  o f  t h e  form 

2 = (SLK)X f- [ Z D I  - (SLK)X,,] . 

‘I’he l i n e  pass ing  through po in t  D ‘ and perpendicular  t o  the 1 i n e  D ’DW i s  

w r i t t e n  as 

The poin’i R ( X  Z ’I i s  loca ted  a t  a d i s t ance  w away from t h e  po in t  D’ 

on this l i n e .  :{ere w, corresponds t o  t h e  width of t h e  n e u t r a l  beam u n i t  

and 

R’ R 

and 

The l i n e ,  wi th  s lope  of SLK, pass ing  through po in t  K ,  r epresented  by 

i s  cons t ruc ted  nex t .  

l oca t ion  of  t h i s  po in t  i s  computed from so lv ing  t h e  fol lowing two 

equat ions s imultaneously:  

T h i s  l i n e  i n t e r s e c t s  t h e  t o r u s  a t  po in t  Q W  and t h e  
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x2 + z2 = ( R ~  + a)* 

and 

F i n a l l y ,  t h e  a v a i l a b l e  he igh t s  a t  va r ious  p o i n t s  o f  i n t e r e s t  are 

determined from a l r eady  known TF c o i l  geometries.  

checked a g a i n s t  t h e  he igh t  of t h e  neut ra l -beam-in jec t ion  u n i t  t o  

determine i f  t h e  r equ i r ed  he igh t  i s  more than  t h e  a v a i l a b l e  he igh t .  

These he igh t  are 

A l i s t i n g  o f  i npu t  v a r i a b l e s  is  given i n  Table 23 .  Tables 24 and 

25 show sample inpu t  and output  f i l e s ,  r e s p e c t i v e l y .  In  Table 25, t h e r e  

are two sample output  files presented .  

ou tput  f i l e  when t h e  r equ i r ed  width exceeds t h e  a v a i l a b l e  width. 

second case corresponds t o  a t y p i c a l  ou tput  f i l e  o f  no  geometric i n t e r -  

fe rence  between TF c o i l s  and the  n e u t r a l  beam u n i t .  

The f irst  case  i s  t h e  t y p i c a l  

The 



Table 23.  Input  v a r i a b l e  l i s t i n g  

Variable  Des cr i p  ti 0x1 U n i t  Remarks 

... ..... _.__. ..... _..._ ~~. ......... ..... l.l .....-... __ 
a 

AFAC 

AI4 I N  OR 

BCYLIK 

BCY L 1'1-1 

DDW 

DGAP 

RCMDCS 

KL) 

ROUT 

RV 

'1'FNO 

THENB 

THSNB 

A f a c t o r  used t o  l.ocate the  
poin t  where t h e  n e u t r a l  beam 
angle  i s  measured. I ts  vaI.ue 
ranges f rom 0 t o  1 t o  2 cor- 
responding t o  a loca t ion  a t  
t h e  to rus  outboard p lasma 
cen te r  and Che t o r u s  i n b o a r d ,  
r e spec t ive ly  . 

The plasma m h o r  r ad ius  

The buck.i.ng cylilidey i n n e r  r ad ius  

The bucking cylirider radius 

'The dewar thickness  

The gap between a TF c o i l  and 

The d i s t a n c e  from t h e  machine 

a n e u t r a l  beani u n i t  

cen te r  t o  the ou.ter sur face  of  
tile: T F  c o i l  inner  l e g  

'The major r ad ius  

'The r ad ius  t o  the  midpoi-nt o f  the 

The radius o f  t h e  to rus  i.nboard 

The number o f  TF c o i l s  

The neutral. -beau-inj  ectioi? angle  

The neu t r a l  beam uriit. s h i e l d  

TF c o i l  ou te r  l eg  

t h i  c kne s s 

The width p lus  s h i e l d  th ickness  

The wi.dth o f  the  n e u t r a l  bcam u n i t  

The he ight  o f  t h e  n e u t r a l  beam 

The he ight  p l u s  t h e  s h i e l d  

o f  t h e  n e u t r a l  beam u n i t  

uni t 

thickness  o-f t h e  n e u t r a l  beam 
u n i t  

U 

m 

m 

rn 

III 

Cm 

m 

m 

m 

m 

de g 1- ee 

cm 

m 

cm 

cui 

m 

a U r ep resen t s  u se r - inpu t  parameters.  
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Table 2 4 .  User-input data.  f i l e  N R G U I D  

a f a c  a Factor used to locate the p o ! n t  where 
t h e  neutral b e a m  a n g l e  i s  measured. 
i t s  values r a n g e  f r o m  8 . .  1. to 2. 
corresponding to a loctfon a t  t h e  
torus outboard, t h e  p l a s m a  center, 
and t h e  torus Inboard. respcctlvely. 

dgap the gap between t h e  neutral beam c m  
Injector an d  t h e  tf c o t 1  to allow 
removal o f  the Injector, 

t k t n b  neutral Seam unlt shield t h i c k n e s s  cm 
bnbg I n 
dgapa0,  afacS.8. t h s n b = 5 0 .  
bendnbg In 



26 2 

Table  25. Sample output f i l e s  NBGETYP 
___I- __I-.. 



The pulsed power conversion code iiiodule computes t ime-varyi  ng 

e l e c t r i c a l  parameters  fail- t h e  PF coi Is and t h e  plasma, requirements d a t a  

f o r  t h e  pulsed  power s u p p l i e s  and energy s t o r a g e  s;ys'cern, c o s t  @STilIiateS 

f o r  t h e  major systems, and t h e  c o s t  of the! e n t i r e  group. 

provide f o r  a iiiaximurn of 19 PF c o i l  c i r c u i t s  and t h e  plasma c i r c u i t .  

Input  d a t a  from s e v e r a l  o the r  systems code modules are used t o  compute 

PI: e l e c t r i c a l  output: da ta :  adat,  eledat, htsdat, phydat,  and rfhdat. 

The p r i n t o u t  may include f i v e  t a b l e s  of t ime-varying pasmeters ,  r equ i r e -  

~nents d a t a ,  and c o s t  da t a  (long p r i n t o u t ) ,  or  only tlic l a t t e r  data 

without t h e  time-varyi ng paraineters ( sho r t  p r i n t o u t )  . 

The moi.lule can 

The code i s  based on having PF c o i l  power coiiiwersion and p r o t e c t i o n  

systems similar t o  t h a t  shown i n  F i g e  61 for superconducting c o i l s  and 

Fig. 62 f o r  r e s i s t i v e  coiicl~icting c o i l s .  

power conversion u n i t s  represented  by b locks  i n  Fig.  61. 

power u n i t s  contain both b u m  phase low-voltage br idge  r e c t i f i e r s  i n  

the  iiiiddle and startup/shutdown pulsed power rec t i  f i  e r - i n v e r t e r s  on each 

s i d e  of Figs .  63 and 64. 

IGC f o r  d e t e c t i n g  Faulted opera t ion  and i n i t i a t i n g  t h e  d ischarge  of t h e  

PF coils and thc switches,  c i r c u i t  b reakers ,  and dump r e s i s t o r s  s h o w  in 

Fig .  61. 

flywheel (MGF) u n i t s  and a var iab le-  frequcncy power d i s t r i b u t i o n  sys  tern 

having f eede r s  t o  t h e  power r e c t i f i e r - i n v e r t e r s  simi l a r  t o  t h a t  shown i n  

F ig .  65. 'The c o s t  of the energy s torage  system inc ludes  t h e  MGF u n i t s ,  

the  c u r r e n t  limiters, t h e  c i r c u i t  b reakers ,  and t h e  power f eede r s .  

Figures  63  and 64 show typical 

Note tha t  t h e  

The c o i l  p r o t e c t i o n  system inc ludes  both t h e  

The eriergy s t o r a g e  system i s  p red ica t e& on the use  of  motor-generator- 

The PI: electrical  code module does not  determine t h e  r a t i n g s  and 

c o s t s  o f  t h c  components, bu t  it does compute c o i l - s t o r e d  energ ies ,  the  

maximum power and energy f o r  each power supply,  and t h e  cost  of  each PF 

coil power conversion system us ing  cos t  a lgori thms f o r  t h e  pulsed power 

supply,  t h e  burn power supply,  t h e  c o i l  p roeec t ion  system, the buss 
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ORNL-OWG 81-3376R2 FED 

TRANSIENT V O L T A G E  SUPPRESSOR 

POWER SUPPLY SWITCH ..-_ 

a 
3 
3l 

9 
2 
n 

Fig. 61. 'Typical superconducting PF c o i l  power conversion 
and pruLection system. 
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ORNL---DWG a2--3999 FEU 

(FROM TF COIL) 
SUBSTATION 
13.8 k V  

RECTI F I ER 
TRANSFORMERS 

3 in. x 48 in. 
ALUMINUM BUS 
UNDER POWER 
UNITS 

i- TWELVE 12-PULSE RECTIFIER MODULES CONNECTED IN PARALLEL TO A 
COMMON ALUMINUM BUS LOCATED UNDER THE POWER UNITS. (870 V.D.C.) 

60 k A  

F i g .  6 2 .  Typical resistive coi l  dc power supply w i t h  
auto - tr ails f ormer vo 1 t age ad j ustinent . 
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ORNL-O'WG 81-3368R2 FED 

LOW VOLTAGE 
P.S. TRANSFORMER 

PULSED P.S. 
TRANSFORMER ) WINDING No. 1 

.......... 1 . 4  
6 PULSE BRIDGE WITH 
BYPASS COMMUTATING 
THYRISTORS 

PULSE0 P.S. 
TRANSFORMER 
'JVINDING No. 2 

LOW VOLTAGE, 6 PULSE 
D I O D E  B R I D G E  

6 PULSE BRIDGE WITH 
BYPASS COMMUTATING 
T W Y R ISTO R S 

. ,...... ... 

Pig .  6 3 .  Type A power coilversion module 112 pulse, % kV, 5 kA 
w i t h  maxiiiium ral-jng of G kA) . 
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NOTE A L L  I G F  OlSTAlF lJ l lON CIRCUIT 
B A E A K E R S  A R E  izno 4 UNLESS 
OTHERWISL SPEClFlEO 7 Y 

0 I 
....... 

s 1  

D A N L - D W G  81 1391R F E D  

CURRENT LIMITING REACTORS 

1. [,.I 11 4 kV  C IRCUIT  BREAKERS 

F i g .  65. One-line diagram o f  a t y p i c a l  ac energy s t o r a g e  system. 
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work, and t h e  l o c a l  IEC. The code module a l s o  c a l c u l a t e s  t h e  peak power 

and energy demand from t h e  MGF u n i t s  during s t a r t u p  and t h e  u t i l i t y  l i n e  

powcr f o r  r e s t o r i n g  t h e  MGF u n i t s  t o  t h e i r  maximum energy s t a t e  during 

each cyc le  of opera t ion .  

computed from t h i s  d a t a .  

f l o o r  space and bu i ld ing  volume needed f o r  t h e  power conversion and 

energy s t o r a g e  systems. These d a t a  are used by t h e  f a c i l i t i e s  code 

module. 

The c o s t  of  t h e  energy s t o r a g e  system i s  

In a d d i t i o n ,  this code module computes t h e  

CODE INPUT/OUTPUT DATA 

The PF e l e c t r i c a l  code module uses  t h e  inpu t  d a t a  i d e n t i f i e d  i n  

Table 26. ‘This t a b l e  l i s t s  t h e  code mnemonics, t h e  p r i n c i p a l  use  o f  t h e  

d a t a ,  t h e  expected range o f  t h e  d a t a ,  and t h e  mnemoiiic d e s c r i p t i o n .  

Most of  t h e  d a t a  are def ined  wi th  mnemonics having mat r ix  no ta t ion  as it 

appears i n  t h e  coding. One index o f  t h e  mat r ix  refers t o  t i m e  o r  t h e  PF 

c o i l  c i r c u i t  num’oer; t h e  o t h e r  one, when used, r e f e r s  t o  t h e  c o i l  c u r r e n t  

sequence number, time, o r  another  mutual ly  coupled coi  1 

The inpu t  d a t a  c o n s i s t  of  coord ina tes  of  t h e  PF c o i l  wave forins, 

the inductaricc mat r ix  of  t h e  PF c o i l s ,  t h e  r e s i s t a n c e  of  t h e  c o i l s ,  t h e  

lcngths  o f  t h e  bussing i n  each c o i l  c i r c u i t ,  t h e  pulsed power demand of  

t h e  plasina hea t ing  ICEI, ECRII, LIIRII, and n e u t r a l  beam i n j e c t i o n  ( N B I )  

power supp l i e s ,  t h e  c o s t  c o c f f i c i e n t s ,  arid t h c  p r i n t  op t ion  index. The 

1% c o i l  c u r r e n t  wave-forin coord ina tes ,  c p t ( i ,  j )  and s e q t i ( j )  are 

i l l u s t r a t e d  i n  t h e  cu r ren t  wave forms o f  F ig .  66. 

mat r ix ,  sxQg( j  , j )  , i s  given i n  Table 27. 

A t y p i c a l  inductance 

‘The PI: power conversion code module computes t h e  output  d a t a  

jc len t i f ied  i n  Table  28  a lso givcn i n  mat r ix  n o t a t i o n  i f  app l i cab le .  

This t a b l e  l i s t s  t h e  same information given i n  Table 26 except f u r  t h e  

p r i n c i p a l  code use .  

providc p r i n t e d  output .  Except f o r  d a t a  i d e n t i f i e d  with a s t e r i s k s ,  t h e  

d a t a  a r e  a l s o  used i n  making o t h e r  i n t e r n a l  c a l c u l a t i o n s .  Output d a t a  

i d e n t i f i e d  wi th  a s t e r i s k s  are used i n  o the r  system code rnodllIes i den t i  - 
fiecl i n  t h e  foo tno te s  of Table 28.  ‘ lyp ica l  output  d a t a  f o r  t h e  s h o r t  

p r i n t o u t  a r e  given i n  Table 29. 

‘The 2 r i n c i p a l  u se  of most o f  t h i s  d a t a  i s  t o  

Typical  a d d i t i o n a l  t ime-varying 



Table 26. ELEPOW input  d a t a  d e s c r i p t i o n  
- 

Code Expected 
mnemonic Code use  range Mnemonic desc r ip t ion  

Comgute d e r i v a t i v e  of  PF 

Compute t h e  bus r e s i s t a n c e  

Compute t h e  bus r e s i s t a n c e  

Cospute d e r i v a t i v e  of PF 

c o i l  c u r r e n t s  

o f  c o i l  ( i )  

o f  c o i l  {i) 

c o i l  c u r r e n t s  

Compute induced vo l t age  i n  
PF c o i l  ( i j  due t o  
cu r ren t  i n  P f  c o i l  ( j )  

C o q u t e  power l o s s  i n  
c o i l  ( i j  

Compute MGF s to red  energy 
requirement 

Compute MGF s to red  energy 
r e  qu 4 r emen t 

Compute MGF s t o r e d  energy 
requirement 

Compute PF c o i l  ( j )  power 
conversion system cos t  

Compute c o s t  o f  p r o t e c t i o n  
f o r  c o i l  ( 5 )  

-103 kA 
1-100 kA 

- 100 kA 

100 
30.3 

-100 s 
1000 s 

i m t i  
l 0  H 

9.0 R 
Q . l  R 

0.0 MW 
50.0 iilw 

9 . 0  MW 
50.0 MM' 

0 . 0  MY 
50 .0  MW 

0 . 0 2  
0.04 

0.301 
C..C)G2 

Current seque-nce coordinate  ( j j  

Design cu r ren t  of PF c o i l  ( i )  

o f  PF c o i l  ( i j  

Tota l  bus length  of  PF coil ( i )  

Time coord ina te  o f  PF c o i l  
sequence cu r ren t  coordinate  
( j  1 

Mutua 1 induct  an c e b e t  w e en P F 
c o i l  (i] and PF c o i l  ( 5 )  

Resis tance of PF c o i l  (i] 

Neutral  beam dc power input  

ICRH dc power input  

LHRH dc power input  

Unit c o s t  of  pulsed power con- 
v e r t e r s  f o r  c o i l  ( j ) ,  $?4/mva 

Unit c o s t  of cos: p r o t e c t i o n  
equipment f o r  c o i l  ( j  j , $$l/mj 

N 
-4 
0 



2
7

1
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120 

1 o c  

8C 

6( 

41 

21 

- 

-2 

-4 

- 6  

ORNL-DWG 84-3881 FED 

cpt (42,2) = 104 kA 

seqti (4) = 42 sec. 

PLASMA CURRENT (6.5 MEGAMPS) 
II--s_I_ 

seqti (1) = 0 sec 
seqti ( 2 )  = 30 sec 
seqti (3) = 36 5ec 
seqti (4) = 42 sec 
seqti (5)  =142 SEC 

* e  
=I u 

2 
100 120 140 

CYCLE TIME, SECONDS 

OH COIL AND PF COIL CXT NO. 5 

F i g .  66. PF c o i l  waveforms cons t ruc ted  from t h e  da ta  i n  t h e  
lower p a r t  o f  Table  27 .  
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Table 28 .  ELEPOW output  d a t a  d e s c r i p t i o n  

Code Expected 
mnemonic rangc 
-- 
c u r e n t ( j  , i )  -100 kA 

VV(jJi1 

w ( j  , i )  

sumw ( j 1 

e e ( j  , i )  

sume ( j  ) 

r l o s s ( j  , i )  

vaCj 1 

s j o u l e  ( j )  

bva (1 1 

cos t p s  ( j  ) 

maxlos ( j  ) 

vain 

g j  

summax 

mgmake* 

mgbv" * 

p f cbv" A 

+ l o 0  kA 

+I?. kV 

0 . 1 MW 
500 b!W 

1 .0  M W  
1000 MW 

1 . 0  MJ 
4 . 0  G,J 

1 .0  M.! 
10.0 G J  

10.0 kW 
50.0 MW 

10 .0  MVA 
1 . 0  GVA 

0 . 1  G J  
5 . 0  G J  

0 . 1  MW 
50.0 MW 

1 . 0  M 
2 0 . 0  M 

0 . 1  MW 
so. 0 MiV 

300 MUA 
3000 MVA 

0.5 G J  
20 .0  G,J 

10. 0 MW 
200 MW 

5 . 0  MW 
5 0 . 0  MW 

1 . 0 ~ 4  m3 
5.OE4 m3 

2.OE4 m 3  

- 1 2  kV 

2.0E5 In3 

Mnemonic d c s cri .pt  i on  
............................... ......................................................... ~- 

Cu~rent i n  PF c o i l  ( i )  c i r c u i t  a t  t i m e  

Voltage a c r o s s  PF c o i l  ( i )  c i r c u i t  a t  

Instantaneous power t o  PF c o i l  ( i )  

Sum of instantaneous power t o  a l l  PF 

Tota l  energy t o  PF c o i l  ( i )  c i r c u i t  t o  

Sum o f  a l l  energ ies  t o  a l l  PF c o i l  

R e s i s t i v e  power l o s s  i n  PF c o i l  (i> 

Maximum MVA o f  power supply f o r  PF 

Tota l  eiiergy of  power supply f o r  PF 

Maxirrturn MN of burn power supply f o r  PF 

Cost of power s u p p l i e s  f o r  PF c o i l  ( j )  

( j  1 

time ( j )  

c i r c u i t  a t  time ( j )  

c o i l  c i rcui ts  a t  t i . m e  ( j )  

t ime ( j )  

c i r c u i t s  t o  time ( j )  

c i r c u i t  at time ( j )  

c o i l  ( j )  

c o i l  ( j )  

coi.1 ( j )  

Maximum r e s i s t a n c e  l o s s  i n  c i  c e u i t  o f  PF 

Maxiilium genera tor  MVA 

c o i l  ( j )  

Maximum s t o r e d  encrgy from t h e  generator  

Maximum of  t h e  sum of  a l l  power l o s s e s  

Average power from u t i l i t y  l i n e  t o  t h e  

Volume of t h e  b u i l d i n g  f o r  t h e  MGF u n i t s  

i n  t h e  PF coi 1 c i r c u i t s  

s t o r e d  energy MGf. u n i t  

Volume o f  t h e  b u i l d i n g  f o r  t h e  PF c o i l  
power s u p p l i e s  
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Table 28. (continued) 
- 

Code Expected 
mnemonic range Mile tiion i c de s cr i. yt i on 

e sp s pni" .,t 

pfcfsy" * 

0.5~3 m2 Floor  a r e a  of t h o  bu i ld ing  f o r  t h e  MCF 
2 .  OE3 m2 u n i t s  

1.0E3 m' Floor area of t hc  bu i ld ing  f o r  t h c  PF 
l . O E 4  m' c o i l  power s u p p l i e s  

10.0 $M Cost of  t h e  energy storage system 
50.0  $M 

t cos t* * * 

g tcos t " " "  50.0 $M To ta l  c o s t  of t h e  pulsed power system 

40.0 $M 
200.0 $M s i o n  equipment 

To ta l  cos t  of a l l  PF c o i l  power c o m e r -  

250.0 $M (es  4 t c o s t )  
* 
Used as an inpu t  ac yower code module, ACPOW. 

Used as inpu t  t o  t h e  f a c i l i t y  systems code module, F A C I L .  

Used as inpu t s  t o  t h e  sumniary c o s t  code module, SlJM. 

** 
*** 
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Table 29. Shor t  p r i n t o u t  summary of t h e  pulsed electric power 
conversion arid energy s to rage  system (mnemonics 

superiniposed i n  l e f t  margin) 

c o t  1 1 2 3 4 5 

m a x  mva o f  power s u p p l y  4 7 . 9 6  2 8 "  7 5  246.97 4 7 9 . 7 6  186.53  6 4 2  "32 
m j  o f  power s u p p l y  2 8 7 . 8 1  1 6 8 . 6 1  8 8 6 . 4 5  1 6 5 8 . 3 0  175.34  7818.79 
max rnw o f  b u r n  s u p p l y  3 1 . 8 7  22  a 35 1.18 1 . 5 2  8 . 4 1  0.33 
cost o f  power s u p p l y  7.16 5.28 8.21  1 5 , 4 2  5 . 7 6  18 .28  
m a x .  rests. loss ( m w )  32.54 23 "B9 8 - 4 1  B.41 8 . 4 1  I.dl 

m a x  genera tor  (FIPL"?I) = 1 6 1 9 . 4 3  

m a x  s t o r e d  energy ( g j )  E 3.78 

total r e s f s t f v e  losses. ( m w )  c 5 6 . 8 1  

- 31.54 rng a v e r a g e  powcr (mw) 

vol. m g  bldg. ( m 3 )  = 18866.55 

vole p f  power conv. bldg. ( n 3 )  = 68998.28 

e q v .  f l o o r  s p a c e  p c b  ( m 2 )  = G899.83 

c o s t  o f  e n e r g y  s t o r a g e  (in$) - 27.06 

- c o s t  o f  power s u p p l i e s  (mS9 - 6 4 . 1 1  

total electrical cost (m$) = 8 7 . 1 7  
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parameter d a t a  f o r  t h e  long form p r i n t o u t  a r e  given i n  Tables 30-34. 

The mnemonics added t o  Tables  29 through 34 a r e  no t  p r i n t e d  ou t ;  they  

a7-e superimposed t o  c o r r e l a t e  t h e  d a t a  with Table 2 8 .  

PRINCIPAL PI: ELECTRICAL CODE EQUATIONS 

Thc PF e l e c t r i c a l  subrout ine  uses  a number of gene r i c  equat ions 

app l i cab le  t o  each c o i l  c i r c u i t .  

c i r c u i t s ,  count ing t h e  plasma as one of the c i r c u i t s  ( i . e . ,  NCIRT i s  t h e  

number o f  PF c o i l  c i r c u i t s  p l u s  t h e  plasma). 

used i n  “do1f loops i d e n t j f l e d  i n  t h e  l i s t i n g  and i n  t h e  equat ions def ined  

There can be as many as 20 c o i l  

The gene r i c  equat ions a r e  

be 1 ow. 

1 .  Convert PF c o i l  sequence coord ina tes  o f  the cu r ren t  wave forms from 

kiloanips t o  amps (cp t  = c o i l  cu r ren t  3150 r e f e r r e d  t o  as cu r ren t  pc r  

t u rn )  . 
do 50 c p t ( i , j )  = 1000 c p t  ( i , j )  

i = number o f  the PF c o i l  c i r c u i t  

j = number of  t h e  cu r ren t  coord ina te  ( 1  t o  5) 

i = n c i r t  - 1 i s  t h e  OH c o i l  number (G19) 

i = n c i r t  i s  t h e  plasma c i r c u i t  number ( G ! O )  

2 .  Convert plasma cu r ren t  sequence coord ina tes  from megnmps t o  amps 

( j  = number of t h e  cu r ren t  coord ina te)  I 

do 52 c p t  ( n c i r t ,  j )  = 1,000,000 c p t  [ n c i r t , j )  

3 .  Bus r e s i s t a n c e  of  each c o i l  c i r c u i t ,  b u s r ( i ) ,  ohms. 

do 70 b u s r ( i )  = 3.46E-5 busL(i)/abs(cptd(i>/l000) 

i = I ,  n c i r t  - 1 

bus!L(ij = bus length  of t h e  i t h  I c i r c u i t  

c p t d ( i )  = design c u r r c n t  o f  bussing o f  t h e  i t h  - PF c o i l  

c ir c u i  t 

b u s r ( n c i r t )  = 0,  (plasma c i r c u i t )  

4. PF c o i l  c i r c u i t  c u r r e n t ,  vo l t age ,  power, and energy c a l c u l a t i o n s  

as a func t ion  of  time f o r  f i v e  sequences 

do 230 m = 1, 50 

do 210 kk  = 1, 10 
500 t imes 
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Table 30.  PF c o i l  cur ren t  waveform (lata - curren t  (i, j )  
( s e e  a l s o  F i g .  6 3 )  

...... .........._ ~ -. .-.... .- .......... x_I_.. . . . . . . . . . . . . . . . . . . . . 

pulse electrical 

c u r  r 5 n t  t a b  le 

t lrnc 
3.3335=+88 
6.667ecBB 
1 .BOBBC~Bl 
1.333e+El 
1.667e+fll 
2. IB!ae+4 1 
2.333e+81 
2.667e+dl 
3 .BiTiTt?&01 
3.8581s+Bl 
3.128e+01 
3.188ep131 
3.2Afl'eaBl 
3.3BBe+B 1 
3. 3 6 8 ~ ~ 8 1  
3.420ef81 
3.488e+81 
3.548,-+41 
3.688e+81 
3.668e+01 
3.72Be+Bl 
3.78kW81 
3.848- bo1 
3.980~+81 
3.968e+81 
4.020e+B1 
4.080e+B1 
A .  14EIe+Efl 
d.2GTBe+81 
5.2me+31 
5.2k?Oe+Bl 
7.2BBe+Bl 
8.28Be+Bl 
9.2%8e+gl 
1 .820e+B2 
1.1 ZOe+B? 
1.220P+kir2 
1.328c+BZ 
1.420e+02 
1.43Be t.42 
1.44@e+82 
1.4We+02 
1.46He*82 
1 .478?+42 
1.4%flP+8? 
1 . 490~+82 
1,58ffe+B2 
1.5  l8e+fi2 
I . S Z k T T e + M Z -  
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T a b l e  31,  PF c o i l  voltage wavcform data - v v ( j , i )  
*I-.- 

valit irge t a b l e  
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Table 3 2 ,  PF c0i.l c i r c u i t  instantaneous power da ta  ..I- w w ( j  ,i) 
. . .. . ...... .__. . ... . ....... ~ .._.. _____.. 

w a t t  t a b  1 e 

s umwa tt clrcufi t imz c i r c u l  c i r c u P  c i r c u 3  c 1 r c u 4  c f r c u 5  

3 . 3 3 3 e + B I  
6.667ecB.B 
1 .BBBe+fll 
1 . 3 3 3 e + 0 l  
1 . 6 6 7 e + B l  

2 .Sfi'l%r+81 
2 (I 3 3 3 e + B B  
2.667e+82 
? . 0 0 0 0 s + 0 1  
3 .  % W e + B  1 
3 . 1 2 0 e + B 1  
3 . 1 8 0 9 + 8 1  
3 . 2 4 B e + 0 1  
3.388e-t.09. 
3,36B'e+B1 
3 . 4 2 8 e + B I  
3 . 4 8 f l e  4 01 
3 . 5 4 P I e + 0 1  
3.681Ye$B1 
3 . 6 6 B e a 0 1  
3 . 7 2 8 e  +Hi 
3 . 7 8 8 a + 8 1  
3 .84f l s+B'1  
3 . 9 0 0 0 e t 0 l  
3 .96Be+EfI  
4.020e+BB 
4.08Be*01 
4.14Be+.BI  
4.2D@e+B1 
5.208e+B1 
6.2B0e+lP 
7.21if8231.01 
8.208s+01 
9 . 2 a 0 e + 0  1 
1 .BZ%e+82 
l . l 2 0 e + 8 2  
1 . 2 2 0 c + 8 2  
l I 3 2 @ e + 6 1 ?  
1.428@+82 
1 . 4 3 8 e + 8 2  
1 . 4 4 0 e + 0 2  
1 . 4 5 8 e c 8 2  
1 . 4 6 B e + 0 2  
1 . 4 7 0 e + 8 2  
1 . 4 8 8 ~ + 8 2  
1 . 4 9 8 ~ ~ 0 2 -  
1 . 5 # @ c + 0 2 -  
1.518e+H2- 
1 .  52Oe+612 

3 . 4 k 7 3 e + 0 5  
El. 192e+,05 
1.437e+85 
2.192c+LT6 
3.887e+fl6 
9 . 1  ZBe+86 
5 . 2 9  l e + 8 6  
6.6&11 e+86 
a .  ~ w e + g 6  
4.689e+86- 
5 . 1 9 1 ~ + b 6 -  
7 . 9 9 5 e + 8 6 -  
1 . B 8 2 e + @ 7  
1.227e*Ig7 
I. .474e+g7 
1 .744e+87  
2 . 8 3 6 e + 8 7  
2.3586248'1 
2 , 6 R 6 e + 0 7  
2 . 1 4 9 e 4 0 7  
2 . 8 8 4 e + % 7  
2 . 8 2 1 e + 8 7  
1 . 9 5 8 e + 8 V  
1 . 8 9 7 e + 0 7  
1.836e+87 
I .  777e+07 
1 .7 i 8 e + 8 7  
1 . 6 6 8 e + 8 7  
1 . 6 0 3 a + 8 7  
2 . 6 0 8 e + 8 7  
2,66Ze+Bl 
2 . 7  25e+B7 
2 . 7 8 9 e + 8 7  

2.919s-t.87 

3 .m5 1 e + m  
3 . 1 1 9 ~ + 0 7  
3 . 1 8 7 ~ + 0 7  
1 . 6 5 9 e + B 7  
1 . 2 2 1 e + 0 7  
8 .  L 6 9 e + 8 6  
5.36Efe"bS 
2 . 8 % 4 e + . @ 6  
1 .kf41e+86 

7.455e+BS 
6 . 8 9 3 e + 0 5  
2 . 8 9 0 e - 8 7  

2 .  a53e+97 

2 . 9 a 5 8 + . @ 7  

1 . 6 a 7 e + . 0 5  
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Table 33.  PF coil cumulative energy waveform data -- e e ( j , i )  

joule tab?& 

t l m e  c l r c u l  c 

3.333e+08 5.85ae+85 3 
6.667e+80 2.560e+06 1 
1.808e+81 6.384e+86 4 
1.333e+01 1.252ec87 8 .  

r c u 2  c 

897e+15 1 
694eaD6 5 
207e+06 1 
224e+86 2. 

1.404e+17 
2. I94e+87 
3.224e+ti7 
4.521e+iY7 
6.116e+07 
6.004e+17 
5-91 8e+87 
5.867e+87 
~i.a61e+m 
5.91 1e+B7 
6.827e+87 
6.2 10e+fl7 
6.496e+07 
6.871ecb7 
7.352e+07 
8.331@+67 
9.282e+07 
1 .~21e+0a 
1 . 1 1  le+lB 
1.198e+@a 
1 284e+88 
1.366e+88 
1.447e+88 
1 .524e+08 
1.686e+08 
3.456e+08 
5.35 i e + m  
7 .za5e+Ba 
9.257e+na 
1 12fe+89 
1 332e+89 
1.541e+89 
1.755e+B9 
1.972e+89 
2 194e+89 
2.2 13ecB9 
2.228e+m 
Z.239e+89 
2 * 248c+89 
2.254e+019 
2.258e+89 
2.260c+89 
2.26 le+09 
2.26 1 e+09 
2.26 1 e+09 

r C l J 3  c frcu4 c 

378e+05 3.8980~+05 2 
262e+85 1.100e+06 7 
166e+06 2.6L3e+86 1 
056e+B6 4.610e+06 3 

3.19Be+86 
4.591c+86 
6.236e+86 
8.133e*.@6 
1.828e+%7 
4.977e+86 
9 .BP(3e+06 
2 e 236e+07 
4,50te+07 
7.7E9s+P7 
1 .185e+03 
1.692e988 
2.293e+88 
2.987e+08 
3.775e+118 
4.133etd8 
4.507e+I8 
4.896e.t-88 
5.382e908 
5. ?23e+88 
6.159e+88 
6.6 12e+08 
7.88kTe+88 
1.565e+88 
B .065e+08 
a. .I 75e+08 
8.286e+~a 
8.398e+88 
8 . S  10e+08 
B .  624e+0a 
a. 738e+08 
8 I 1 3 5 3 ~ 0 8  

Y . 0 ~ 5 ~ + s a  
9 . 2 m e + m  

5 .0a5e+m 

8.969s+B8 

7.668e*BOR 
6.295e+88 

4.037e+88 
3.151c+08 
2 . 4 2 7 a + 8 8  
1.866~3408 
1. .ri67e+08 

II158e+B8 
1 . 2 3  1 e + B 8  

r c u D  c l r c u 6  sumjoule 

048e+06 8.996e+87 9.343e+07 
%42e+06 1.322e*88 1.460e+08 
742e+07 1.81Se+88 2.134e+08 
0 a i e + ~ 7  2.3aie*m 2.963e+t ia 

3.957e+88 
5.1 ZZe+08 
6.467e+88 
8.008e+80 
9.73flc+18 
7.869e+08 
5.254s+0a 
4 > 2B?e+B8 
4 . .I 7 1 
4,910e+08 
6.585e+08 
8 959e+fl8 

1.646e+09 
2.151s+09 
2.292e+84 
2 438r+09 
2.588s+09 
2 = 744e+09 
2.9fl5e+o9 
3 .fl7de+09 
3.248e+09 
3 415e+09 
3.59Se?+Ofl 
3.78 1 e+bS 
4.25?e+09 
4.743e+0'9 
5.239e+i!9 
5.7d6e+89 
6.263e+19 
6.791e+89 
7.331e+89 
7.379e+89 
a. 448e+09 
9.81 1e+o9 
8.422e+M9 
?.895e+89 
7.43 le+B9 
7 .fl32e+o9 
6.699s+09 
6.432e+B9 
6.2346+89 
6 (I 185e+B9 
6 .%4Se+19 
6.057e+B9 

I ,22ae+09 



282 

Table 3 4 .  PF coil ci.rcuit  resistive power loss data  - rloss(j,i) 
__ ........... -7,py '______ __...I......._ - .-_. ___ 

r e g i s t i v e  loss table 

t t n e  c i r c u l  c i r c u 2  c i r c u 3  c i r c u 4  c ircufj c i r c u 6  p 1 asma 
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Time  zone 1 c u r r e n t  d e r i v a t i v e ,  m = 1 through 1.0 
-----_il 

d t  = s e q t , i ( l ) / 9  

do 80 i = 1, n c i r t .  

d c o i l i c i )  = [ c p t ( i , 2 )  - cpt(i,l)]/seqti(l) 
Tine zone 2 c u r r e n t  der i -va t ive ,  111 = 11 through 20 
_l__l li_. 

d t  = seq t i [2 ) /10  

do 1.00 i = 1, n c i r t  

d c o i l i ( r )  = [ c p t ( i , S )  -. cpt  ( i , Z ) l / s e q t i ( Z )  

Time zone 3 currerrt der ivat l .ve,  m = 2 1  through 30 

$0 120 similar t.0 time zone 2 

' T i m e  zone 4 c u r r e n t  d e r i v a t i v e ,  111 = 31 through 40 

do 140 similar t o  time zone 2 

Time zone 5 c u r r e n t  d e r i v a t i v e ,  m = 41 th-rough 50 

do 160 similar t o  t ime zone 2 

._---111 

@ Calculate mutual ly  induced vo l t ages  in each circuit. 

do 180 s v c i )  = 0 i n i t i a l i z e  

do 190 s v [ i j  = s v ( i )  + s x R g ( i , i ) " d c o i l ( j )  

sumv(i) = s v ( i )  - s x R g [ i , j ) * d c o i l i ( i )  

i = 1, n c i r t ,  j = 1, n c i r t  

sv  [i) = muti-mlly induced vo l t ages  + self-induced vo l t age  

i n  c i r c u i t  (i) 

sumv(i) = mutually induced voltages in c ~ i x u i t  (i.) 

sxRg(i ,  j )  = inductance mat r ix  o f  c o i l s  

d c o i l i ( i )  = d e r i v a t i v e  o f  current  i n  c i . nx i t  (i) 

@ Compute c u r r e n t ,  vo l tage ,  power, and energy a 

do 200 i = 1, n c i r t  (x = 0 . 1 )  

Current  i n  t h e  i t h  c i r c u i t ,  [a func t ion  of ,time) 

c o i l ( i )  = c o i l ( i )  i. dco i l i [ i ) "d t "x  

c o i l i ( i )  = c o i l ( i ) ,  amps 

Voltage arid resistance l o s s e s  of  the i t h  c i r c u i t  (a  function of time) 

vep( i )  = s x l g ( i i ) * d c o i l i C i )  4- s u i n v ( i )  

I-___cIII -_.--- 

c c o i l i ( i ) * [ r e s n 2 ( i )  -+ b u s r ( i ) ]  v 0 1 . t ~  

reseos (i) = [coili (i> 1 ?*  [ r sn2  (i) t busr  (i) 1 ,  watts 

resn2( i )  reshst.ance o f  c o i l  (i) 
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Power supply .- .. . . . . wat ts  and j o u l e s  

w(i)  = v e p ( i ) * c o i l i ( i )  power, watts 

e ( i )  I= e ( i )  + w(i>*dt*x  energy, j o u l e s  

S e t  up ma.trix f o r  t h e  opt ion  of p r i n t i n g  t h e  above v a r i a b l e s  as a 

func t ion  o f  time (m) = t .  S h i f t  columns one t o  t h e  r i g h t  t o  allow 

f o r  p r i n t i n g  t ime i n  t h e  f i r s t  column. 

f o r  p r i n t i n g ,  K K  = 10. )  

do 220  i = 1, n c i r t  + 1 

vo l t age ,  vv(m, i. + 1) = vep( i )  

c u r r e n t ,  c u r r e n t  (in, i -t 1) = c o i l i ( i )  

ps watts,  ww (m,  i + 1) = w ( i )  

p s  energy, e e  (m,  i + 1) = e ( i )  

ck t  l o s s ,  r l o s s  (m, i + 1) = r e s l o s ( i )  

sum a l l  ps  energ ies :  sume(m) = sume(m) t- e ( i )  

sum a l l  p s  watts: sumw(m) = suiiiw(m) +- w(i) 

absolu te  sum of  ps  watts: asumw(m) = abse [asumw(m)] 

(Every t e n t h  va lue  i s  stored 

ps  = power supply t o t a l  

vo l tage ,  vv(m,l) t 

cur ren t ,  curent  (m,l)  = t 

p s  watts, ww(m,l) = t 

ps energy = ee(m, 1) :I: t 

c k t  losses, r l o s s  (m,l> = t 

Se t  f irst  e n t r y  of iiiatrices f o r  p r i n t i n g  time i n  coI.umn 1. 

S e t  l as t  colurrn of  vv, ww, and ee  t o  p r i n t  plasma vo l t age  and 

t h e  sum of  t h e  c i r c u i t  va lues  of  a row i n  l a s t  column. 

vv(m,ncir t  p. 1) = - sumv(ncirt)  (p 1 asma) 

ww(m,ncirt: + 1) = sumw(1n) 

ee(m,nc i r t  + 1) = sume(m) 

This i s  t h e  end of  t h e  ou te r  "do" loop 230. 

g j  = 0 ,  i n i t i a l i z e  maximum sum of a l l  p s  energ ies ,  sume(m) 

cm = 0 ,  i ~ n i - t i a l i z e  maximum SLUW o f  a l l  p s  watts,  asmw(m) 

S e l e c t  t h e  l a r g e s t  va lue  of power supply c u r r e n t ,  wat ts ,  and j o u l e s  

and c a l c u l a t e  sum f o r  a l l  pf  c o i l  c i r c u i t s .  

do 250 j = 1, n c i r t  - 1 

amp ( j )  = 0 ,  i n i t i a l i z e  l a r g e s t  cu r ren t  i n  c i r c u i t  ( j )  
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v a ( j )  = 0, i n i t i a l i z e  l a r g e s t  va i n  c i r c u i t  ( j )  

s j o u l e l j )  = 0,  i n i t i a l i z e  l a r g e s t  energy i n  c i r c u i t  ( j )  

do 240 m = 1,29 assumes max occurs  before  t h e  burn phase 

Dif fe rence  between 
t e n t a t i v e  maximum and 
success ive  array va lues  I damp = amp(j) - abs[cur ren t (m, j  + l ) ]  

dva = v a ( j )  - abs[ww(m,j + l ) ]  

d g j  = g j  - sume(m) 

dmw = wm - asumw(m) 

d j o u l e  = s j o u l e ( j )  - ee(m,j  + 1)  

If (damp. LT. 0 .0)  amp(j) = abs [cur ren t (m, j  + l ) ]  ( t y p i c a l  s ta tement  

for  ob ta in ing  t h e  maximum value  o f  a v a r i a b l e .  

t h e s e  s ta tements  i n  rrdo'r loops 240 and 250. 

There are  s i x  of  

Note: amp(j) i s  t h e  l a r g e s t  c u r r e n t  ( cu r ren t )  i n  c i r c u i t  j ,  

v a ( j )  i s  t h e  largest  volt-amps (ww) i n  c i r c u i t  j ,  

s j o u l ( j )  i s  t h e  l a r g e s t  energy (ee) of c i r c u i t  j ,  

g j  i s  t h e  l a r g e s t  sum o f  energ ies  (sum) i n  all t h e  PF c o i l  

c i r c u i t s ,  and 

wm i s  t h e  largest sum o f  t h e  power (asumw) i n  a l l  t h e  PF c o i l  

c i r c u i t s .  

0 Assign v a r i a b l e s  t o  t h e  va lues  of energy and power a t  t h e  end of 

t h e  t h i r d ,  f o u r t h ,  o r  f i f t h  time zones f o r  determining MGF r e q u i r e -  

ment s .  

emjus = ee(29, n c i r t  * 1)  end of  3rd t i m e  zone 

emjbn = ee(39, n c i r t  * 1)  end of  4 t h  time zone 

emjsd = ee(49, n c i r t  f 1) end of 5 t h  time zone 

bpsmwt = ww(39, n c i r t  + 1) end of  4 t h  time zone 

psuniwt = wm change o f  v a r i a b l e  f o r  maximum summation of  watts 

MGF energy s to rage  requirements  f o r  s t a r t u p  (gmjsu) less t h a t  

recovered dur ing  shutdown (gmj sd)  , megajoules. 

emjah = (pnb + xcbhp c plhbh)*seqti(3)*1E6 (plasma hea t ing ,  j ou le s )  

pnb = n e u t r a l  beam dc power, megawatts 

xcbhp = ICRH prime dc  power, megawatts 

plhbh = LHRH prime dc  power, megawatts 

s e q t i ( 3 )  = plasma hea t ing  time i n t e r n a l ,  seconds ( s t a r t u p )  

giiijsu = (emjus /e f f l  + emjah/eff2)*1E - 6,  mj 
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emjus /e f f l  = s t o r e d  energy f o r  P F  c o i l s ,  j o u l e s  

emj ah/effZ :: s to red  rriergy f o r  plasma hea t ing ,  j o u l e s  

c f f l  = 0 . 8  := ac- to-dc conversion e f f i c i e n c y  f o r  t h e  PF c o i l  

e f f 2  = 0 . 8  = a @ - t o - d c  conversion e f f i c i e n c y  f o r  the plasma 

hea t ing  system 

PF c o i l  energy- recovered during t h e  shutdowi phase (gmjsd) . 
gmjsd = (emjbn - emjsd)*eff3"lE - 6,  mj 

e f f 3  - 0 . 7  i s  t h e  energy recovery e f f i c i e n c y  

* AC power needed f o r  t h e  MGF system (mgmake), mw. 

mgmake = (gmjsu - gmjsd)/eff4/tirne(49) 

e f f 4  = 0 .75  i s  t h e  MGF and ac  power t ransmiss ion  e f f i c i e n c y  

t h e  (49) i s  t h e  t o t a l  cy-cle t i m e  a v a i l a b l e  f o r  r e s t o r i n g  

t h e  MGF t o  f u l l  energy- s to rage  capacity-. 

0 Building f l o o r  space and volume f o r  t h e  PF c o i l  power conversion 

system. Building f l o o r  space PFCFSP , square met,ws 

-+ 5 [EM.JUS/lE6] O '67 

 ti^ = 5 e q t i ( i )  i s  the LLne i n t e r v a l  f o r  sequence i, 

i := 1 through 5 

Buildi-ng volume (PFCBV), cubic, meters 

P F C B U  I- 1O"PFCFSP 

3 Building f l o o r  space (ESPSPM) and volume (MGBV) f o r  t h e  MGF system. 

ESPSPM = 3.3(PSUMW.T'/1E6)0'67 + 1.2(GM.JSU)0*67, square i i ~ t e r s  

MGBV = (ESPSPM) * cubic  meters 

* Find maximum r e s i s t i v e  l o s s  fo r  each PF c o i l  c i r c u i t  (inaxlos). 

tlo 270 i c o l  = 1, n c i r t  - 1 

do 270 i-row = 1,49 ( t i m e  values) 
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i f  ( irow.eq. 1 )  maxlos ( i c o l )  = r l o s s  (irow, i c o l  + 1) - i n i t i a l i z e  

i f  [ s lo s s ( i row,  i c o l  + l ) . g t .  maxlos ( i c o l ) ]  

i i iaxlos[(icol = r l o s s  (irow, i c o l  + l ) ]  

do 280 i = 1, n c i r t  - 1 

maxlos( i )  = inaxlos(i)*lE - 6, conver t  from watts t o  megawatts 

* Determine t h e  sum o f  losses i n  a l l  PF c o i l  c i r c u i t s ,  (sumlos),  thcn 

firid t h e  maximum of t h e  sum o f  t h e  losses (summax). 

do 300 irow = 1,49 

do 290 i c o l  = 2 , n c i r t  

sumlos (irow) = sumlos(irow) + r l o s s  (irow, i c o l )  

(sum of  d a t a  by row i n  colums 2 through n c i r t )  

i f  ( irow.eq, 1 )  s~mmax I- sumlos(irow) - i n i t i a l i z e  

i f  [sumlos(irow) . g t .  sumax]  summax 7 sumlos (irow) 

summax .= summax*lE - 6,  conver t  from watts t o  megawatts 

* Determine c o s t  o f  t h e  energy s to rage  system (ES, $ m i l l i o n ) .  

g j  = gj*lE - 9,  convert  rriaximun of sum of  the energ ies  (sume) 

t o  g iga jou le s  

van1 = (w9/0.7)*1E - 6/0.8, c a l c u l a t e  iliaximum ac MVR from t h e  MGb s e t s ,  

assuming power €ac to r  = 0.7 and e f f i c i e n c y  

of  power conversion i s  0 - 8 .  

es = 1.2(0.005 vam + 0.025 vam0*8 + 1.8 (g j )Oe8  

Convert t h e  l a r g e s t  c u r r e n t ,  volt-amps, and energy i s  c i r c u i t  ( j )  t o  

kA, ElVA, and M,T for output  f i l e .  

do 310 j = 1, n c i r c t  - 1 

amp(j) = amp(j>/1000 J K A  

v a ( j )  = [va(j)/O.7]*l.E - 6/0.8 , ElVA 

3 0  s j o u l e ( j )  = s j o u l e ( j ) * l E  - 6 s MJ 

0 Determine the maximum va lue  of  c u r r e n t ,  volt-amps, and energy dur ing  

t h e  burn phase (m = 30 through 39) f o r  each PF c o i l  c i r c u i t .  

do 330 j = 1, n c i r t  - 1 7 S e t t i n g  i n i t i a l  va lues  of  bamp(j) = abs[curent (30 , j  + l)] 
burn phase amps, volt-amps, 
and j o u l e s  f o r  determining 
t h e  maximum 

bva ( j )  = absEww(30,j t. l)] 

b j o u l e ( j )  = ee(30,j + I.) 
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do 320 m I= 30, 39 (search f o r  maximums) 

dbamp = bamp(j) - abs[cur ren t (m, j  + l ) ]  

dba = bva( j )  - abs[ww(m,j a- l ) ]  

db joul  = b j o u l e ( j )  - ee(m,j  + 1) 

i f  (damp.lt .  0 . 0 )  bamp(j) = abs[cur ren t (m, j  + 131 
i - F  ( d b a . l t .  0 . 0 )  bva ( j )  = abs[ww(m,j + l ) ]  

i f  ( d b j o u l . l t .  0 .0 )  b j o u l e ( j )  = ee(m,j  + 1) 

a Convert maximuiii burn phase amps, volt-amps, and j o u l e s  t o  kA, W A Y  

and M J  f o r  a l l  PF c o i l  c i r c u i t s .  

do 340 j = 1, n c i r t  - 1 

bamp(j) = bamp(j)/lOOO 

bva ( j )  = bva( j )* lE  - 6 

b j o u l ( j )  = [ b j o u l ( j )  - ee(29, j -I- l ) ] * l E  - 6 

The l a s t  equat ion g ives  t h e  a d d i t i o n a l  energy needed dur ing  t h e  

burn phase taken from the  u t i l i t y  l i n e .  

Cost o f  PF c o i l  power conversion f o r  t h e  j t h  c i - r c u i t ,  c o s t p s ( j ) ,  

$ m i ~ l l i o n  and t o t a l  power conversion c o s t ,  t c o s t  ($  m i l l i o n ) .  

do 350 j :: 1, n c i r t  - 1 

- 

c o s t p s ( j )  = c v a ( j ) * v a ( j >  + c 2 p ( j ) * s j o u l ( j )  

1- c b i ( j )  [busL(j)*amp(j) + c b z ( j ) b v a ( j )  

+ c l . p ( j ) * c a i ( j )  

350 t c o s t  =: t c o s t  + c o s t p s ( j )  

g t c o s t  = tcost  d- e s  t o t a l  cos t  of energy storage system and 

PF conversion equipment ( $  mil l ion )  

cva ( j )  = 0.02  

c2p( j )  = 0.001 

c b i ( j )  = 3.58 x 

cbz ( j )  = 0.10 of Table 35. 

c l p ( j )  = 0.05  

c a i ( j )  = 1 . 3  

busL(j) = 240 

For a l l  j c i r c u i t s  s ee  inpu t  f i l e  e l e i n  



Table 3 5 .  Input cost coefficient data and buss length 

***** electric power PF coil input data 

* cva(j) unit cost of startup power converters mega-dollars/mva 
* c2pCj) unit cost of protection equipment mega-dollars/mj 
* cbi(j) cost of  bussing mega-dollars/m-Ka 
* cbz(j) unit cost of burn power supplies mega-dollars/mva 
* C M j )  cost of  instrument at ion mega-dollars 
* cai(j) factor to multiply total cost by 
* buslij) buss length m 
*Gelein 

* for each PF circuit j 

cva=12(.02),8(.0), 

cbi= 12(3.584e-5), S(O.), 
c2p= 12 (. 001) , a ( 0 . 1 9  

cbz= 12(. l o ) ,  8(0.), 
clp= 12(.05), 8(0.), 
cai= 1211,3), 8 ( 0 . ) ,  
bus l=  12(240.), 8 ( 0 . ) ,  

e 1 ewrt = 1 
*&endelein 

Note: elewrt is a print option index. If elewrt = 1, all output data of the 
code are printed out. If elewrt = 0, the time dependent data are omitted 
from the printout. 
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CODE MODLJLE FLOW DIAGRAM 

'The flow diagram of  t h e  code module i s  given i n  F i g s .  67-75. 

Successive f i g u r e s  are  connected with small c i r c l e s  conta in ing  lowcr ~ 

case  continunit ,y l e t t e r s .  Each f i g u r e  a l s o  con ta ins  some mnemonics on 

t h e  lel't t h a t  c o r r e l a t e  t h e  flow diagraiiis with the  code l i s t i n g  and 

equat ions def ined  above. 

i d e n t j f i e d  w i t h  nuiiibers as Lhey appear i n  t h e  l i s t i n g  and t h e  equat ions 

ahovc. I'he furictions performed by each loop a r e  given i n  func t ion  

blocks wi th in  t h e  loop. 'I'here a r e  many loops g iven  i n  F igs .  67-71 

t h a t  l i e  wi th in  two major loops chosen with c o n t i n u i t y  l e t t e r s  (c) 

aid. (d ) .  The f lowcharts  i n  t h e  f i g u r e s ,  t oge the r  with the  equat ions 

l i s t e d  above and t h e  code module l i s t i n g ,  are se l f - exp lana to ry .  

The feedback loops  i n  t h e  f i g u r e s  are  I)O loops 
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c p t ( n c i r t ,  j )  

O R N L - D W G  R 4 C - 2 0 0 7  F E D  

C O N V E R T  PF C O I L  
C U R R E N T  F R O M  

CONWEAT P L A S M A  
C U R R E N T  F R O M  

M A  r o  A M P S  
L , .___. 1 

j < n s s q  

1 
._._....._______ 

j = j  + 1 
j < n c i r t  - 1 

i2 n c i r c t  - 1 

F i g .  6 7 .  ELEPUW code flow diagram (sheet 1 o f  9). 
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c 

O R H L - D W G  8 4 C - 2 0 0 8  FED 

i 1 n c i r t  

d c o i l i ( i )  

c 

d c o i l i ( i )  

i 2 n c i r t  

n 5.10 

( D O  86) 

C I R C U I T S  FOR 
S E Q U E N C E  1 

m 5 20 . ( D O  100) 

1 
___I____^ 1 COMPUTE d i /d t  

FOR ALL PF C O I L  

F i g .  68. ELEPOW code f l o w  diagram (sheet 2 o f  9)  (beginning of 
major  DO loops 210 and 230) .  
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O A N L - D W G  a 4 c - z o o 9  FED 

d c o i l i ( i )  

d c o i l i ( i 1  

m 5 3 0  
* 

( D O  120) 

C O M P U T E  d i / d t  
FOR ALL PF C O I L  

C I R C U I T S  FOR 
S E O U E N C E  3 

m ( 4 0  , ( D O  140) 
I 

C O M P U T E  d i / d t  
FOR ALL PF C O I L  

C I R C U I T S  FOR 
S E O U E N C E  4 i 

1 
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O R N L - D W G  8 4 C - 2 0 1 0  F E D  

P 
m 5 5 0 I t  .............. .. 

I ( 0 0  180) 

d c o i l i ( i )  

s v ( i )  

................................ 

i 2 n c i r t  
... ..................................................... t (no  1 9 0 )  

I - 1  
I N ITIA L I Z  E 

S V ( I )  = 0 

.............. 

P.ND S E L F  INDUCED 
V O L T A G E S  IN I THE P F  C O I L S  ............. -1 

.......................... 

INDUCED v o L r A G E s  
FROM TOTAL s u r n v ( 1 )  

INDUCED V O L T A G E S  

T- 
I.. 

I < n c i r t  - 
I-__- - - -  1 - 1 + 1 ]  _ _  

I 2 n c i r t  5:: 
r i g .  7 0 .  ELEPOW code f low diagram ( s h e e t  4 o f  9) ( i n s i d e  o f  DO 

loops 210 and 2 3 0 ) .  
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O R M L - D W G  8 4 C - 2 0 1 1  FED 

I 

C O M P U T E  POWER 
SUPPLY V O L T A G E  

A N D  ENERGY FOR 
ALL CIRCUITS 

C U R R E N T  POWER 

PLACE I N  VECTOR 
A R R A Y S  S U I T A B L E  

FOR DETAILED 
D A T A  PRINTOUT 

v v ( m ,  i -k 1) 
c u r s n t ( r n ,  i + 1) 
ww(rn,  i + 1) 
e e ( m ,  i +- 1) 
r l o s s ( m ,  i + 1) 

i 5 n c i r t  
r I 

C O M P U T E  SUM 
OF POWER AND 
ENERGY I N  ALL 

PF COIL C I R C U I T S  

t 
IN IT lALlZE FIR ST 

C O L U M N  O F  E A C H  
A R R A Y  FOR T I M E  

P R I N T O U T  &..... . ._ ................. 

Fig .  71. ELEPOW code flow di-agram (shee t  5 of  9) (end of 
major DO loops 210 and 230) .  
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O R N L - D W G  8 4 C - 2 0 1 2  FED 

g j  2 0 
w m -  0 

d a m p .  d v a .  d j o u l  
a m p ( j ) ,  v a ( j )  
s j o u l ( j ) ,  g j ,  wrn 

e m j a h  
n i y m a k e  

p f c f s p  
p f c b v  

IN IT IAL IZE M A X  
S U M  O F  POWER 
SLJPPLY GJ A N D  

W A T T S  

( D O  2 5 0 )  
.................... 

IN IT IAL IZE M A X  
A M P S ,  V A ,  JOULES 

O F  PF C O I L  CKTS 

........................ ~ 

( D O  2 4 0 )  

JOULES A N D  GET 
S U M  FOR ALL 

P F  C O I L  C I R C U I T S  .................... 

............ 
m = m + l  

m 2 29 

I j 2 n c i r t  - 1 

CALCULATE M G F  
POWER A N D  

ENERGY STORAGE 
R E Q U l  REMENTS 

CALCULATE BLDG.  
SPACE A N D  

V O L U M E  F O R  PF 

ENERGY STORAGE 
c a N v .  A N D  . ................... 

F i g .  72. ELEPOW code flow diagram (sheet 6 of  9 ) .  



297 

O R N L - D W G  8 4 C - 2 0 1 3  FED 

__. e ( D O  2701  

rnaxlos( ico1)  

r n a x l o s ( i )  

F I N D  M A X .  POWER 
LOSS O F  EACH 

PF C O I L  C I R C U I T  

i r o w  < 49 

i c o l  .c n c i r t  - 1 

a 
( D O  280) 

CONVERT M A X L O S  
FROM W A T T S  T O  I M W  

i < n c i r t  - 1 

I (DO 290. 300) 

CALCULATE SUM 
OF PF C O I L  CKT 

LOSSES A N D  F I N D  
M A X .  V A L U E  

s u r n l o s ( i r o w )  
surnrnax 

F i g .  7 3 .  ELEPOW code f low diagram (sheet 7 of  9).  



298 

O R N L - D L V G  8 4 C - 2 0 1 4  FED 

a r n p i j ) .  v a ( j )  
s j o u l ( j )  

d b a m p ,  d b a  
d b j o u l e ,  b a m p ( j )  
b v a l j ) ,  b j o u l ( j )  

C A L C U L A T E  COST 
OF THE E N E R G Y  

STORAGE SYSTEM 
......... 

............ I .... 
__ -4 j = j ;--;--i 

....... ......... 
(Dip 3 3 0 )  

I- 

A M P S ;  V A ,  J O U L E S  1 FOR EACY-PG CKT 

A M P S ,  V A ,  J O U L f S  
.......... 

2 9  < m < 39 
m = m + l  0"'' ..... 

Fig. 74. ELEPOW code f low diagram (sheet  8 of 9 ) .  
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C 0 N V E f l - r  PF C O I L  

TO K A ,  M V A ,  M.! 
B U R N  PHASE D A T A  

I ..--.... ... 

O R N L - D W G  8 4 C - 2 0 1 5  F E D  

S ld M M A R Y  'PULSE 
E LE CTA I C A  1.' T A B  LE 

PRINT P F  C O I L  
POWER C O N V  A N D  
EN ffl GY S T O R A G E  

I-- 
F i g .  75. ELEPOW cede flow diagram (sheet 9 of  9).  
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10. REACTOR C E L L  

(Reactor Building Module f o r  t h e  TSC) 

REACEL (REACTOR BUILDING MODULE) 

The Teactor  bu i ld ing  module, REACLL, determines t h e  s i z e  of t h e  

r e a c t o r  bu i ld ing  and hot  c e l l  f a c i l i t y  and t h e  th ickness  of  t h e  r e a c t o r  

bu i ld ing  walls requi red  f o r  b i o l o g i c a l  sh i e ld ing .  The bu i ld ing  may be 

e i t h e r  c y l i n d r i c a l  o r  r ec t angu la r ,  depending on input  op t ion .  The s i ze  

may be input  d i r e c t l y ,  o r  i t  may be ca l cu la t ed  us ing  device dimensions 

ca l cu la t ed  i n  o t h e r  modules and passed t o  t h e  r e a c t o r  bu i ld ing  module 

toge ther  with supplemental input  information.  

informati  on provides  dimensions of  devi ce  components and maintenance 

opera t ions  which a r e  not  c u r r e n t l y  ca l cu la t ed  wi th in  t h e  TSC. 

This  supplemental input  

The wall t h i ckness  i s  based on biological.  sh i e ld ing  and i s  approxi- 

mated by a simple e - fo ld ing  d i s t a n c e .  

obtained by tak ing  t h e  neutron f l u x  ou t s ide  t h e  s h i e l d  as inpu t .  The 

input  e - fo ld ing  d i s t a n c e  and f l u x  o u t s i d e  t h e  wall correspond t o  ord inary  

concre te  and 1 mrem/h. 

Cred i t  f o r  the r e a c t o r  s h i e l d  i s  

ASSUI\lP?’IONS AND CONSTRAINTS 

I f  t h e  opt ion  t o  allow t h e  s c a l i n g  of t h e  r e a c t o r  bu j ld ing  o r  

hot c e l l  f a c i l i t y  i s  s e l e c t e d ,  t h e  assumption i s  made t h a t  t h e  bu i ld ing  

arrangement i s  similar t o  the  FED design given i n  r e f .  1. If t h i s  

arrangement i s  no t  s a t i s f a c t o r y ,  e i t h e r  t h e  r ec t angu la r  dimensions o r  

volume of  t h e  bu i ld ing  may be input  d i r e c t l y .  

bu i ld ings  i s  input  i n  d o l l a r s  pe r  cubic  meter ($/m3). 

The u n i t  c o s t  o f  t h e  

INPUT DE SCRIPT I ON 

The v a r i a b l e s  used by t h e  REABLG module a r c  shown i n  Table 3 6 .  For 

add i t iona l  d i scuss ion  o f  t h e  a r r a y s  used t o  input  and s t o r e  bui ld ing  

information,  Appendix 15 on t h e  F A C I L  module should be reviewed. If 

opt ions  a r e  s e l e c t e d  t h a t  do no t  r e q u i r e  cert3i.n input  d a t a ,  those  

input  valuer; a r e  ignored by t h e  program. 
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Table 3 6 .  Reactor bu i ld ing  input  parameters 
__-__I 

Symbol Descr ip t ion  Units  Sourc & 
- I 

R E B  (1) bu i ld ing  length  o r  r a d i u s  m U 

REB(2) bui ld ing  width m 

REB ( 3 )  bui ld ing  he ight  in 

REB(4) bui ld ing  volume m 3  

REB (5) bui ld ing  f l o o r  area m 2  

REB(b) u n i t  c o s t  $ / m 3  

R E B ( 7 )  op t ion  c o n t r o l  parameter 

DOSE neutron f l u x  t o  t h e  environment ~ / m ”  

ATTEN e - fo ld ing  d i s t a n c e  of  t h e  bui ld ing  m 
wa l l s  

ROW r ight-of-way f o r  component and m 
equipment movement (may be negat ive)  

TRC I, t r a n s p o r t  c l ea rance  needed between m 

E XT extension of components beyond the  m 

HATCH c l ea rance  beyond t h e  bas i c  machine m 

STC L s t r u c t u r a l  c learance  f o r  t h e  roof m 

components and s t r u c t u r e  

vacuum pump ha tch  

r ad ius  needed f o r  vacuum pump ha tch  

suppor ts  

t o  t h e  c r y o s t a t  t op  

t o  t h e  c r y o s t a t  t op  

CRIlTl he ight  from t h e  top  of  t h e  TF c o i l  Ill 

CRHTZ he ight  from t h e  top  o r  t h e  TF c o i l  m 

FNDTK foundat jon th ickness  m 

BCY LH1’ bucking cy l inde r  he ight  m 

TFKWX ‘TF coil .  ha l f  maximum height  m 

X 1  ( i )  l o c a t i o n  i n  t h e  X-direct ion of TE m 
c o i l  inboard su r face  p o i n t s  

TFTHK th ickness  of a TF c o i l  m 

U 

C 

DDW c r y o s t a t  th ickness  m 

TOX ( i )  l oca t ion ,  i n  t h e  X-di rec t ion  o f  m 
t o r u s  o u t e r  su r f ace  po in t s  

FLLDO neutron f l u x  through ‘1F o u t e r  neutrons/  
dewar ni2 - s 

TFNO number of ‘TF c o i l s  

PFR t h e  l a r g e s t  r ad ius  of a l l  R E R ( 1 )  m C 
~~~~ - 

a Source: U = Input i s  suppl ied by u s e r .  
C = Input flows i n  from o the r  modules 
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REACiOK F H J i L D I N G  CALCULATIONAL METHOD AND GOVERNING EQUATIONS 

Two c a l c u l a t i o n a l  pa ths  a m  a v a i l a b l e ;  and seler.%ion i s  tiigge:eed 

by t h e  input  d a t a  f o r  R E B ( 9 ) .  

then a c y l i m l r i c a l  bu i ld ing  iising supplsmental information i s  ca l cu la t ed .  

I f  t h i s  parameter i s  a numbcr s i g n  (rt), then  a r ec t angu la r  bu i ld ing  using 

supplemental information i s  ca lcu laeed .  Any o t h e r  symbol f o r  t h i s  

parameter Ili-rects the program t o  use t h e  input  information,  RER (1) through 

REll(6), f o r  a l l  r e a c t o r  bu i ld ing  c a l c u l a t i o n s .  

I f  t h i s  parameter i s  an  a s t e x i s k  ( * ) ,  

I f  t h e  opt ion  control. parameter R E B ( 7 j  i s  n e i t h e r  * nor # ,  then  

K E B ( 1 )  and REE(2) are checked. A p o s i t i v e  va lue  f o r  both R E B ( 1 )  and 

REB ( 2 )  i n d i c a t e s  a r ec t angu la r  bu i ld ing ,  arid t h e  f o l 1  owing r e l a t i o n s h i p s  

apply : 

Volume = RkB(4) = R E B ( 1 )  x R E B ( 3 )  , (1) 

and 

Fowndatiuri Area = REB(5) = REB(1) x R E B ( 2 )  . ( 2 )  

I f  K E B ( 1 )  has a posit i .ve va lue  and R E B ( 2 )  i s  ze ro  o r  nega t ive ,  then a 

c y l i n d r i c a l  bu i ld ing  i s  ind ica t ed ,  and 

Volume .= R E B ( 4 )  T x [REB(1)I2 x R C B ( 3 )  (51 

Foundation Area = R E R ( 5 )  = ir  x [REB(l)]’ . 

I f  both REB(l) and R L B ( 2 )  a r e  less than o r  equal t o  ZCTO, -then 

K E H ( 4 )  i s  checked. I f  R C B ( 4 J  i s  a l s o  zero o r  nega t ive ,  t he  program 

p r i n t s  t h e  message t h a t  i n s u f I i c i e n t  irifoiination i s  availab! e t o  ca lcu-  

l a t e  r e a c t a r  bu i ld ing  volume and c o s t s .  I f  Rk.B(4) i s  a p o s i t i v e  va lue ,  

i t  i s  used without f u r t h e r  c a l c u l a t i o n s .  

In  t h e  case5 where dimensions a r e  not  ca3 a l a t e d ,  t h e  rectangular 

bui ld ing  vJall  th ickness  i s  ca l cu la l ed  from 

Flux a t  the wall  = FLXCW = k L L D O  x [TOX(S)]2/[REB(2) - KCTK]’ (5) 

and 
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For a c y l i n d r i c a l  bu i ld ing ,  E q .  (5) becomes 

Flux a t  t h e  wall = FLXCW = FLLDO x [TGX(5)12/[REB(l) - RC'1'KI2 . ( 7 )  

The program then  i t e r a t e s  on t h e s e  two equat ions [ ( S )  and (6) o r  (6) and 

(7) ]  u n t i l  RCTK converges.  

Calcu la t ions  Using Supplemental Information 

If t h e  op t ion  con t ro l  parameter R E B ( 7 )  i s  e i t h e r  * o r  #,  supplemental 

i npu t  bu i ld ing  d e s c r i p t i o n  information is  used t o  c a l c u l a t e  t h e  bu i ld ing  

s ize .  Figure 76 shows t h e  geometric r e l a t i o n s h i p  of t h e  va r ious  param- 

e ters .  The c a l c u l a t i o n s  an3 b a s i s  f o r  both c y l i n d r i c a l  and r ec t angu la r  

bu i ld ings  are c l o s e l y  p a r a l l e l  and d i f f e r  only where geometry must be 

app l i ed .  

r ep resen t ing  c l ea rance  f o r  va r ious  device  components and maintenance 

ope ra t ions ,  t oge the r  with an o f f - c e n t e r  r i n g  t o  allow €or PF c o i l  laydown 

area. The va r ious  dimensions are determined as fol lows : 

Both s i z e s  a r e  determined by a s e r i e s  o f  concen t r i c  r i n g s  

Basic machine r a d i u s  = BMR = TFOUTR 

o r  

BMR = PFR , 

depending on which i s  l a r g e r ,  TFOUTR o r  PFR. The TF c o i l  r a d i u s  i s  

determined from 

where X l ( 1 )  , TFTHK, and DDW are  a l s o  passed from o t h e r  modules. 

?'he s e c t o r  width i s  c a l c u l a t e d  as 

SECTRW = 2 x TOX(5) x SIN(v/TFNO) , 

where 'rOX(5) and TFNO a r c  obtained from o t h e r  modules. 

The sector length  i s  

(1 1) 

SECTRL = TOX(S) - TOX(1) . 
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ORNL- DWG 84 -3841 FED 

Fig. 76. Relationship of r eac to r  building dimensions. 
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If ROW i s  inpu t  as less than  zero,  then  

ROW = SECTRW . (13) 

The d i s t a n c e  t o  t h e  c l o s e s t  i n s i d e  wall  i s  now determined t o  be t h e  

l a r g e s t  o f  

R R C I  = BMR + EX1' + HATCII + ROW + 2 x TRCL 

o r  

RRCI = BMR + SECTKL f 2 X TRCL + ROW . 

The r e a c t o r  bu i ld ing  wall t h i ckness  i s  determined from t h e  estimated 

neutron f l u x  and expected a t t e n u a t i o n  of concre te .  

i n s i d e  of  t h e  wall i s  c a l c u l a t e d  by 

The f l u x  t o  t h e  

FLXCW = [FLLDO x TOX(S)I2/(RRCI2) . (16) 

The wall t h i ckness  then  becomes 

RCTK = ATTEN x ln(FLXCW/DOSE) , (17) 

where ,4TTEN and DOSE a r e  input  parameters .  

A t  t h i s  p o i n t ,  t h e  program i s  ready t o  c a l c u l a t e  t h e  dimensions of 

t h e  bu i ld ing .  For a r e c t a n g u l a r  bu i ld ing ,  t h e  width becomes 

R E B ( 2 )  = 2 x R R C l  + 2 x RCTK . (18) 

The l eng th  r e q u i r e s  determining the d i s t a n c e  between t h e  c e n t e r  of  t h e  

device  and t h e  c e n t e r  of  t h e  PF c o i l  laydown area. Th i s  d i s t a n c e  i s  

taken as t h e  l a s g e s t  of 

HY = BMR + HATCH + PFR + TRCL 

o r  

HY = BMR + SECTRL -t PFR + TRCL . 
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R E B ( 1 )  = 0 . 5  x R E B ( 2 )  + PFK + TRCL + RCTK + HY 

x sin{cos-; [REI3(2)  x 0 . 5  - PER - ' rRCI , ] /HY} . (21) 

For a c y l i n d r i c a l  bu i ld ing ,  t h e  r ad ius  i s  ca l cu la t ed  from an avemge 

of  t h o  d i f f e r e n t  r a d i i .  The sma l l e s t  r ad ius  from t h e  device  center t o  

t h e  wall i s  t h e  l a r g e s t  of  

( 2 2 )  WIN = BMK + 2 x TRCJ, + ROW + HATCH + EXT 

0% 

RbI IN = GMR + 2 X TRCL -4- ROW + SEC'I'RL . ( 2 3 )  

The l a r g e s t  clistancc from t h e  device  c e n t e r  t o  t he  wall i s  the l a r g e s t  

of 

o r  

RMAX = BMR + 2 x PFR + 2 x TRCL + SEC'TRL . 

The bui ld ing  r a d i u s  then becomes 

R E B ( 1 )  = (RMIN + P&IAX)/Z -+ RCTK . (26)  

For t h e  he ight  c a l c u l a t i o n  of both bu i ld ing  typesp  t h e  bucking 

cy l inde r  he ight  i s  first determined. If RCYLHT i s  input  as less  than  

z e r o ,  then  it i s  set  equal. t o  the  TF c o i l  h e i g h t ,  t h a t  i s ,  

BCYLHT = 2 x TFHbIAX . ( 2 7 )  

T h e  bu i ld ing  he ight  then  becomes 

R E B ( 3 )  := B C Y L H T  + CRCL + S'KL + RC'1'K + TRCL + 2 x TFHMAX + (28) 

C R H T l  + CKHT2 -+ ENDTK 

where CRCL = CRANE (1 .1  x SECTWT) . 



307 

The CRANE func t ion  calculates thc c learance  needed f o r  an overhead 

crane as a funct ion of the nilaxiiii~im load t o  h e  l i f t e d .  

where 

WT weiglit t o  he l i f t e d  i n  kilogram:;. 

Sincc 110 dome h e i g h t  i s  added f a r  c y l i n d r i c a l  bu i ld ings ,  input  of the 

s t r u c t u r a l  clearance, STCP,, should be atljrasted t o  allow f a r  a dome, i f  

required * 

r 11 lne method of  s c a l i n g  the hot  cel.1. f a c i l i t y  i s  t o  scale tile dimensions 

fronr t h i s  design shown i n  F ig .  '77, which was t aken  from r e f .  2 .  'l'he s i z e  

i s  scaled based an cha.nges i n  the s h i e l d  sec to r  s i z e .  

i.nvo1ved when t-lCF(7) is an aster isk (*) . Each d i f fe ren t  area of t h e  hot  

cel.1 f a c i l i t , y  i s  handled s e p r a t e l y ,  as shown below, 

'This op t ion  i s  

1-10 t C e  11 

HCLEN 57 f 3(SECTL - 5 , O  m) 

HCWJD := 26 m + 2(SECTL - 5 , O  m) 

HCHT I: SECTH + l m f C I W E  (1.1 X SECTifl) + CRPlNE ( 0 . 1  x SECTiT) 

+ 4 m  

MCVQL = IICLEN x HCWID x HCHT 

Decontamination Cell 

DCLEN 26 i- 2(SEC'l'L -- 5.0  N.) 

DCPJID = HCWID 

DCIIT = SEGTH + 1 m + CiUNE(L,1 x SECTWT) 

DCVOL = LXLEN X DCWID X DCI-IT 
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Gallery 

GAHT = 16 m 

GAWID = 7 m 

GALEN = 2(HCLEN + DCLEN) + HCWID + 14 

GAVOJ; = GAHT x GAWID x GALEN 

Tool Maintenance Cell 

TMCLEN = 26 m 

TMCWID e 0.75 x HCWID 

TMCHT = 10 m 

TWCVOL = TMCLEN x TMCWID x TMCHI' 

Transfer Chamber 

TRNLEN = 53 m + 4(SECTL - 5.0 m) (only i n  HCF, no t  REB share)  

TRNWID = 15 m + (SEC'I'L - 5.0 m) 

TRNHT = 11 m + (SEC'TH - 7 . 3  m) 

TRNVOL = TKNLEN x TKNWID x TKNHT 

Ven t i l a t ion  and F i l t e r  Space 

VENLEN = HCLEN 

VENLEN = HCWID - TRNWID 

VENMT = 8 m 

VENVOL = VENLEN x TRNWID x TRNHT 

To ta l  Volume 

HCF(4)  = C voli  
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Foundaxion Area ( f o o t p r i n t )  

fICF(S)  = I-ICLEN x HCWID + GALEN x GAWID . 

OUTPUT FROM REACEL 

The p r i n t e d  o u t p u t ,  RBTYP, o f  t h e  module i n c l u d e s  t h e  i n p u t  and 

supplemental  parameters used i n  t h e  si  z e  c a l c u l a t i o n s ,  t h e  b u i l d i n g  

shape,  and the b a s i c  bui l d i n g  dimensions.  I n  a d d i t i o n  t o  p r i n t e d  

o u t p u t  r e a c t o r  b u i l d i n g  i n f o r m a t i o n  i s  provided f o r  use by o the r  

modules. Table  37 i s  3 sample of  o u t p u t  fo r  t h e  reactor b u i l d i n g .  

RE FI: RENC E S 

1. C. A. Flanagan, D. S t e i n e r ,  and G .  E .  Smith,  Fus7:on Engiveeriny 

Device Design Description, ORNL/TM-7918/V2, v o l s .  1 and 2 ,  Oak 

Ridge Natl . Lab I December 1981. 

2 .  P . I I .  Sager e t  a1 . , FED RaseZine Engineering S tud ie s  %port, 

ORNL/FEDC-82/2, Oak Ridge Natl. Lab.,  Apri l  1983. 
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Tab le  37 .  Sample output  
_.. .. . . . . . . . _ _  __. . _. ~ ._._._.... ~ 



312 

11. TORUS VACUUM MODULE 

l'he vacuum module determines t h e  miniinum vacuum system needed t o  

handle a gas load:  (1) dur ing  t h e  burn,  ( 2 )  between burns,  and ( 3 )  f o r  

i n i t i a l  pumpdown. 

computed f o r  t h e  above opt ions .  The lan'gest load i s  then used t o  s i z e  

the  vacuum system. The s i z e  o f  t h e  vacuum duc t s  i s  i rsual ly  what limits 

vacuum system performance * 

determine (1) t h e  requi red  number o f  duc t s  i f  t h e  ind iv idua l  pump speed 

and duct  dimensions a r e  unchanged, ( 2 )  t h e  requi red  duct  diameter  i f  the 

ind iv idua l  pump speed and diict number a r e  f ixed ,  and ( 3 )  t he  requi red  

pump speed i f  the  duct  dimensions and number are f ixed  a t  a noncxtreme 

l i m i t .  Once t h e  vacuum system i s  s i zed ,  t h e  major components (high 

vacuum pumps needed, backup pumps, and large-diameter  metal  va lves)  a r e  

costed assuming e i t h e r  c ryosorp t ion  pumps o r  turbomolecular pumps. The 

sh ie ld ing  around t h e  vacuum i s  a l s o  costed.  

The gas load an3 an a s soc ia t ed  t o t a l  pumping speed i s  

Therefore ,  a r e i t e r a t i v e  rou t ine '  i s  used t o  

MAJOR A S S U M P T I O N S  AND CONSTRAINTS 

VACUllM CODE 

The code assuriie~ D-T I u e l  wi th  S O / S O  mix of  deuterium and t r i t i u m  i n  

plasma. 

The c a l c u l a t i o n s  t o  s i r ;c  components a r e  based on moles of gas ,  

'The conductance o f  t h e  l i m i t e r  i s  ignored as a f i r s t  approximation. 

The l i m i t i n g  cortductance j s  t h a t  of  t h e  vacuum duc t s ,  Correct  

s i z i n g  o f  t h e  l a r g e  vacuum pumps i s  needed f o r  t h i s  t o  be t r u e .  

This  i s  a d e s i r a b l e  assumption s i n c e  i f  it i s  not  t r u e ,  t h e  duc t  

diameter has t o  be increased .  

The pumping speed needed i s  achieved by inc reas ing  t h e  number of  

duc t s  u n t i l  t h e  d e f a u l t  i s  reached. 

A duct  length  d e f a u l t  = 2 x (major r ad ius  of  t h e  t o r u s )  i s  assumcd. 

This can be modified by changing a l i n e  of  code. 

I f  t h e  vacuum pumps a r e  s i zed  c o r r e c t l y  and t h e  d e f a u l t  cannot handle 

t h e  gas  load,  t h e  inpu t  duc t  diameter should be increased  hy 0 .1  t o  

0 . 3  m .  
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The compound cryosorp t ion  pumps p r e s e n t l y  cos ted  are assumed t o  not  

be r egene ra t ive  while  pumping. Therefore  two pumps and f o u r  valves  

are r equ i r ed  on each duc t ,  r a i s i n g  c o s t s ,  If a pump design i s  

achieved t h a t  r egene ra t e s  while  ope ra t ing ,  t h e  number of  pumps and 

va lves  needed f o r  t h i s  op t ion  decreases  by two with a corresponding 

decrease  i n  c o s t .  

The turbomolecular  pumps a v a i l a b l e  have maximum speeds of 5 m 3 / s .  

If l a r g e r  pumps arc designed and b u i l t ,  t h e  number o f  pumps needed 

would decrease .  The algori thm f o r  t h e i r  c o s t  should then be 

changed. 

* 

MODULE INPUT PAIWMETEKS 

Two inpu t  parametcrs  s e l e c t  t h e  computing opt ions  t o  be used. 

Limiter  op t ion  (l im) = 1, 0 corresponds r e s p e c t i v e l y  t o  pumping during 

t h e  burn and pumping between burns o r  i n i t i a l  pumpdown. I f  l i m  = 0, 

t h e r e  i s  no l imitcr  considered and t h e  vacuum system i s  s i z e d  f o r  t o r u s  

pumpdown between burns.  If  l i m  = 1, t h e r e  i s  a l imiter  and t h e  codc 

sizes a vacuum system f o r  condi t ions  e i t h e r  during burn o r  between 

burns,  whichever requirement i s  t h e  g r e a t e r .  

Other key parameters  i npu t  by t h e  u s e r  are t h e  number of bends i n  

t h e  vacuum duc t ,  t h e  duc t  diamctcr ,  t h e  duct  length ,  t h e  number of 

vacuum duc t s  d e s i r e d  and/or acceptab le ,  t h e  p re s su re  a t  t h e  f irst  wall 

dur ing  t h e  burn,  t h e  outgass ing  ra te ,  t h e  preburn vacuum v e s s e l  qas 

pres su re ,  t h e  vacuum pump capac i ty  and speed, t h e  f r a c t i o n  of  plasma 

recyc led ,  t h e  regencra t ion  t ime f o r  c ryosorp t ion  pumps, t h e  postburn gas 

temperature ,  t h e  u n i t  c o s t  of vacuum duct  sh i e ld ing ,  and t h e  volume 

f r a c t i o n  of  vacuum duc t  sh i e ld ing  t h a t  i s  not  s t a i n l e s s  s tee l .  Other 

parameters  are inpu t  from t h e  FWSDAT, TRTDAT, and PHYDAT modules. A 

completc l i s t i n g  i s  givcn i n  Table 38.  

EQUATIONS USED (VACUIJM CODE) 

K = Gas Constant (8.3143 P a  m3) 

P .  = I n i t i a l  Pressure  (Pa )  
3. 
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Table 3 8 ,  Parameters f o r  t o r u s  vacuum equat ions 

Symbo 1 Descript ion Units  
. . . . ... . 

bnum 

d i m  

d: en 

dnurn 

dPP 

dsho 

duc 1 i r n  

€b 

p o u t  

ipuriip 

1 i i n  

ni  

pburn 

p"ap 

PSP 

r e f l t  

regen 

tburn 

tai f f  

t g  

tqnch 

tramp 

ucduct 

vfauc t  

vo 1 

v t o r s  

Number of  bends i n  each duct  

Diameter of  vacimm duct  

Diict lcngtli  [ d e f a u l t  i s  2 x i-$ (major 
r ad ius )  wiL'riin code - must be removed 
i f  no t  app l i cab lc . ]  

(Suggestion i s  t o  use number of  
s e c t o r s )  

biim 

Numbel. o f  vacuuii duc t s  - i n i t i a l  guess 

Pressure  des i r ed  a t  f i r s t  wall during tlrc 

Outboard s h i e l d  th ickness  

Maximun number o f  duc t s  

F rac t iona l  burn inc luding  r ecyc le  

Outgassing r a t e  (5 .3 x 10- l~ )  

Option f o r  type o f  vacuum pump (" turboT'  
o r  "cryo'l) 

Limiter  op t ion  ( r v l l f  - l i m i t e r  used during 
burn; - ducts  used between burns) 

Ion d e n s i t y  

Preburn vacuum v e s s e l  gas p r e r r  22Llre 

Vaciiim pump capac i ty  (2000 t o  20,000)  

Rated speed pe r  pump (5 f o r  l t t u r b o l l )  

F rac t ion  o f  escaping plasliia r ecyc le  

Pimp regcnera t ion  t ime (0 fop  "turbo") 

Burn time 

Tri t ium removed by vacuum during each 

Postburn gas temperature 

Plasma quench time 

OH ramp (charge) t ime 

U n i t  c o s t  o f  s h i e l d  on vacuuui duc t  

Volume f r a c t i o n  of  VSLCULUII duc t  sh i e ld ing  
t h a t  i s  no t  s t a i n l e s s  s t e e l  

(25 I 100 f o r  Ilcryol') 

(< 1 t o  2 f o r  Ilcryol') 

burn cyc le  

Plasma volume 

Volume o f  torus 

m 

Ill 

P a  

in 

Pa m3/s 

NO. /in3 

Pa 

P a  m3/s 

m 3 / s  

h 

S 

g 

K 

S 

S 

$/kg  

In3 

m 3  

sourcca 

U 

U 

U 

U 

U 

FWSDAT 

U 

TRTDAT 

U 

U 

U 

PHY DAT 

U 

U 

U 

U 

U 

PHYDAT 

TRTDAT 

U 

PHYDAT 

PHYDAT 

U 

U 

YHYDAT 

FWSDA1' 

a- 
bource: U = input  i s  suppl ied  by use l  



P = Prcssure at Given Conditions (Pa]  
X 
v = Volume ( 1 2 )  

T = Temperature (k)  

JI = Numbep of moles of gas 

2. = Time ( s )  

@ During a Burn II 

- Gas Load Per Second (GL) 

nR?' I RT (Tritium Pumped) 
t Burn Time ( 3  a 0 )  

GI, = -- I 

- Total Pumping Speed Required Per Second (ST) 

I___̂ .- 
GL s =  t P at First Wall 

X 

- Tota l  Speed f o r  DeuteriumlTritium Per Second (Svr) 

= S (1 - Fractional Burn) 

- T o t a l  Speed f o r  Helium P e r  Second (SHe) 

= S (Fractional B u m )  
§HE (m"/s) 

@ Between Burns 

- Yostburn Gas Pressure in the Vessel (P 3 
X 

RT (Ion Density) (Plasma Vol.) (1 + Fractional Burn) 
p 2- .- - (Pa] 

2.0 (6.023 x lo") (Torus Vol.) X 

- Postburr, Helium Pressure in the Vessel (P ) He 

= Fractional. Burn ( P  ) 
pH€? X 

.- Speed Needed t o  Handle Outgassing 

S1 = Outgassing Rate/P. 
1 
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- Speed Needed t o  Handle the Gas Load from t h e  Burn (S2) 

(Torus Vol.) I n  (P,/Pi) 

t 
s2 = 

t = time allowed f o r  pumping 

1. I t  i s  assumed t o  be t h e  sum of t h e  times t o  quench t h e  plasma 

and t o  ramp up f o r  another  cyc le .  

2 .  The maximum time would be t h a t  f o r  i n i t i a l  pumpdown. The code 

would have t o  be modi flied t o  handle t h i s .  

- 'Total Speed (ST) 

s = s1 + s2 
T 

- Tota l  Helium Speed (S ) 
He 

Vacuum Duct S iz ing  

- Speed Needed f o r  Each Duct and Pump t o  Handle Gas load (Se) 

S = S /Number o f  Ducts (m3/s> E T  

- H e l i u m  Speed Needed f o r  Each Duct and Pump (S ) EHe 

- - /Number of  Ducts 
'EHe 'EIle 

(in / s 

- Conductance o f  Each Duct (C) %or D/T 

Y =  

E L  = 

E L  = 

Mass = 

c =  
A 

c =  
A 

- 
cL - 

Duct Conductance Constant (0.86) 

E f f e c t i v e  length  

Length + 1.33 (Number of  Duct Bends) (Duct Diameter) 

5 - Frac t iona l  Burn 

Aperture Ef fec t s  

0.05'3 (Duct Diameter)* (0.31) [T  = 3 7 3 / m a s ~ ] l / ~  (m3) 

Main Conductance 
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(m3> 
0.079 (Duct Diameter)3 (Y) (0.31) 

E L  C L  = 

1 - _  1 - 1  - + -  
‘L ‘A 

- Conductance of Each Duct (C ) f o r  Helium 
He 

‘He = C ( M a s ~ / 4 . 0 ) ~ / ~  

- Speed of Duct and Pump Assumed as Reference (S ) 
A 

VP = Vacuum Pump Speed Assumed 
A 

1 1 - -  1 _ -  
SA VPA + c 

- Vacuum Pump Speed Needed f o r  Reference Number of Ducts t o  Handle 

Gas Load (VpN) 

- Duct Conductance Needed f o r  Given Vacuum Pump Speed t o  Handle Gas 

Load (C,) 

1 1 - - - -  _ -  1 

‘R ‘E ”A 

C i s  determined by a n  i t e r a t i v e  r o u t i n e .  
R 

- Vacuum Pump Helium Speed Needed f o r  Given Number of  Reference 

Ducts t o  Handle t h e  Gas Load (SvpH) 

1 -  1 1 

’VPH ’EIHe ‘He 
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@ Cost o f  t he  Major Vacuum System Components (1983 d o l l a r s )  

- lu rbomolecular  o p t i o n  

Cv Vacuum P ~ n p  C O S L  

Cv - (VPN/.5.) (Nulliber 01 Ducts) ($lOO,OOO> ($1 

CR = [VPN/.5. ( 2 ) ]  (Number of  Ducts) ($200,000)  ($1 

C v = (Duct Diameter)’ .*  (Number of Ducts) ( 2 )  ($180,000) 

C K  = Backing Pump c o s t  

Cv = Large Metal Valve Cost  

($1 
‘Tc = T o t a l  Cost 

T = Cv + Cy\ + Cv 
C 

Compound Cryopump Option 

C V (VPN/25.) (Number o f  Ducts) ( 2 )  ($100,000) ($1 
I: K = [VPN/25- (2 )  ] (NLIJTI~~T of Ducts) ( 2 )  ( $ 2 0 0 , 0 0 0 )  ($1 
C V = (Duct DiarwZeP]1’8 (Number 01 Ducts) ( 4 )  ($180,000) ($1 

Cos t  of  Vacuum Duct S h i e l d  (C ) 
S 

Vs = Volume of  S h i e l d  

V r- Void F r a c t i o n  
F 
W = Weight of S t a i n l e s s  S t e e l  i n  S h i e l d  

W = (VS)  (i800 kg/m3) (1 - VF) 

= Uni t  Cos t  o f  S h i e l d  

= ( W )  (Number o f  Ducts) (C ) 
cu 

c S  U 

( n 3 )  

SAMPLE MODULE OUrPUT (VACUUM CODE) 

The vacuuii1 system o u t p u t  f o r  tv,o examples (‘Tables 39 and 40) i s  

g i v e n .  The two t a b l e s  coiilparc cryopumps and tur’rmmolecular pumps f o r  

t h e  same system requi rements .  The only  d i f f e r e n c e  i s  cost. 

The area b m c k t e d  on ‘ ]ab le  39 has t h e  fo l lowing  u s e f u l n e s s .  F i r s t ,  

a g iven  speed ror t h e  vacuum pump on each d u c t  i s  giveii R S  20 m3/s. 

Using t h i s ,  t h e  needed specd o f  each o f  t h e  t e n  (111~1;s s p e c i f i e d  a t  1 . 2 - r n  

d iameter ,  tabo bends and 10.01-rn long (boxed i tems)  p l u s  tlreir pumps i s  

12.9 m 3 / s .  Thc a c t u a l  syeed i s  oiiiy 1 2 . 2  m3/s. Therefore ,  the system 

will n o t  be a b l e  to r ~ o v e  t h e  : ( ) t a l  gas load ( 1 2 . 9  Px m 3 / s )  m a i n t a i n i n g  
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Table 39.  Torus evacuati.on system parameters (cryopumps) 
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Table 40. Torus evacuatioll system parameters (turbopumps) 
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Table 40 (cont inued)  

t u 3- 2, I2 

l2*?OP 
0,100 
0,008 

129,088 
10,000 
31,114 
2 0  * 000 
19,POY 
12,174 
22 , 062 
1,275 

1 38e4-07 
101541 
1,087 
2,175 

a 1 1  done 
..- __I 
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a p res su re  of 0.1 P a ,  

not  herease t h e  iiumbei- of duc ts ,  t he re  aye two opt ions  available t.o 

rerriove the gas load. 

(These items aTe denoted by arrows.) If one does 

'The f i r s t  i s  t o  increase the vaezlum purlip speed. The min . imwi i  speed 

of each vacuum pmp needed wi.th t he  given ducts (boxed items) i s  >22 m 3 / s .  

The o t h e r  op t ion  i s  t o  increase t h e  vaciiim tliict s ize  by iracreashg the  

diameter, 'The mini~.um dia.met.er needed i s  1 .275  m 1.3 m, These two 

opti.ons are noted i n  t h e  bracketed sect j  ons.  

Some words o f  caution are  advised. 

this system which gives  t h e  mi.ni.mum system needed f o r  pumping. 

sh i e ld ing  f o r  the ducts  does not  include t h e  shi.elding needed for the 

pumps, nor  does it inc lude  t h e  magnetic s h i e l d i n g  needed on t h e  turbo--  

molecular pumps. 

One, no redundartcy i s  present i n  

Two, the 

?'he c o s t  i s  calc%lated based on t h e  specified number of duc ts  a t  the  

increased pump speed (holding t h e  diameter  constant) . 
Figures  7 8  and 79 show t h e  va.cuum code flow diagram, 
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" 

CALCULATE 1 TOTAL. SPEED/s NEEDED 
2 TOTAL We SPEED/s NEEDED 
3 SPEED NEEDED PER DUCT 
4 We SPEED NEEDED PER DUCT 
5 DUCT CONDUCTANCE 

.--_I___ 

ORNL-DWG 84-3890 FED 

- 

FLOW DIAGRAM 
(VACUUM CODE) 

No 

TEST ( I ) :  DETERMINE I F  TOTAL SPEED/s DURING h BURN >TOTAL 
SPEED/s BETWEEN BURNS 

COST MAIN VACIJUM 
CO M PON E N TS 

YES NO INCREASE DUCT NUMBER BY 2; 
TEST IF DUCLIM IS REACHED. 

CALCULATE GAS LOAD 
PER SECOND 

, 
TESTS i II  ) 1 He SPEED PER DUCT > DUCT CONDUCTANCE 

2 SPEED PER DUCT> ~JUCT CONDUCTANCE 
3 SPEED PER DUCT > VACUUM PUMP SPEED 

I I 

DEFAULT: INCREASE DUCT 
DIAMETER IN INPUT. 

1 COST VACUUM DUCT 
SHIELD 

Fig .  78. Flow diagram (vacuum code). 
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ORNL-DWG 84-3892 FED 

PROCESS FLOW DIAGRAM 
(VACUUM CODE) 

I I 

LARGE VACUUM 
LIMITER VALVES SMALL 

VACUUM 
CHAMBER VACUUM LARGE 

DUCT VACUUM SECONDARY 
PUMP PUMPS 

I I - 
F i g .  79. Process flow diagram (vacuum code). 
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1 2 .  I'KI'I 'IUM PIIOCESSINC; MODULE 

'The t r i t i u m  iiiodel determines mass flow r a t e s  f o r  t h e  primary 1)-T 

f u e l  cyc1e. l  

before  t h e  burn or before  arid dur ing  t h e  burn i s  included.  

i nven to r i e s  i n  a l l  major systems are  c a l c u l a t e d .  

t r i t i u m  needed per year i s  ca l cu la t ed .  An atmospheric t r i t i u m  z'eccpvery 

system i s  assumed i.n f o u r  a r e a s  (reactor h a l l ,  hot c e l l ,  t r i . t i i i m  l m i l d i n g ,  

and rad-waste b u i l d i n g ) .  C a p i t a l  costs f o r  the major tritium systems are 

c a l c u l a t e d  i n  1983 d o l l a r s ,  using i n f o r m a t i o n  suppl ied  by IANL, T"Iund, 

arid TFTR. 

In  a n e u t r a l  beam s e c t i o n  an op t ion  of us ing  these beams 

Tr i t ium 

The c o s t  of  t h e  

b&JQR ASSUMPTlONS AND CONSTRAINTS (TRITI1JM CODE) 

I) 

I) 

e 

e4 

a 

Q 

a 

e 

e 

e 

' l ' r i t iun  n e u t r a l  beams are not  used. (If  they  a r c ,  a t o t a l  n e u t r a l  

beam gas e f f i c i e n c y ,  NBTEFF, i s  necded.) 

Impur i t ies  a r c  a f r a c t i o n  of t h e  t r i t i u i i  flaw. 

Thc plasma i s  recyc led  a t  t h e  edge. 

'l'h maximum c r e d i b l e  tritium release i s  10 g.  

Costs  f o r  t r i t i u m  systcms can be based on costs  of u n i t s  a t  t h e  

Tr i t ium System Tes t  Assembly (TSTA), LANL, Mound, and TFTR. 

The c o s t  of t r i t i ~ m  i s  $ l / c u r i e .  

The t r i t i u m  i n  storage i s  s e t  equal  t o  SO days of burn. 

des igns ,  t h i s  i s  no t  appropr i a t e ,  so  c a r e  i s  advised.  A d e f a u l t  

va lue  f o r  a l o w - a v a i l a b i l i t y  r e a c t o r  i s  G100 g .  

The r e a c t o r  c y c l e  c o n s i s t s  o f  t h e  bLirn t ime p l u s  t h e  quench (plasma 

quench p l u s  minimum s t a r t u p  d u r a t i o n ) .  

'The r e a c t o r  day c o n s i s t s  o f  an un in te r rup ted  sequence of  these cyc le s .  

The t r i t iu i i i  i n  t h e  p l a n t  can be approximated by t h a t  found i n  t h e  

major processing u n i t s .  

Tr i t ium needs p e r  year  are approximated by t h e  above t o t a l  p lus  

decay expected. (This does no t  account f o r  any t r i t i u m  i n  s t r u c t u r a l  

components o r  l o s t  t o  t h c  environment.) 

A decontamination f a c t o r  o f  

t r i t ium-recovery  u n i t s .  

For many 

The quench i s  u s u a l l y  < i o @  s. 

i s  assumed f o r  t h e  atmospheric 

It i s  A O ~ O - ~  f o r  most systems now opera t ing .  
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MODULE INPUT PARAMETERS ('TRITIUM CODE) 

Key parameters  ('Table 41) inpu t  by t h e  user  arc t h e  c o s t  of t r i t i u m ,  

t h e  removal e f f i c i e n c y  o f  t h e  atmospheric t r i t i u m  recovery u n i t s ,  and 

t h e  des i r ed  cleanup time f o r  each bu i ld ing  t h a t  has an atmospheric 

t r i t ium-recovery  u n i t .  

Equations IJsed (Trit ium Code) 

@ Tri t ium Mass Flow Rates with No Neutral  Beams 
I . .. ._. . .... ... .. . . .. . ... . .. . ...._ 

,4 = A v a i l a b i l i t y  

R = Tri t ium Frac t ion  Recycled 

T = Confinement Time 

Quench = T i m e  Between Burns 

- T r i t i u m  t o  F i l l  Chamber Each Cycle (Ts) 

(Plasma Vol.) (5,O x ( g / c  YC 1 e )  
, ~ s  = ( Ion Density 

TD = (Burn Time) (Ion Dy i s i ty  

2-1 
--'Critium Removed a t  t h e  Plasma Edge During Each Cycle (TD) 

( 5 . 0  x 10-24  ( i - ~ i )  
7 

(Plasma Vol . ) 
W c y c l e )  

i 
- T r i t i u m  Burned Each Cycle (TB) 

(4 .99  x 10-6) 
(Burntime) (Fusion Power) 

"B '= (Energy Per Fusion) 

- 'Total Tr i t ium Input, (T ) 
T 

TT - - Ts + TD I- TB 

- Frac t iona l  Burn (FB) 

F B  TB/TT 

- Tri t ium Exhausted Per Cycle (TEX) 

TEX = TtI' - TB 

-Burn Cycles i n  24-Hour Day (C ) 
Y 

- T r i t i u m  Burned Each Day (TB/D) 

C = 24 (3600)/(Burn Time + Quench) 
Y 



329 

Table 41. Module input  parameters  ( t r i t i u m  code) 

Symbo 1 Descr ip t ion  Uni t s  Sourc ea 

a v a i l  

bbl1ll 

b r  

c t r i t  

cuef f 

cu thc  

c u t r b  

cutrw 

c u t  t b  

driurn 

ductx 

duc t  y 

eb 

fwsur 

hcf (4)  

nbgef E 

n i  

nnb 

nPf 

iitnb 

paux 

l?b 

powfmw 

radwa (4 )  

r e b  (4) 

r e f l t  

regen 

s tkcon 

taup  

Machine a v a i l a b i l i t y  (annual) 

Tri t ium breeding b lanket  iiias s 

Breeding r a t i o  f o r  breeding b lanket  

Cost of  t r i t i u m  

Removal e f f i c i e n c y  f o r  atmospheric t r i t i u m  

Desired cleanup t ime/hot  c e l l  

Desired cleanup t ime/ reac tor  bu i ld ing  

Desired cleanup time/rad-waste bu i ld ing  

Des i r e d  c 1 eanup time/ t r  it iurn bu i ld ing  

Number of  vacuum duc t s  ( i n i t i a l  guess) 

Duct w id th lneu t r a l  beams 

Duct he i g h t  / n eu t  r a 1 be anis 

N eu t r a 1 be a m  en e rg  y 

First-wall su r face  a r e a  (outer  wal l )  

Inner volume o f  ho t  c e l l  

Gas e f f i c i e n c y  of  deuterium n e u t r a l  beams 
(Source e f f .  t imes n e u t r a l i z e r  e f f . )  

Ion d e n s i t y  

Number of  deuterium n e u t r a l  beams 

Number o f  p e l l e t  ir i j  e c t o r s  

Number of  tritium n e u t r a l  beams 

Auxi l ia ry  hea t ing  r equ i r ed  

Neutral  beam power 

Fusion power 

Inner volume o f  rad-waste  bui ld ing  

Inner volume of r e a c t o r  bu i ld ing  

F rac t ion  of escaping plasma recyc led  

Pump regene ra t ion  time 

Tri t ium concen t r a t ion  i n  s tack  e f f l u e n t  

P a r t i c l e  confinement time 

recovery u n i t  

( d e f a u l t  = 0) 

kg 

$ / C i  

h r  

hs 

h r  

h r  

c m  

cm 

keV 

m2 

111 

number/m3 

MW 

MW 

Mw 

In3 

m3  

h r  

p ~ i / m 3  

S 

FWSDAT 

U 

U 

U 

U 

U 

U 

U 

U 

VACDAT 

NBDAT 

NBDAT 

PHYDAT 

F WS D AT 

U 

NRDAT 

PHYDAT 

PHY DAT 

FUEDAT 

U 

PHYDAT 

PHY DAT 

PHYDAT 

U 

IJ 

VACDAT 

VACDAT 

U 

PHYDAT 
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Table 41 (continued) 

tbcon 

tbeam 

tbur1n 

t f r a c  

tohs 

tqnch 

tramp 

t r i t h l ( 4 )  

v o l  

wclean 

Tr i t ium concent ra t ion  i n  breedcr blanket 

S t a r t u p  hea t ing  du ra t ion  

Burn Lime 

Frac t ion  of  i r i t im i n  plasma D - ' r  mixture 

OH soleimid swing time 

Plasma quench t ime 

OH ramp (charge) time 

Inner voliime of  t r i t i u m  bui ld ing  

P l a s m a  volume 

Water cleanup 

U 

PMYDAT 

PHYDAT 

IJ 

PHYDAT 

PHYDAT 

PHIYDAT 

U 

PHYDAT 

U 

0. 
Source: U = input  i s  supplied by user;  C = input  f lows  i n  from o t h e r  

modules. 
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.- Tritium Burned Each Year (T ) Y 

Ty = (T 

Trit ium Exhausted Per Day 

) (365) (A) B/ D 

'1'EX/U = cy (TEX) 

- Tritium Fueled Per Cycle (TF) 

TF TT - 

F/D)  

E/Y) 

- 'l'ritium Fueled Per Day (T 

?'F/D = cy (TI.!) 

---. Tritium Fueled Per Year (T 
'P/Y - - %/o ( 3 6 5 )  (A) 

-Tr i t i um t o  F i l l  Chamber Each Day (TS/D) 

---Trit ium t o  F i l l  Chamber Each Hour (T 

Ts/D = C y  ('y 
S/ld 

T S/M = TSID/24. 

(Do s imi l a r  coinputations f o r  exhaust/h, fue l /h ,  burn/h. ) 

T/H) 

T/D) 

- Tritium Input  Per Hour (T 

TT/ki - TEX/I-l ' TB/H 
- Tritium Input fo r  Day ('I' 

'I'T/O - 'I'EX/D B / D  

- 

+ T  - 

* Impurity Mass F l o w  Rates 

The asswn1sltj.m i s  made t h a t  the impurity mass flow r a t e s  are a 

func t ion  of the helitun mass flow r a t e s .  

- Helium Exhausted Per Day (He) 

He = T (4/3) 
B/ D 

- Protium Exhausted Per Day (H) 

H = (He> (0.031) 

..-_ Carbon Exhausted Per Day (Cj 

C = (He) (0.186) 

-. Oxygen Exhausted P e r  Day (0) 

0 = (He) (8.015) 
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-Ni t rogen  Exhausted Per Day (N) 

N = (He) (0.013) 

-Argon Exhausted Per Day (Ar) 

A r  = (He) (0.124) 

Neutral  Beam/Deuterium Mass Flow Rates ~- .I-__. 

- Deuterium Burned Per Day (DBID) 

- Deuterium Burned Per Cycle (DB) 

D ~ / ~  = (2/3)  T B / D  

DB = (2/3) (TB) 

-Deuterium Burned Per Year (D ) 
W Y  

D B / Y  = ”B/D (365) (A) (g/Y) 

- Fk4C = Frac t ion  of  ‘Tritium Versus Deuterium i n  Plasma 

-- Deuterium Input Per Day (D I/D) 

Option 1: Are Deuterium Neutral  Beams Being Used? (Yes/No) 

Option 2 :  Is Auxi l ia ry  Power (AUX) Needed During t h e  Burn? (Yes/No) 

-Deuterium In jec t ed  In to  t h e  Plasma Per Day (DJ/D) 

J / D  (Beam Energy) (Bu%--Time + Quench) ( d d )  
- - (1793) (Beam Power)(Beam ‘l’ime) + (Burn Time) (Aux) 

D 

-- Deuterium Fueled t o  t h e  Beams Per Day (DF/D) 

D (1 - Beam Eff ic iency)  
- J / D  

F / J j  - Beam Ef f i c i ency  
ll 

Option 3:  T = Time Neutral  Beam Used 
t 

= (Burn time) + (Beam Time) (SI Tt 
T t  = Burn time i f  Aux = 0 (SI 

- T r i t i u m  Flux From t h e  Plasma t o  t h e  Neutral  Beams (TDB) 

(Ion Density) (Plasma Vol.) (Tt) (5 .0  x 
2 (SuFface Area First Wall) ( r )  (g/cycle)  ‘‘DR 

P/DB) - T r i t i u m  Pumped by t h e  Deuterium Neutral  Beams Per Day (T 

SA = Surface Area o f  Each Neutral  Beam Aperture 

= (TDB) (SA) (Number o f  Deuterium Neutral  Beams) (Cy) 
T ~ / ~ ~  

(g/dl 
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- Deuterium Fueled Per Day (DF,D) 

-Deuterium Needed Per Day 

D~~ = D ~ / ~  + D ~ / ~  
-Deuterium Needed Per Cycle 

DN = DN/D/CY 

0 Tri t ium Inventor ies  

Tr i t ium i n  A l l  Cryopumps (TVp) 

RG = Regeneration Time 
- - cTEX/D) R/24 

TVP 
Tri t ium i n  Storage ('r ) 

ST 
This  i s  an assumption of  30-day s to rage .  

f o r  a l l  des igns .  

I t  may no t  be 

TST = 30 (TB/D) 

T r i t i u m  i n  Surge Tank (TSR) 

TVP ( 1 . 2 )  
- - 

TSR (1 + Number o f  Ducts) 

Tr i t ium i n  Fuel Cleanup Unit (TFC) 

TFC = 40 + 0.01  (TEx/D) 

Tr i t ium i n  Isotope Separa t ion  System (T ) 

TIS = 50 + 0.1  (TEXiD) 

Tr i t ium i n  Breeder Blanket (TBL) 

Tr i t ium i n  Blanket Tritium-Recovery Unit  (T ) 

IS 

= 0.001 (Breeder Mass) (Unit Tri t ium Concentration) 
T~~ 

TBR 

TPF 

"DNB 

BR 
= (Breeding Rat io)  (TBID) (0.05) 

= (Number o f  Fuelers )  (10 + TF) 

Tr i t ium i n  Pe l le t  Fuelers  (TpF) 

Tr i t ium i n  All-Deuterium Neutral  Beams (TDNB) 

= ( T ~ / ~ ~  ) RG/24 

T r i t i u m  i n  Tr i t ium Neutral  Beams (TTNB) 

T, . 
Tota l  Tr i t ium i n  Major Processing Uni t s  (TT) 

- - (D,/,) Kti/24 1 N B  

appropr i a t e  
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e Tritium Needs and C o s t s  

- Tri t ium Decay Per Year (T ) DC 
- 0.056 'IT 

'DC 
- Tri t ium Needed Per Ycar ( r  ) 

N Y  
TNY = (365.24) TRIl (1 - Breeding Rat io)  (A) t- 

DC ( d Y )  

(cTN) 
- C o s t  o f  Needed TritLim Per Year 

(9600)  (Unit  Cost . ' I 'ritium) 
"1N ' T N Y  

BRY) 
- T r i t i u m  Bred Per 'fear ('l' 

TBRy = (365.24) (Breeding Rat io  - 1)  (.4) TBID ( d Y )  

- Doubling Inventory ('I'ZT) 

T2T :- 2 " 0  (IT) 

- DoubIing Time (TDT) 

- 0.056 T2T 

TDf T (Ad)  0.056 (k---- T~~~ 

BRD) 
-- Tri t ium Bred Per Day (T 

: (TB/D) (Breeding Rat io)  
T~~~ 

Q Atniospheric - Tritium-Recovery _)-.--- _- -, Sys terns I ( D e t r i t i a t i o n )  

The fol lowing equat ions are used f o r  each area i n  which t r i t i u m  

w i l l  be handled: r eac to r  h a l l ,  hot  c e l l ,  triZiuin f a c i l i t y ,  and 

rad-waste bui ld ing .  Each a rea  i s  considered sepa ra t e ly .  

- T r i t i u m  Concentration After Release o f  10 g (T ) C 

9 . 6  x l o 9  (10)  ... .......... I 

TC ~- --.VoT , of  Area 

K = Tri.tium Concentrat ion Released From Stack 

CE = Cleanup Eff i c i ency  

C u  ::. Desired Cleanup Time 

DC = Decontaminatiori Factor 

- Processing Rate o f  A.tiiiosphere (V ) P 
100 

V p  - I ~-cE.j (cu) 6.0';'. I* ($) 
Processing Rate o f  Atmosphere (V 1 

V = V (Bldg. V 0 . l . )  ( 0 . 0 1 ) / 6 0  
PP 

PP P 

(vol  %/min) 

(m3/s) 
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-Kate a t  Which the Building Atmosphere i s  Vented (KvB) 

- Frac t ion  Rldg. Vol. Per Day 
24 ( 3 4 0 0 )  

- 

- 'Tritium Vented From t h e  Stack (T ) 

TVS = 10 ( 1 - - :C) DG '"x) 9400 

vs 

V P P  

- T r i t i u m  Released After Cleanup t o  50 u C i / m 3  (TRR) 

= l o - &  (Rldg. Vol.) (K]  
T~~ 

Costs  o f  Major 'Tritium Systems 

Cost of  Receiving Glove Box (CRs) 

- Cost of Shipping Containers (C ) 

CRS = 0.2 x 106 

SH 
c = 0.012 x 106 (10) 

Sti 
- C o s t  of Tr i t ium Storage  (C.,,) 

CFrS = 0.25 x l o 6  (TST/lOQ) 

- Cost o f  Contaminated (Trit ium) Deuterium Storage (C ) DS 
= 0.2.5 x 10' (TST/lOO) ( 2 / 3 )  

= 1 x 106 (1,67) (T, /1160)0.2 + 0 . 2  x l o 6  

CDs 
-- Cost of Fuel Cleanup Unit (CFC) 

- - C o s t  of  Isotope-Separat ion System (C ) 
FC I / D  

IS 
C = 2 .9  x l o 6  (1.67) (TT/D/1160)D*4 

IS 
- C o s t  o f  Analy t ica l  Equipment (C ) AN 

CMJ = 1.6  x l o 6  
- Cost of 'T r i t i a t ed  Waste Treatiiient (C,,,) 

- Cost o f  Glove Box D e t r i t i a t i o n  Unit (CGB) 

- Cost  of  T r i t i a t e d  Water Recovery Unit (C ) 

= 1 . 2  x 106 
CTwI 

CGE = 1 . 6  x l o 6  

w K 

--- Cost  of  So1,id Waste Processing (Csw) 

CSw = 1 .3  x l o s  
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- C o s t  o f  Atinospheric Cleanup (C ) 
AT 

This  c o s t  i s  computed independently f o r  each a r e a  us ing  this equat ion.  

(60 ) /28 .4 ]  O V 7  ($1 
I 

i"PP 
CAT = 2 , 3  x 1 0 6  

- C o s t  of  Monitors (CplON) 

This  c o s t  i s  corqmted f o r  each a r e a  (four assumed) using t h i s  

equat i on 

CMON = 0 .5  x 1 0 6  

DAT 

($1 

DAT) 
- C o s t  of Data Acquis i t ion  (C 

= 16 (0.02 x lo6) +. 7 (0.2 x lo6) + 3.7  x lo6 + 8 (0.05 x lo6) 

($1 
- Cost  of Blanket r r i t i um Recovery (CDn) 

un 
5000 CTBRD) 

_I_ - ... - - 
C B R  (Unit Tri t ium Concentrat ion)1/2 + 0.0001 

MIS) .--- Cost of  Miscellaneous (C 

= 1.1 x 1 0 6  
cMIS 

-- Total  Cost (Summation of Above Cos t s )  

SAMPLE MODULE o u w w  (TRITIUM CODE) 

Tables 42 and 4.3 (Cases 1 and 2 )  are  presented i n  which t h e  plasma 

r ecyc le  a t  t h e  edge i s  decreased,  t hus  decreas ing  t h e  f rac t iona l .  burn. 

This ,  i n  t u r n ,  i nc reases  t h c  throughpiit r a t e s  between processing u n i t s .  

PROCESS FJ.,OW DIAGRAM (TRITIUM CODE) 

Two examples of  t h e  flow pa ths  i n  tritium systems needed f o r  a 

fus ion  r e a c t o r  are shown i n  F i g s .  80 and 81. These xre  not  a l l - i n c l u s i v e .  

Figure 82 i s  t h e  tritium code flowchart. 

REFERENCE 

1. R .  G .  Cleinmber, TCODE - A  Computer Code for Analysis of Tritium and 

Vacuum Syslems fo r  T'okcvriak Fusion Keuctors , ANL/FPP/'TM-110 , Argonne 

h a t l .  Lab., 1978 .  
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Table 43.  Fuel processing system (Case 2) 

fus ion  Power ( m w j  

p a r t i c l e  confinement time ( s e c )  
P a r t i c l e  r e c r c l e  
b u r n  time ( s e c j  
time between c y c l e s  ( s e c )  
t r i t 4  f r a c t 4  i n  d - t  
ion densii tr  ( i ons /mt*3)  
plasma vo lume  ( m t b 3 )  
ergo P U ~ P  reden per iod  ( h r )  
as5umr pos t  burn tempI (k) 
post b u r n  ~ r e s s .  ( t o r r )  
beam i n i ,  time ( s e c )  
beam ~ o w r  (awl 
beam enerir  ( k e v )  

= 448,927 
1.983 

= lO0.000 
52.000 

0 ,500  
= 1.207et20 
-S 267,142 

1'000 
= 573,000 
= 1,33062-03 

6.000 
54 * 834 
0 e 000 

- I 
0, aoo - 

- I 

.." - 

- - 

- - 
I - 
- - 

r e s u l t s  I 

cvc l e s /das  = 568.421 
0,169 a v a i l a b i l i t r  - 

t r i t .  b u r n  f r a c t i o n  ( inc ludi r r s  recrcle) = 0,082 rc-- 
0 079 t r i t .  burned/crc  ( i / c r c )  - 

45,162 t r i t .  burned/dar ( g / d )  I 

04081 t r i t .  i n  gas chrd /c rc  ( S / C Y C )  

- 

I 

I 

- 

(rl 
P 
I- 
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ORNL- DWG 84-3884 FED 

BL - BLANKET (BREEDING RATlO = I )  
E C -  END CELL ( I T = 3 0 g )  

T -  TRITIUM FUELER (1,.<2Qgl 

I) - QEUTERIUM FUELER ( I T < l g )  

IT- INVENTORY OF TRITIUM 
F,- FLOW RATE OF TRITIUM 
F, FLOW RATE OF DEUTERIUM 

m STORAGE RECEIVE 

IT = 5109 

F i g .  80. Example of flow path in tritium systems f o r  a fusion 
reactor.  
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MAIN G A S  PATHS 

SECONDARY G A S  PATHS - .... -- - - 

0ANL.- DWG 84-3885 FED 

4T MOSPH ER E 
ETWITOATION 

(VAULT 1 

(HOT CELL.) 
P..- 

Fig. 81. Sample flow pa th  i n  t r i t i u m  systems needed f o r  a fusion 
reactor. 
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f LOW DIAGRAM 
(TRITIUM CODE) 

CALCULATE 1 TRITIUM MASS FLOW RAPES IF NO TRITIUM NEUTRAL BEAMS 
2 IMPURITY MASS FLOW RATES 

CALCULATE 1 DEUTREIUM MASS FLOW RATES WITH AND WITHOUT 
NEUTRAL BEAblS 

WITHIN DEUTERIUM BEAMS 

CALCULATE TRITIUM INVENTORIES IN COMPONENTS 

CALCULATE 1 TRITIUM DECAY 
2 TRITIUM NEEDS AND COST 
3 TRITIUM BRED 

CALCULATE TRITIUM RELEASES TO THE ENVIRONMENT FROM ACCIDENTS IN 
REACTOR HALL, HOT CELL, RAD WASTE BUILDING, TRITIUM 
BUILDING 

I 

CALCULATE 1 COSTS OF TRITIUM FUEL PROCE 
2 COSTS OF ATMOSPHERIC TRITIUM RECOVERY UNITS 
3 COSTS OF OTHER uwrs 

F i g .  82. Tr i t ium code flowchart 
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13. FUELING SYSTEM MODULE 

The f u e l  system code c a l c u l a t e s  p e r t i n e n t  design requirements and 

c o s t  d a t a  f o r  the p e l l e t  i n j e c t o r s ,  gas i n j e c t o r s ,  and support ing 

systems. The code reads t h e  u s e r ' s  d a t a  f i l e  and s e l e c t e d  d a t a  from the  

physics  code, f u e l  processing code, TF c o i l  code, and t h e  f i rs t  w a l l  and 

s h i e l d  code. These d a t a  a r e  used t o  compute requireiiients f o r  p e l l e t  

v e l o c i t y ,  p e l l e t  weight, p e l l e t  r a t e ,  vacuum powcr, helium r e f r i g e r a t i o n ,  

n i t rogen  r e f r i g e r a t i o n ,  and c o s t  of major equipment, The p r i n t o u t  

inc ludes  p e r t i n e n t  input  and ca l cu la t ed  output  da t a .  

CODE BASIS 

l'he code i s  based on having a combiliation of a gas i n j e c t i o n  system 

similar t o  t h a t  shown i n  F ig .  83 and a p e l l e t  i n j e c t o r  system similar t o  

t h a t  shown i n  F ig .  84. The gas i n j e c t i o n  sys t em provides  f o r  s e l e c t i n g  

the  gas composition and c o n t r o l l i n g  t h e  flow o f  t h e  gas t o  a number o f  

i n j e c t o r  nozz les .  S e l e c t o r  va lves  a r e  provided t o  u t i l i z e  any combina- 

t i o n  of t h e  i n j e c t o r  nozz les .  

NONOZ, i s  a user - input  number. The p e l l e t  i n j e c t i n g  system i s  based on 

a two-channel c e n t r i f u g a l  i n j e c t o r ,  whose system flow diagram i s  given 

i n  F ig .  8 4 .  

p e l l e t s  o r  a l t e r n a t i n g  deuterium and t r i t i u m  p e l l e t s .  The p e l l e t  

i n j e c t o r  inc ludes  t h e  p e l l e t  r a t e  c o n t r o l l e r  but  no t  t h e  computer t h a t  

c o n t r o l s  i t ,  which i s  a p a r t  of t h e  IGC subsystem. The p e l l e t  i n j e c t o r  

inc ludes  o t h e r  equipment such as t h e  i n t e r f a c i n g  p e l l e t  d r i f t  tube,  

i s o l a t i o n  va lves ,  and support  s t r u c t u r e  shown i n  F i g .  85. 

The t o t a l  number of  nozzles  provided, 

The i n j e c t o r  has t h e  c a p a b i l i t y  of i n j e c t i n g  mixed D - T  

CODE INPUT/OUTPUT DATA 

The f u e l i n g  code uses  t h e  input  d a t a  def ined  i n  Tables 44 and 45. 

The user - input  d a t a ,  def ined  i.n Table 44, l i s t  t h e  mnemonic, t h e  p r i n c i p a l  

use of  t h e  d a t a ,  t h e  expected range, and t h e  mnemonic desc r ip t ion .  A 

c y l i n d r i c a l  p e l l e t  i s  assumed with t h e  length  equal t o  diameter of the 

p e l l e t .  The t ransmission e f f i c i e n c y ,  EFFT, i s  t h e  r a t i o  of t h e  frozen 

p e l l e t  mass t o  t h e  t o t a l  mass of t h e  f u e l  needed t o  make t h e  p e l l e t  and 
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ORNL-OWG 81-2823R f E O  

1 I-------------- 

TORUS FUSION CHAMBER 

DIVERTO RS + VACUUM 
PUMPS 

I 
t t 

I- FUEL AND ASH RECOVERY I 

LIQ He 

I, 
IMPURITY 

HELIUM IMPURITY 
RECOVERY DISPOSAL 

Fig .  83.  Gas i n j e c t i o n  po r t ion  09 f u e l i n g  slstem. 
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O A N L  DWG 81 2824 FED 

RM ~ REMOTE CONTROLLED 
SHUTOFF VALVES 

COMPUTER COMTROL 
I 
I 
t 

ELOEOPELLCT 

PLASMA TORUS 

-. . -. ._. . . . . . . . . . 

F i g .  84.  Pe l l e t  i n j e c t i o n  Ilol-tion of  f u e l i n g  system. 
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O R N L D W G  81 -2825 FED 

Fig.  85 ~ P e l l e t  i n j e c t o r  and associated equipment ~ 
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Table 45. Input data from other systems code 

Code Expected 
mnemonic Code use range Mnemonic description 

A 

N I  

T I  

TFULC 

TBURY 

TFTHK 

Calculate pellet penetration and 

Calculate pellet velocity 

velocity 

Calculate pellet velocity 

Calculate pellet rate 

Calculate pellet rate 

Calculate pellet drift tube 
1 ength 

0.5 
2.0 

0. SE20 
4.OE20 

5.0 
20.0 

5.0 
40.0 

20.0 
2000.0 

0.5 
1.5 

Plasma minor radius, m 

Line - aver a g e d p 1 as ma 
density, atoms/m3 

Line-averaged plasma 
temperature, keV 

Tritium injected per burn 
cycle, g 

Cycle burn time, s 

TF coil radial thickness, 
m 

w 
ul 
w 



i n j c c t  i t  i n t o  t h e  d r i f t  tube.  The number i s  low ( 0 . 2 )  f o r  a pneumatic 

in jec . tor ,  where a l a rge  p a r t  i s  needed t o  a c c e l e r a t e  t h e  p e l l e t ,  but  

comparatively high (0 .8 )  f o r  a c e n t r i f u g a l  i n j e c t o r ,  where l o s s e s  a r e  

a t t r i b u t e d  only t o  t he  p e l l e t  formation. The diameter of  the p e l l e t ,  

DPMM, i s  a u s e r  i npu t .  The mass o f  t h e  p e l l e t  should be about 10% of  

t h e  plasma mass. For TFCX t h e  corresponding p e l l e t  diameter i s  about 

3 mm. The p e l l e t  pene t r a t ion ,  FPEN, should be se l ec t ed  so  t h a t  t he  

p e l l e t  v c l o c i t y  i s  wi th in  t h e  s t a t e  o f  t h e  a r t .  

'fhe o t h e r  i npu t s  given i n  Table 45 a r e  se l ec t ed  outputs  o f  o t h e r  

codes. This  t a b l c  l i s t s  tlie inneinunic, p r i n c i p a l  use,  t h e  expected 

range, and desc r ip t ion  i n  the same format. as t h e  use r  Table 4 4 .  The 

plasma temperature,  d e n s i t y ,  and, r ad ius  arc d a t a  needed t o  ca l .cu la te  t he  

p e l l e t  v e l o c i t y .  

burn cyc le ,  t h e  cyc le  time, and t h e  f u e l  composition, which i s  assumed 

t o  be 50% deuterium a%oms and 50% t r i t i u m  atoms. Geoiiietry da t a  a r e  

read  from t h e  TF c o i l  and the f i r s t  wall  and s h i e l d  code d a t a  f i l e s .  

They a r e  needed t o  detei-mine t h e  cos t  of t h e  pc l l . e t  d r i f t  tube and i t s  

support  s t r u c t u r e .  

The f u e l i n g  r a t e  depends on t h e  t r i t i u m  needed pe r  

The f u e l i n g  code ca lcu l .a tes  and p r i n t s  0u.t t h e  d a t a  given i n  

Table 46.  The format of  t h i s  t a b l e  i s  similar t o  Tables 44 and 4 5 .  Only 

tlie t o t a l  cos t  CFUELS i s  an inpu t  t o  another  tokamak systems code. The 

t o t a l  e l e c t r i c  power and r e f r i g e r a t i o n  requirements could a l s o  be inpu t s  

t o  t h e  ac power and cryogenic codes, but they  a r e  small compared t o  

o t h e r  power and cryogenic loads and a r e ,  t h e r e f o r e ,  ignored as i npu t s  t o  

o t h e r  codes. 

Table 47 contain-s input  d a t a  f o r  t h r e e  cases  whose outputs  are 

given i n  'Tables 48-50. Key d i f f e r e n c e s  i n  t h e  input  data  a r e  

underl ined f o r  ease  of  comparison. The output  t a b l e s  conta in  enough 

input  d a t a  t o  i d e n t i f y  each case  c l e a r l y .  Note t h a t  t he  p e l l e t  i n j e c t o r  

v e l o c i t y  i s  s t r o n g l y  dependent on t h e  p e l l e t  pene t r a t ion  i n t o  t h e  plasma 

and t h e  plasma teniperatuure. 
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Table  4 7 .  I n p u t  d a t a  f o r  t h r e e  c a s e s  showing t h e  i n f l u e n c e  o f  
p e l l e t  p e n e t r a t i o n  d e p t h  and plasma tempera ture  on 

i n j e c t i o n  v e l o c i t y  

Case 1 Case 2 Case 3 

FPEN z: 0.210 

MWT = 5 . 0 

N O I N J  = 2 . 0  

NONOZ = 1.0 

DISPR := 1 . 0  

EFFHE = 0 . 5  

EFFN2 = 0 . 5  

EFFV = 0.5  

EFFT = 0 . 8  

DPbDI = 3 . 2  

A = 1.1 

N I  = 2.000E+20 

T I  = 1 2 . 0  

TFULC = 1.1.5 

TBUKN = 187.0 

DAGO = 2 - 2  

TFTIiK = 1 . 0  

.. 

~ . I _ _ _  

FPEN := 0.230 ..... 

wr = 5.0 

N O I N J  = 2 . 0  

NONOZ = 1 . 0  

DISPR = 1 . 0  

EFFHE = 0.5  

EFFN2 = 0 . 5  

EFFV = 0 . 5  

EFFT = 0.8  

DPIm = 3 . 2  

A := 1.1 

N I  = 2.000E+20 

T I  :: 1 2 . 0  

TFIJLC = 11.5 

TBURN = 187.0 

DAGO = 2 . 2  

TFTHK = 1 . 0  

FPEN = 0.210 

WT = 5.0  

N O I N J  = 2 . 0  

NONOZ = 1 . 0  

DISPR = 1 . 0  

EFFHE = 0 . 5  

EFFN2 = 0 . 5  

EFFV = 0 . 5  

EFFT = 0 . 8  

DPPM = 3.2 

A = 1.1 

N I  = 2.000E+20 

T I  = 15.0 

TFULC = 1 1 . 5  

TBURN = 187.0 

DAGO = 2.2  

TF'TI-IK = 1 . 0  

_____._- 

_I ....... _____ 

Output d a t a  
i n  Table  48 

Output d a t a  
i n  Table  49 

Output d a t a  
i n  Table  50 
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Table 48. Fuel system code output  d a t a  f o r  Case 1 

Plasma minor r a d i u s ,  m (A) 
Plasma ion  d e n s i t y ,  No./m3 (NI) 

Plasma ion  temperature ,  keV (TI) 

Burn time, s (TBURN) 

Tr i t ium i n j e c t e d  per  cyc le ,  g (TFULC) 

Distance between s h i e l d  and c o i l ,  m (DAGO) 

TF c o i l  th ickness ,  m (TFTHK) 

Number of  i n j e c t o r s  

Number of  nozz les  

TD p e l l e t  diameter ,  mm 

T D  p e l l e t  weight,  g 

Pe l le t  ra te ,  No./s 

P e l l e t  v e l o c i t y ,  m/s 

Pe l le t  pene t r a t ions ,  in 

P e l l e t  d i s p e r s i o n  angle ,  deg 

Shielded p e l l e t  tube  l eng th ,  m 

Electric power f o r  i n j e c t o r s ,  kW 

Vacuum requirement,  L/m 

E l e c t r i c  power f o r  vacuum, kW 

Liquid n i t rogen  r e f r i g e r a t i o n ,  W (LN2) 

Liquid helium r e f r i g e r a t i o n ,  W (LHE) 

To ta l  e lectr ical  power, kW (PTOT) 

Tota l  f u e l  system c o s t ,  $ m i l l i o n  (CFUELS) 

1.100 

2.000E+20 

12.00 

187 .O 

11 .SO 

2.200 

1.000 

2.000 

10.00 

3,200 

6.6683E-03 

15.40 

1958.0 

0.2310 

1.000 

4.200 

4 3 3 3  

4042.0  

6.063 

501.2 

125.7 

75.75 

2.710 
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Table 4 9 .  Fuel systelil code output  d a t a  f o r  Case 2 

Plasma minor r a d i u s ,  m (A) 

Plasma ion  dens i ty ,  No./m3 ( N I )  

Plasma ior i  temperature ,  keV (TI) 

Burn time, s (TBURN) 

Tri t ium i n j e c t e d  per  cyc le ,  g (TFUJX) 

Distance Setween s h i e l d  & c o i l ,  m (DAGO) 

TF c o i l  t h i ckness ,  rn (TFTHK) 

Number o f  i n j e c t o r s  

Number CJE nozzles  

T D  p e l l e t  diameter, nm 

TD p e l l e t  weight: g 

P e l l e t  ra te ,  No,/s 

P e l l e t  v e l o c i t y ,  m/s 

P e l l e t  pene t r a t ions ,  m 

P e l l e t  d i s p e r s i o n  angle ,  deg 

Shielded p e l l e t  tube  l e n g t h ,  m 

E l e c t r i c  power f o r  i n j e c t o r s ,  kW 

Vacuum requirement,  L / m  

Electric. power fo r  vacuum> kW 

Liquid n i t r o g e n  r e f r i g e r a t i o n ,  W (LN2) 

Liquid helium r e f r i g e r a t i o n ,  W (LHE) 

Tota l  e l e c t r i c a l  power, kW (PTOT) 

Tota l  f u e l  system c o s t ,  $ mil'Lion (CFUELS) 

1 .100  

2 . O O O E - !  20 

1 2 . 0 0  

187.0 

11 S O  

2 . 2 0 0  

1 .000  

2.000 

10.00 

3.200 

6.6683E-0.3 

1 5 , 4 0  

2572.0 

0.2530 

1 .ooo 
4 .200  

7.617 

4042.0  

6.063 

501.2 

125.7 

78 .54  

3.545 
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Table 50. Fuel system code ouput d a t a  f o r  Case 3 

Plasma minor r a d i u s ,  m (A) 

Plasma ion  dens i ty ,  Na,/n3 (NI) 
P l a s m a  ion  temperature ,  keV (TI) 

Burn t ime,  s ( '1 'BUN) 

Tr i t ium i n j e c t e d  pe r  cyc le ,  g (TFULC) 

Distance between s h i e l d  6 c o i l ,  m (DACO) 

TF c o i l  t h i ckness ,  m (TFTWK) 

Number of i n j e c t o r s  

Number of nozzles  

'TU p e l l e t  diameter ,  mm 

TU p e l l e t  weight,  g 

Pe l le t  ra te ,  No./s 

Pe l l e t  v e l o c i t y ,  m / s  

P e l l e t  p e n e t r a t i o n s ,  m 

P e l l e t  d i s p e r s i o n  ang le ,  deg 

Shielded p e l l e t  tlclbe length ,  m 

Electr ic  power f o r  i n j e c t o r s ,  kW 

Vacuum requirement L/m 

E l e c t r i c  power f o r  vacuum, kW 

Liquid n i t rogen  r e f r i g e r a t i o n ,  W (LN2)  

Liquid helium r e f r i g e r a t i o n ,  W (LHE) 

To ta l  e l e c t r i c a l  power, kW (PTOT) 

Tota l  f u e l  system c o s t ,  $ mil l io i i  (CFUELS) 

1.100 

2.000E+20 

15 e 00 

187.0 

11.50 

2 " 200 

1.000 

2 c 000 

10.00 

3 9 200 

6.6683E-03 

15 - 40 

2861.0 

0.2310 

1.000 

4.200 

9,186 

4042 0 

6.063 

sol.  2 

125.7 

$0.11 

4.016 
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PRINCIPAL FUEL SYSTEM CODE EQUAI'IONS 

The code r e a d s  t h e  i n p u t  d a t a  g iven  i n  Tables  44 and 45 and u s e s  

t h e  f o l l o w i n g  e q u a t i o n s  t o  c a l c u l a t e  d e s i g n  requi-rements d a t a  arid c o s t  

g iven  i n  'l'able 46 .  

T o t a l  t r i t i u m / d e u t e r i u m  mass f u e l i n g  r a t e ,  'I'DMDOT, grams c y c l e :  

TDMDOT = 1 . 6 7  TFULC/TBURN, gl';':.L~/secc,?d , 

TFULC, tritium i n j e c t e d  p e r  burn c y c l e ,  grams , 

TBURN, c y c l e  burn t ime,  seconds . 

The e q u a t i o n  f o r  'TDMDOT assumes t h a t  the f u e l i n g  c o n s i s t s  o f  i n j e c t i n g  

an e q u a l  number of deuter ium and t r i t i u m  atoms. 

Mass of  a t r i t i u m  deuter ium p e l l e t ,  TDPM, grams ( c y l i n d r i c a l )  p e l l e t  

geometry w i t h  D = H :  

TDPM = d e n s i t y  (volume o f  p e l l e t )  = p ( n / 4 ) D 3  

= (7r/4) (p /5 )  (MVT)D3 = (n /4 )  (0.259/5) (MWT)D3 , 

TDPM = 0.0407 (MVT) (DPMM/ 10)  , 

MWT :: inolecular  weight o f  t h e  p e l l e t  = 5 , 

D P b 1  = diameter  of  t h e  p e l l e t  (mil l i i i i :  ,eus) . 

Vacuum requi rement ,  VAC, l i t e r s / m i n u t e :  

VAC = (1-EFFT) TMDOT/DENSITY a t  100 K ,  1 x l o s 2  t o r r  , 

DENSITY = 3.95 x 1 0 - 5  IWT , 

VAC = 1.52 x lo6 (1.0-EFFT) TMDOT/MWT . 

EFFT i s  t h e  f r a c t i o n  o f  t h e  f u e l  f e e d  t h a t  e n t e r s  t h e  d r i f t  t u b e  as 

a f r o z e n  p e l l e t .  
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E l e c t r i c  power r equ i r ed  f o r  t h e  vacuum system, PVAC, kW: 

PVAC = 0.0015 VAC/EFFV , 

where EFFV i s  t h e  e f f i c i e n c y  o f  t h e  vacuum system. 

Liquid n i t rogen  requirement t o  c h i l l  room temperature  (300 K) f u e l  gas t o  

77 K ,  LH2, watts: 

LN2 = 12,200 (TDMDOT)/[ (MWT) (EFFN2)] , 
MWT = molecular weight o f  t h e  f u e l  = 5.0 f o r  D-T , 
EFFN2 = l i q u i d  n i t rogen  cool ing  e f f e c t i v e n e s s ,  WJ.5 . 

E l e c t r i c a l  power f o r  n i t rogen  r e f r i g e r a t i o n ,  PLN2, kW: 

PLN2 = 4(LN2)/2000 , 

Liquid helium requirement t o  convert  77 K f u e l  t o  10 K f rozen  p e l l e t ,  

LHE, watts : 

LHE = 3060 ('TDMDOT)/ [ (MWT) (EFFME)] , 

EFFIiE = l i q u i d  hydrogen cool ing  e f f e c t i v e n e s s ,  ' ~ 0 . 5  . 

E l e c t r i c a l  power f o r  helium r e f r i g e r a t i o n ,  PLHE, kW: 

PLHE = 0.5 (LHE) . 

Pel le t  v e l o c i t y  needed t o  p e n e t r a t e  t h e  plasma t o  FPEN, a f r a c t i o n  

o f  t h e  plasma minor r ad ius :  

VELOP = 2.1E-SA(TI) l a 7  (FYEN) 

Table Input  Data: T I  = plasma temperature ,  keV, 

( N I )  0 - 3 3  (MWT) . 2 2 /  (TDPM) 0 * 5 6  

N I  = plasma d e n s i t y ,  number/m3, 

TDPM = p e l l e t  mass, g, 

A = plasma minor r ad ius .  
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P e l l e t  i n j e c t o r  peak e l e c t r i c  power, PINI, kW 

P I N J  = O.S(NP1;j [1 + (VELDP/1000)2] , 

NPF number o f  injecto-rs  . 

Total e l e c t r i c  power, PTOT, kW: 

PTOI' = PVAC + P I N J  + PLN2 .I  PLHE . 

Length of p e l l e t  d r i f t  tube ,  LPTURE, m: 

LPTUBE = 1. 0 + D A G 0  + TFTHK , 

DAG0 = d i s t ance  between i n s i d e  of TF c o i l  and t h e  ou t s ide  of  t h e  

s h i e l d ,  m , 

TF'IIIK = TF c o i l  th ickness ,  rn . 

Cost of  p e l l e t  i n j e c t o r s ,  CINJ, $ m i l l i o n :  

C I N J  = 0.15 NPF ( 2  .t VELOP2/IE6j , 

NPF = number o f  i n j e c t o r s  , 

VE1,OP = p e l l e t  v e l o c i t y  requirement . 

Cost of  gas pu f f ing  system, CGPUF, $ mil l ion :  

CGPUF = 0.10 f 0.015 NONOZ 

where NOHOZ i.s the  number of f u e l  gas in jec t ior l  nozzles  . 

Cost of  t h e  p e l l e t  tube  and support  s t r u c t u r e s ,  CPTAS, $ m i l l i o n :  

CPTAS = 0.07s (NPF) (LPTUBE) ( D I S P R ) ~ . ~  , 

where DISPK i s  t h e  p e l l e t  d i spe r s ion  angle  i n  degrees . 

Cost of  p e l l e t  i n j e c t o r  i s o l a t i o n  va lves ,  C I S O V ,  $ m i l l i o n :  

C I S O V  = 0 .04  (NPF] (DISPR) , 

where DISPK i s  the p e l l e t  d i spe r s ion  angle  i n  degrees . 

Tota l  cos t  o f  t h e  fue?  system, CFUELS, $ mil l ion :  

CFUCLS = C I N J  f CGPUF + CPT,lS + CISOV . 
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CODE FLOW DlAGRAEi 

The f u e l i n g  code r e q u j r e s  no l o g i c  dec i s ions  or i t e r a t i o n s .  There- 

fore ,  t h e  simple flow coiiiputarion diagram shown i n  F ig .  34 i s  app l i cab le ,  

‘Yilt. code reads  data  from t h e  user f i l e s  and the  f i l e s  from o t h e r  cades.  

These d a t a  are used t o  make t h e  performance requirements calculat ions,  

us ing  t h e  code equat ions def ined  above. The r equ i r ed  performance d a t a  

and t h e  input  d a t a ,  NPF and NONOZ, arc used t o  make t h e  cos t  c a l c u l a t i o n s .  

F ina l ly ,  p e r t i n e n t  data are p r i n t e d  ou t  before  e x i t i n g  from t h e  code. 
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ORNL-DWG 84-3886 FED 

F i g .  86. 

USER INPIJT READ INPUT 
DATA FILES 

f 
USE PERFORMANCE 
DATA TO W 

COST CALCUUTIONS 

F u e l  system code flow diagram. 
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1 4 .  TF POWER CONVERSION MODULE 

The ‘TF power conversion code, TFCON, c a l c u l a t e s  design and cos t  

d a t a  f o r  t h e  TF power conversion systems having r e s i s t i v e  (R) c o i l s ,  

superconducting (SC) c o i l s ,  or a combination o f  R and SC c o i l s .  The 

code takes p e r t i n e n t  input  parameter d a t a  and computes and designs 

c o s t  d a t a  for power supp l i e s ,  bussing,  load cen te r s ,  c o i l  p r o t e c t i o n  

equipment, and a s soc ia t ed  c o n t r o l s  and ins t rumenta t ion .  I t  a l s o  pro- 

v ides  an  estimate of t h e  f l o o r  space and bu i ld ing  volume needed f o r  t h e  

equipment. 

R e s i s t i v e  c o i l s  do no t  need as much c o i l  p r o t e c t i o n  equipment as 

t h e  superconducting c o i l s ,  s i n c e  they  are always i n  t h e  r e s i s t i v e  s ta te .  

Superconducting c o i l s  a r e  opera ted  nea r  4 K i n  t h e  superconducting 

s ta te ,  bu t  they  can go r e s i s t i v e  i f  t h e  design ope ra t ing  environment 

becomes unfavorable  due t o  f a u l t e d  equipment o r  ope ra to r  e r r o r .  

t h e s e  cond i t ions ,  t h e  SC c o i l s  must be discharged quick ly  without 

exceeding t h e i r  design vol tage .  The r e s i s t i v e  TI: c o i l s  r e q u i r e  much 

more power than  t h e  SC c o i l s  and, hence, more power conversion modules. 

The major equipment a s soc ia t ed  with each type of  c o i l  and t h e  p e r t i n e n t  

f i g u r e s  are  given i n  Table  51. 

Under 

CODF BASIS 

The b a s i s  f o r  t h e  TF power conversion code is  descr ibed he re in  wi.th 

r e fe rence  t o  F igs ,  87 through 94 and Tables 52 and 53. The f i g u r e s  and 

t a b l e s  are a s soc ia t ed  with t h e  SC c o i l  and R c o i l s  power conversion and 

p r o t e c t i o n  equipment as i d e n t i f i e d  i n  Table 51. 

SC TF COIL POWER CONVERSION AND PROTECTION 

Figure 87 i l l u s t r a t e s  t h e  c i r c u i t  connections and numbers of  dump 

r e s i s t o r s ,  c i r c u i t  b reakers ,  v a r i s t o r s ,  bussing,  and power supp l i e s  f o r  

a SC TF c o i l  power conversion system. 

Rd, and two grounding r e s i s t o r s ,  Rg, p e r  c o i l ,  

c o i l  has  a vo l t age  l i m i t  t h a t  depends on t h e  design. 

i n  k i l o v o l t s  i s  s e t  equal  t o  VTFSKV i n  t h e  code. 

There are f o u r  dump r e s i s t o r s ,  

Each superconducting 

The design vo l t age  

This vo l tage  determines 
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Table 5 1 ,  Major equipment l i s t i n g  

Equipmeri t SC co i l s  R c o i l s  

Dump resistors 

DC breakers  

V a r i s t o r s  

Bussing 

C and I 

Power supplirs 

Load center  

Hybrid arrangement 

F i g .  87 ,  94 

F i g .  87,  94 

Fig. 8’9 

Fig.  87, 92,  94 

F i g .  89 and Table 52 

Fig. 90 

Fig. 91  

Fig.  88 

NA 

N P. 

NA 

F i g .  91 

Table  53 

Fig. 93 

Figs. 92 arid 9.3 

F i g .  88 
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TF COIL 
No. 12 

Gnd Bu! 

- 
I 

No. 10 

1 T 

No. 7 

NOTE: R d  - Fast Dump Resistor - 0.20 Ohm 
R - Slow Dump Resistor - 0.01 Ohm 
R g  - Ground  Resistor - 10.0 Ohm 

F i g .  87. TF power conversion and pro tec t ion  system. 
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ORNL-DVJG 82-3169 F E D  

F i g .  88. Sec t jon  view showing t y p i c a l  l oca t ion  o f  e l e c t r i c a l .  
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ORNL-DWG Lll-ZRMR F E D  

DC-INTERRUPTER 

1 2 - 3 1  -. 

I C0II.S I 
10 

.- ....... 

...... 

NOTE: QOB - QUENCH DETECTION B R I O G E  
CLV - COIL L E A 0  VOLTAGE DROP 

3. . . . . . . .  10 A L L  10 COILS HAVE IDENTICAL I AND C 

Fig. 89. 
protection system. 

Typical 3-channel signal conditioning f o r  the TF coil 
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ORNL C\VG 81-30fi4 FED 

TF 1 

30. 60 HI 
........ 

P Z I I A X Y  CONTROL 
FOR S.S. OPERATION 

.... 

480 V 3 ~ ,  60 HZ __ ........ .......... .......... 

.......... 

.......... .... 

120 v 
( M A X I  ( ‘i 

0-16 V:65 V, 0-25 kA 

480 VOLT INPUT 
PROVIDES 65 VOC 

800 A k V A  F O R  4 H R  CHARGE L V A  .... 

....... 

0-16 Vi65 V. 0-25 k A  

Fig .  90. One-line diagram of t h e  TF coil 12-pulse power supplies. 
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D R N L - D V J G  31 3374 FtD 
I 

50 MVA 

Fig.  9.1. One-l ine diagmm of  the load con t ro l  centers €or the 
u t i l i t y  l i ne -d r ivcn  power s u p p l i e s  of t h e  EF and '1'17 c o i l s .  



372 

ORNL-DWG 84~3882 FED 

M 4 

POWER RECTIFIER - PRIMARY 
GROUP 1 POWER 

M 2 1  

U U 

Fig. 3 2 .  Power conversion systeni for resistive TF coils. 
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CONTROL CENTER 

(FROM TF COIL) 
SU BSTATl 0 N 
13.8 kV 

CIRCUIT XFMR CI RCUlT 
BREAKERS WITH BREAKERS LOAD 

P1 P2 P3 P4 P5 P6 P7 P8 P 9  P10 P I 1  PI2 

3 in. x 48 in. 
ALUMINUM BUS 
UNDER POWER 

77 I 
1 

1 



O R N L - D W G  83-3505 f E D  

DC5R-5 
r\ 

r- I 

a 

F i g .  94. Power conversion system f o r  h y b r i d  TF c o i l  canfi  gu ra t ion .  
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Table 52.  Typica l  SC TF c o i l  IEC mea~ureiiients 

A. 

Li. 

C. 

I). 

E .  

F .  

G .  

H. 

I. 

N1nml3e.p- o f  
Me asu red parameter measurements 

. . . .- ..- _.._.I__...I 
~ 

Voltages 
4 per c o i l  

@ coil. tap br idge  vo l t ages  12 per  c o i l  
0 c o i l  t e rmina l s  t o  ground 8 per  c o i l  

across t h e  c o i l  

B C  power 4 p e r  converter 
@ low vo l t age  power s u p p l i e s  4 per POW"' SUpPlY 
@ ac power 4 per power supply 
@ coi.1 l eads  8 pe r  c o i l  

Currents  
@ t o  t h e  c o i l  
@ f rom t h e  c o i l  

Q ground faul t  
c o i l  d i f f e r e n t i a l  

eJ t o  LV p""'r supply (DS) 
* fro111 LV power 5llpply 
@ PS d i f f e r e n t i a l  
0 ac power 

Impedance change 
* c o i l  shor ted  t u r n  cletectors  
@ c o i l  r e s i s t a n c e  d e t c c t o r s  
0 dump r e s i s t o r  nioriitor 

Coolant flow 
@ helium flow 
0 a i r  flow 

Coolant l c v e l  
@ heljum level 

Coolant p re s su re  
* helium p res su rc  

Dewar vacuum 
0 vacuuiii gage 
* helium leak  d e t e c t o r  

Temper attire 
0 o u t s i d e  surface of  c o i l  c a w  
0 c o i l  l eads  
0 power supp l i e s  

L inii t s w i t ch e s 
0 RC switches 
0 ac c i r c u i t  b reakers  

dc switches 
@ dc  c i r c u i t  b reake r s  

2 per  c o i l  

2 p e r  c o i l  
2 p e r  c o i l  
2 per  PS 
2 per PS 
2 p e r  PS 
2 p e r  FS 

2 pc r  c o i l  

4 per  c o i l  
4 p e r  c o i l  
TRD by desi.gn 

4 per c o i l  
TBD by design 

4 per  r e s e r v o i r  

4 per  c o i l  

4 per  dewar 
4 p e r  dewa.r 

8 p e r  c o i l  
16 p e r  c o i l  
'TBD by design 

TBD by design 
4 per  breaker  
TBD by desi.gm 
4 per breaker  
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Table 52. (continued) 

Number of 
Measured parameter measurement s 

.................... 

J .  Miscellaneous 
@ smoke d e t e c t o r  TBD by  design 
0 plasma monitor sensors  T B D  by  design 
@ acous t i c  emission 4 pe r  c o i l  
0 magnetic f i e l d  10 pe r  c o i l  
* s t r a i n  10 pe r  c o i l  

................ _II_ .I__lis- 
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Table 53. R e s i s t i v e  TF c o i l  I E C  measurements 
_ .  ~ ~ _ _  

Measured parameter No, of channels 

Water flow t o  TF c o i l  i n l e t  manifold 3 

Water flow from TF c o i l  o u t l e t  manifold 3 

Water temperature  a t  s e c t o r  o u t l e t s  3 

Voltage ac ross  c o i l  t u r n s  and c o i l  cu r ren t  3 
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t h e  maximum r e s i . s t a n c e  of  t h e  dump r e s i s t o r s  an3 t h e  s h o r t e s t  d i s c h a r g e  

t ime c o n s t a n t .  The c o i l  energy i s  assumed t o  be e q u a l l y  d i s t r i b u t e d  

a.mong t h e  f o u r  a s s o c i a t e d  dump r e s i s t o r s .  Each dump r e s i s t o r  i s ,  i n  

t u r n ,  made of  many p a r a l l e l  s t a i n l e s s  s t e e l  c o i l  r e s i s t a n c e  modules t h a t  

a r e  a i r  cooled by i la t~aral .  a i r  convec t ion  similar t o  t h o s e  used i n  t h e  

Large Coil  P r o j e c t  ( L C P ) .  'The r e s i s t o r s  are  v e r y  heavy s i n c e  t h e  energy 

o f  t h e  c o i l  i s  absorbed by r a i s i n g  t h e  tempera ture  o f  t h e  s t a i n l e s s  

s tee l  coi l .  mass approximately 1000'F. For t h i s  r e a s o n ,  t h e  m a t e r i a l  

c o s t  v a r i e s  approximately as t h e  energy t o  be d i s s i p a t e d .  The l e n g t h  of 

t h e  s t a i n l e s s  s t e e l  c o i l s  are  assumed t o  be p r o p o r t i o n a l  t o  t h e  f a b r i c a -  

t i o n  c o s t .  The f a b r i c a t i o n  c o s t  i s  about  two times t h e  materials c o s t .  

The c o s t  a l g o r i t h m  i s  c a l i b r a t e d  a g a i n s t  t h e  p r i c e s  p a i d  f o r  LCP and 

Mir ror  Fusion Test F a c i l i t y  (MFTF-€3) dump r e s i s t o r s .  

To limit t h e  v o l t a g e  between TF c o i l s  and ground, small low-power 

grounding r e s i . s t o r s  are  connected t o  t h e  j u n c t i o n s  between dump resj  s t o r s  

as sliown i n  F i g .  87.  They a r e  cons idered  t o  be a p a r t  o f  t h e  dump 

r e s i s t o r  c o s t .  

To p r o v i d e  adequate  c o i l  p r o t e c t i o n ,  each SC c o i l  i.s connected t o  

c i r c u i t  b r e a k e r s  and dump r e s i s t o r s  l o c a t e d  o u t s i d e  t h e  r e a c t o r  b u i l d i n g .  

'Two busses are  needed t o  connect  each c o i l  t o  t h e  c i r c u i t  b r e a k e r s .  

Smal le r  busses can be used t o  connect  t h e  dump r e s i s t o i - s  t o  t h e  insin 

buss ing ,  s i n c e  t h e y  do n o t  c a r r y  s i g n i f i c a n t  c u r r e n t  except  d u r i n g  a 

r a p i d  d i s c h a r g e .  The dump r e s i s t o r s  a r e  assumed t o  be l o c a t e d  i n  an 

open f i e l d  o r  on t o p  o f  power convers ion  e l e c t r i c a l  b u i l d i n g s  ( F i g .  8 8 ) .  

The a r e a  ireeded f o r  t he  dump r e s i s t o r s  i s  given by DKAREA i n  t h e  code. 

There i s  one c i r c u i t  b r e a k e r  p e r  c o i l  w i t h  a shunt  swi tch  t o  c a r r y  

t h e  cont inuous  c u r r e n t .  A r a p i d  d i s c h a r g e  i s  i n i t i - a t e d  by opening t h e  

shunt  s w i t c h  and t h e n  t h e  c i r c u i t  b r e a k e r .  Los Alamos Nat iona l  Laboratory 

(LANI,) h a s  developed a dc  c o u n t e r p u l s e  ci .rcuit  b r e a k e r  t h a t  w i l l  c a r r y  

t h e  cont inuous  c u r r e n t  wi thout  t h e  shunt  s w i t c h ,  b u t  t h e  cost. o f  t h i s  

c i r c u i t  b r e a k e r  i s  a t  l e a s t  as much as t h e  cominercial c i r c u i t  b r e a k e r  

and shunt  s w i t c h  combination. However, t h e  r e l i a b i l i t y  of t h e  c o u n t e r -  

p u l s e  c j . r c u i t  b r e a k e r  may h e  s i g n i f i c a n t l y  h i g h e r .  



For redundancy, t h e r e  are two power supp l i e s  connected i n  s e r i e s  

w i t h  t h e  SC TF c o i l s ;  h a l f  of the  'E c o i . 1 ~  a r e  loca ted  on each s i d e  of 

the  power suppl i~es. Three v3.r i s t o r s  a r e  connected across  each power 

supply t.o suppress t r a n s i e n t s  t h a t  may be introduced through t h e  power 

1 i n e  . 
Each SC TF c o i l  has ins t rumenta t ion  f o r  c o i l  monitoring and pro- 

t e c t i o n  as i l l u s t r a t e d  i n  Fi.g. 89 f o r  a two-out-of- three p o l l i n g  system. 

Only two measurements a r e  shown i n  t h e  f i g u r e ,  bu t  .in p r a c t i c e  t h e r e  are 

many more, a s  i nd ica t ed  by a t y p i c a l  mea.surement l i s t  i n  Table 52.  The 

c o i l  p r o t e c t i o n  system design w i l l  va ry  depending on t.he type of cool ing  

( p o l  b o i l i n g  v s  forced  flow) and t h e  type  of  superconductor,  as well as 

t,he amount of  copper s t a b i l i z e s  used i n  the  c o i l  wi-ndings. 

a r b i t r a r i l y  assumes 60 channels ,  CI'CkIRN, i s  $1000. A f i x e d  c o s t  of  

$50,000 i s  assigned t o  t h e  c o i l  d i scharge  c o n t r o l l e r s .  These va lues  can 

be updated l a t e r  as more c o s t  i.nformat.ion becomes a v a i l a b l e  from LCP arid 

The c,ode 

MFTF - B . 
The two TF coil .  power supp l i e s  a r e  broken down i n t o  the  modules 

i l l u s t r a t e d  i n  Fi.g. 90, where t h e r e  a r e  four  modules p e r  power supply.  

The code assumes t h a t  each module provides  5 kA, which is somewhat 

a r b i t r a r y .  A f r a c t i o n a l  riurrrber of  modules w i l l  e x i s t  i f  the  c o i l  

cu r ren t  i s  n ~ t  d i v i s i b l e  by f i v e ,  which i s  s a t i s f a c t o r y  f o r  es t imat ing  

power supply c o s t  even though t h e  design will always use an i n t e g r a l  

n1mlser o f  modules 0 

The load c e n t e r  of t h e  TF c o i l  system will probably be shared with 

o the r  480-V equipment such as t h e  motor con t ro l  cen te r  of  Fig.  91,. 

Therefore,  t h e  load c e n t e r  i s  assumed t o  cons i s t  of only one t ransformer 

t h a t  p rovides  480 V t o  t h e  power supp l i e s  and t h e  a s soc ia t ed  c l . r cu i t  

b reakers  shown in Figs .  90 and 91. 

R E S l S ' r I V E  'i'F C O I L  POWER CONVERSION 

Res i s t ive  TF c o i l s  a r e  g e n e r a l l y  designed for  h ighes  c u r r e n t s  than  

siiperconducting c o i l s  t o  reduce t h e  number of  t u r n s  t h a t  make t h e  

f a b r i c a t i o n  and assembly of c o i l  l e s s  expensive.  Typical  c u r r e n t s  range 

from 100 t o  400 k A .  Since t h e s e  c o i l s  a r c  i n  t h e  normal r ec ; i s t i vc  
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s t a t e ,  they need only be p ro tec t ed  aga ins t  loss  of water coolan t .  

Therefore ,  they  may be connected i n  series without being connected t o  

dc c i r c u i t  b reakers  and dump r e s i s t o r s .  

reduced t o  t h a t  needed ' to  connect a s i n g l e  power supply capable of 

providing t h e  l a r g e  continuous cu r ren t  and t h e  s h o r t  in te rconnec t ing  

busses  between c o i l s ,  as  shown i n  F i g .  9 2 .  The code manipulates t h e  

algori thm f o r  superconducting c o i l s  t o  apply a l s o  t o  r e s i s t i v e  c o i l s  by 

s e t t i n g  NSPTFC t o  0 .0  f o r  r e s i s t i v e  c o i l  computation and t o  1 . 0  f o r  

superconducting c o i l  computation. 

The bussing length  is  then 

Power supp l i e s  f o r  t h e  r e s i . s t i v e  'I'F c o i l s  conta in  many medium- 

vo l t age ,  5-kA power modules connected i n  p a r a l l e l ,  as shown i n  F ig .  93. 

'The t o t a l  c o i l  cu r ren t  divided by 5 may g ive  r i .se  t o  noninteger  number 

o f  power modules as explained f o r  SC c o i l  power conversion. 

es t imat ing  purposes t h i s  can be ignored. 

supp l i e s  f o r  TF c o i l s  needed f o r  charging i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

than  t h e  ope ra t ing  vo l t age  ( 4 1  kV) i f  t h e  charge t i m e  i s  10 min OY 

longer .  The induc t ive  charge vol tage  can be more than  t h e  r e s i s t i v e  

charge vol tage  i f  t h e  charge t ime i s  on t h e  o rde r  o f  10 s .  The code 

p r i n t s  out  t h e  peak i-nductive power ( X  power) and t h e  r e s i s t i v e  power 

( R  power). The des igner  may wish t o  design t h e  power modules so t h a t  

t h e  peak X power i s  taken from t h e  energy s to rage  system and t h e  R power 

d i r e c t l y  from t h e  ac power subs t a t ion .  

For cos t  

The vol tage  of t h e  power 

There a r e  many ind iv idua l  p a r a l l e l  water cool ing c i r c u i t s  i n  a TF 

c o i l .  

would be needed. 

t h e  i n l e t  and e x i t  manifolds a r e  measured; un less  a s i g n i f i c a n t  leak  

occurs ,  they  should be equal .  This measurement would not  de t ec t  a 

plugged water passage through a s e c t o r  of  a c o i l  t u rn .  

water d i scharge  thermocouples a r c  loca ted  a t  t h e  e x i t  of t he  passages.  

They a r e  connected t o  a l o c a l  scanner which t r ansmi t s  s e r i a l  d a t a  t o  t h e  

monitoring computer. F o r  redundancy, t h r e e  scanner channels a r e  assumed 

t o  be provided.  Other bulk measurements l i s t e d  i n  'Table 53 inc lude  c o i l  

I f  a l l  of t h e s e  were monitored, a l a r g e  quan t i ty  of instrun1entati.on 

To reduce t h e  ins t rumenta t ion ,  only t h e  water flow t o  

For t h i s  purpose, 
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vo l t age  and cu r ren t  whose quo t i en t  r ep resen t s  a continuous measure of  

c o i l  resistance. If t h e  c o i l  (o r  p a r t  of t h e  c o i l )  i s  undercooled, t h e  

c o i l  r e s i s t a n c e  inc reases .  

be made t o  monitor t h e  r e s i s t a n c e  of  each t u r n .  These would a l s o  be an 

input  t o  t h e  l o c a l  scanners .  

Voltage drops of each t u r n  o f  t h e  c o i l  could 

HYRnTTr 'Ti; C O I L  SYSTEMS 

Hybrid TF c o i l  systems have r e s i s t i v e  inner  TF c o i l s  and ou te r  SC 

TF c o i l s  connected t o  s e p a r a t e  c i r c u i t s .  The superconducting c o i l  

c i r c u i t  a l s o  r e q u i r e s  counter  pu l se  power supp l i e s  as shown i n  F ig .  94 t o  

prevent  d i scharg ing  the  SC c o i l s  when charging t h e  r e s i s t i v e  c o i l s  and 

v i c e  ve r sa .  

blocking r e c t i f i e r s  t o  prevent  excess ive  cu r ren t  flow through t h e  

r e s i s t o r s  when t h e  counterpulse  power supply vo l t age  i s  appl ied .  

t h a t  i n  F ig .  94 t h e  TF c o i l s  are  p a i r e d  o f f  t o  reduce t h e  c o s t  o f  t h e  

c o i l  p r o t e c t i o n  system. 

The dump r e s i s t o r  pa th  around t h e  c o i l s  a l s o  r equ i r e s  

Note 

For t h e  hybrid opt ion ,  it i s  necessary t o  make c a l c u l a t i o n s  €or t h e  

counterpulse  power supp l i e s ,  SC c o i l  power conversion system, and RC 

power conversion system. 

c a l c u l a t i o n s ,  as descr ibed  l a t e r  i n  t h i s  s e c t i o n .  

The code uses two passes  t o  perform t h e s e  

POWER CONVERSION BUILDING FLOOR SPACE AND B U I L D I N G  VOLUME 

The dump r e s i s t o r  area f o r  SC c o i l s  a r e  excluded from t h e  bu i ld ing  

area and volume (Fig.  88)  s i n c e  they  are  t o  be loca ted  i n  open f i e l d s  o r  

on t h e  roof  of a bui ld ing .  For r e s i s t a n c e  c o i l s ,  t h e  l a r g e  r e c t i f i e r  

t ransformers  a r e  assumed t o  be mounted on concre te  pads o u t s i d e  t h e  

bu i ld ing ,  and hence they  a r e  not  included i n  t h e  bu i ld ing  f l o o r  space 

and volume. 

bu i ld ing  f l o o r  a r e a  by G m .  

t h a t  do not  employ overhead cranes .  

conversion equipment can be removed and i n s t a l l e d  wi th  f o r k l i f t  t rucks  

and j acks .  

s u p p l i e s ,  t o  c i r c u i t  b reakers ,  and t o  load con t ro l  c e n t e r s .  The load 

The volume of t h e  bu i ld ing  i s  determined by mul t ip ly ing  t h e  

This  he igh t  i s  t y p i c a l  of many bui ld ings  

The code assumes t h a t  a l l  power 

The f l o o r  a r e a  i s  computed i n  t h r e e  p a r t s  a l l o c a t e d  t o  power 
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con t ro l  c e n t e r  f l o o r  space i s  s i g n i f i c a n t l y  mort: f o r  ~ e s i s t a r i c e  c o i l s  

s i n c e  t h e y  use  medium-voltage r a t h e r  than  low-voltage c i r c u i t  breakers  

and t ransformers .  

CODE PNPUT/OUrPUT UATA 

The 'rF poiJjer conversion code uses  t h e  input  da t a  def ined i n  Tah1.e~ -4  

and 55. The user - input  da.ta are desc:ri.bed i n  'l'able 54, which l i s t s  the 

1urtemonic9 t h e  p r i n c i p a l  iisc o f  the data., t h e  expected range,  and t h e  

mnemonic desc r ip t ion .  If t h e  d a t a  a re  r e l a t e d  t o  t h e  TF c o i l s  o r  the 

program i n  general, i t  i s  ass igned t o  one o f  t h r e e  u s e  ca tegor i e s :  

SC, R ,  o r  SC/R ,  depending on whether .tile d a t a  are used f o r  SC c o i l s ,  

r e s i s t i v e  c o i l s ,  o r  both.  Other d a t a  a r e  r e l a t e d  'to buss ,  load center ,  

power supply,  dump r e s i s to r  circi1i.t b reakm 3r v a r i s t m  c a l c u l a t i o n s  

corresponding t o  BUS, E C ,  PS, D R ,  BKR 3r V A I ~  i n  eolumn tlnro o f  Table 54 .  

Table 55 l i s t s  input  d a t a  from t h e  T7 coi.1. systeiii c0d.e o u t p u t  da ta  f i l e  

arranged i n  t h e  same foriilat as Table 54. 

Table 56 1i .s ts  t y p i c a l  input_ da t a  f o r  three cases t h a t  were run on 

t h e  TF power conversion code, The f i r s t  case re fers  t o  t h e  a l l - r e s i s t % v e  

TF coi.1 design o f  FED-R;  t h e  secoiid case refers  t o  TFCX-S t h a t  uses  only 

SC TF co i . l s ;  and t h e  t h i r d  case  r e f e r s  t o  TFCX-H, a hybrid design t h a t  

has both Si: and r e s i s t i . v e  TF c o i l s .  'rhe f i r s t  e l e v e n  entr i .es  i n  Table 56 

a r e  l i s t e d  f irst  s i n c e  they a r e  the  most f r equen t ly  changed d a m ,  Other 

d a t a  i n  t h e  f o u r t h  block of  Tab1.e 56  a r c  I I S C I "  da ta  t h a t  a r e  r a r e l y  

changed. The output  d a t a  f o r  t hese  t h e e  cases a r e  giu-en i n  Tables  57 

through G O .  

i n  p a i r s  as i l l u s t r a t e d  i n  F igs .  94 and 95 t o  reduce t h e  c o i l  protection 

equipiiient, 

ET1:RM.J and ETFSMI a r e  f o r  two co i .1~ .  

o f  two of .the r e s i s t i v e  c o i l s  f o r  TFCX-H. 

TFCX-Ii  and TFCX-S each have 16  co i - l s ,  but they a r e  grouped 

Therefore,  'l'able S 6  e n t r i e s  f o r  NTFC = 8 and t h e  energ ies  

Likewise KTFCLS, i s  t h e  r e s i s t a n c e  

The code mnemonics i n  most ca.ses p r o v i d e  a clue to t h e  data  repre-- 

sen ted .  I t  r e f e r s  t o  t he  TF c o i l s ;  PRT r e f e r s  t o  p r i n t .  Hence, TFPRT 

governs t h e  p ~ r i n t i n g  of  output  d a t a ,  N u sua l ly  r e f e r s  t o  a nondi.mensioria1 
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Table 54. User- input  d a t a  d e s c r i p t i o n  
~ .__..--I I_._ 

[:ode Code Expected 
~iinemoriic use range Mriemon i c d e s c r i p t i o n  

>ri* PRI' 

NT1:C 

KCOUP 

I'CtlKIIK 

TCI-ISHR 

VTFSKV 

DJMKA 

BUS L I M  

RTFPS 

RLCPKG 

C P K W l  

Cl'KW2 

CPPYlVA 

c. PM 5 

CPSV 

CFCHRN 

FSCP1 

FSCP2 

FSCP3 

S C / R  

SC/R  

SC/R 

R 

SC 

SC 

RllS 

BUS 

S C / R  

BUS 

1, C 

PS 

B KK 

DR 

VAR 

S C / R  

SCIK 

SC 

SC/H 

0.0 
1 . 0  

8 
16 

0 . 5  
0.8 

0 * 002 
4 . 0  

1 . 0  
5 .0  

1 .0  
5 .0  

0.05 
0.15 

50 
300 

1.00 
1.20 

15 
25 

60 
120 

200 
400 

0.003 
0.006 

3E-5 
6E- 5 

0.006 
0.010 

1000 
2000 

0 .10  
0 .25  

0.60 
1.00 

0.30 
0 .50  

P r i n t  summary output  only.  
P r i n t  d e t a i l  and summary data .  

No. of  TF c o i l s  i n  a l a r g e  tokaiiiak 
No. of ?'F c o i l s  i n  a. small tokamak 

Low va lue  of rriagnetj~c coupling 
High va lue  of  magnetic coupl ing 

Ramp t i m e  t o  change o r  d ischarge  RC TI: 

Ramp time t o  change o r  di.sch.asge SC TF 

M a x i m u m  TF c o i l  vo l t age  dur ing  fas t  

coi  I .s ,  hours 

c o i l s ,  hours 

d ischarge ,  kV 

Design cu r ren t  d e n s i t y  for t h e  TF coi.1. 
air-cool ed bussing,  kA/cm2 

Buss length  pe r  SC TI: c o i l ,  m 

Mult iplying f a c t o r  f o r  obta in ing  the 

Cost of  assembled aluminum buss  per  

Cost c o e f f i c i e n t  f o r  I'F c o i l  load 

power supply r a t i n g  

kilogram, $/kg 

c e n t e r ,  $/kWo - 

supp l i e s ,  $/kWo 0 * 
$ million/MVA 

( D R ) ,  $ rnillion/blJ 

$ million/kv0-8 

Cost c o c f f i c i e n t  f o r  'TF c o i l  powes 

Cost c o e f f i c i e n t  f o r  dc c i r c u i t  b reake r s ,  

Cost c o e f f i c i e n t  f o r  dump r e s i s t o r s  

Cost of  t r a n s i e n t  suppression v a r i s t o r s ,  

Cost of one instniment channel,  $ 

Floor  a r e a  c o e f f i c i e n t  f o r  power 

Floor area coefficient €or de circuit 

s u p p l i e s ,  m2/kVo - 
breakers, rn2/kWo - 6 7  

c e n t e r s ,  in2/kWo- E 7  
Floor  area coefficient f o r  load 
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Table  55. Input  d a t a  from o t h e r  systems codes 
- - 

Code Code Expected 
mnemonic u s  e range  Mnemonic d e s c r i p t i o n  

NTFC SC/R 8 
16 

ETFRMJ R 10 
1000 

RTFC LS R 0 .0001 
0.0025 

ITFRKA R 50 
400 

ETFSMI sc 200 
2000 

I-rFsm sc 5 
30 

No. of ‘I’F c o i l s  o r  ‘IT c o i l  groups 

S t o r e d  energy p e r  TF c o i l  o r  ‘1’1: c o i l  

R e s i s t a n c e  of  a TF c o i l  o r  a TF c o i l  

group,  MJ 

group, Q 

Current  th rough .the r e s i s t i v e  TI: 

S t o r e d  energy per  SC TF c o i l  o r  TF c o i l  

Curren t  th rough t h e  SC TF c o i l s ,  kA 

c o i l s ,  kA 

group, M J  



Table 56. Input  d a t a  f o r  R ,  SC, and combined R and SC 
c o i l  power conversion systems 

TFPRT=1.8, 
NTFC=12.B, 
KCOUP=I11.65 
ETFRMJ=467 . E ,  
RTFCLS=0.OBOS75. 
ITFRKA=368.0, 
TCHEHR=0.16667 
ETFSMJ=B.B, 
ITFSKA= lL f .Q ,  
TCHSHR=4.!J, 
V T F S K V = l . B f l  
DJMKA=g. 1.U, 
B U S L l M = 2 k T 0 0 . ~ .  
RTFPS=1.05, 
ALCPKG=18 .B  
C P  KW 1 =3H.8, 
CPKWZ=4lZfB.8, 
c pr-wA=B. ~ f l 4 . 0 .  
CPMJ=4kY,BE-6, 
CPKV=B.0875. 
CPCHAN=lBBB. 
FSPCl=kY.13, 
FSPC2=0.80. 
FSPC3=0.40 

Output d a t a  i n  
Table  57 

TFPRTE1.0. 
NTFC=B . O ,  
KCOUP=IJ.65 
ETFt?MJ=O.f l ,  
RT F C L S =B . DBfl2 5 6 , 
ITFt?KA=156. J7, 
TCHRHR=Ef..Cf.@556 
ETFSMJ=8B& .,@, 
ITFSKA=28.8, 
TCHSHR-4.J7, 
VTFSKV=l . F O  
DJMKA=O.lfl, 
BUSL lM=2fl.0.8, 
RTFPS=l .Rj. 
A L C ? K 6 = 1 9 . ! 3  
C P KW 1 = 991. fit 
c P KWZ = 4.R.a. Ci , 
C? t4VA=53 .me/. 0 ,  
C P MJ = 48. M E  - 6 ,  
C?KV=B..gg75. 
CPCHAN= lRE?fl. 
F S P C i = B . 1 3 .  
FSPC~=M.~LT. 
FSPC3=C. 4 2  

Output d a t a  i n  
Table 58 

TFPRT-1.O. 
NTFC=B.lJ, 
KCl?U?=B 65 
ETFRMJ-18.75, 
RTFCLS=fl..UPfl256, 
I TFR K A =  1 5M. B , 
TC HR HR = B  . @'%5 5 6 
E T F S M J = 4 2.E. M , 
ITFSKA=lB.B, 
TCHSHR=4.8, 
VT F S K V  = 1 . L7.B 

BUSL lM=ZR(0.0, 
RTFPSz1.05, 
ALCP KG = 18. D 
CP!;WI =7f12;.B, 
CP KW2 = 4*70 * n. 
CPMVA=H.B848, 
C P MJ i: 42l .  0 E  - 6 ,  
CPKV=.U.Bf f iS ,  
C P C_ HAM = 1 0,U.B. 
FSPCl=B.t3, 
FSPC 2=8.80 ,  
FSPC3-8.48 

DJMKA=.U. 10, 

Output d a t a  i n  
Tables 59 and 60 
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Table 57 .  T F  R c o i l  power conversi-on o u t p u t  

G 
7 
R 
3 

10 
1 1  
1 2  
1 3  
1 4  
15  
16 
1 7  
1 8  
19 
2L7 
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 6  
2 9  
3 d  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4r3r 
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  

4 9  
5 8  

4 8  

5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 5  
6cI 
G I  

1 R E S I S T A N C E  C O I L  P . S .  DATA 

E T T F M J , S T O R E D  Elr lEPGY OF TF C O I L S ?  N3 
I T F K A ,  T F  C O I L  CURXENT- ,#A  
N T f C ,  NUI4CER O f  T f  C O I L S  
V I 'FSKV,  M A X .  V O L f A G E  A C R O S S  C O I I .  S E C , K V  
I C i i G H R ,  T F  C O I L  CHARGE T I M E ,  HOURS 

T O T A L  I N D U C T A N C E  OF TF C O I L S ,  H E N R I E S  

I K 2 l J C T A N C E  PER C O I L  S E C T I O N ,  H E N R I E S  
'I-U'I-AL. R E O I J I R E D  C H A R G I N G  V O L T A G E ,  V O L T S  
NU!,IRER OF DC C I R C i l I ' f  B R E A K i R S  
C O S T  OF DC C I R C U I K  BREAKER:;. S M I L L I C N  

NUf.SEER OF CUMP R E S I S T O R S  
R E S I S T A N C E  GF A D U l l F  R E S I S T O R  ,OHMS 

T O T A L  R E S I S T A N C E  OF I F  C O I L S ,  OHMS 

PCr tK  POWER T O  A D U l l P  R E S I S T O R ,  MW 
E r : i R w  TO A D U M P  RlrTs-;Isrm, MJ 
L / K  T I M E  CONS'I 'AHT OF T F  COTLS,SECONDS 
COSP OF DUFlP R E S I S l O R S ,  S M I L L I O N  

NUF-IBER OF FOWER MQDIJLES 
POWER M O D U L E  VOLTAGE, V O L T S  
Pli'i!ER MODULE C U R R E N T ,  K A  
PCMER M O D U L E  R A T E D  O U T P U T .  KW 
AC POWER FOR C H A R G I N G  T F  C O I L S ,  K W  
R P @ W E R , ' I F  C O I L  R E S I S T . l V E  POWER,  bl'd 
X P P J E P  , I F  CO!L  I N r J / I C T I V E  POWER,  MW 
COS1- OF T F  S U ? P L I t S ,  S I 4 I L L I O N  

A L  BUS D E S I G N  C U R R E N T  DENSITY, K A / S Q . C M  
A t .U IY INUM Z U S  S E C I - I O N  A R E A ,  SO. CM 

T O T A L  L E N G T H  OF T F  B I J S S I N G ,  M E T E R S  
T O T A L  R E S I S T A N C E  OF TF B U S S I N G ,  OHMS 
V O L T A G E  DROP A C R O S S  T F  B U S S I N G ,  V O L T S  
C O S T  OF TF B U S S I N G ,  S M I L L I O N  

C O S T  OF T F  L O A D  C O Y T R B L  C T R .  $ M I L L I O N  
C O S T  O F  CONTROL & I N S T R .  s l 4 I L L I O N  
C T F P C M ,  T O T A L  COST OF T F  P O W E R  CONV.  $PI 

D R A R E A ,  DUMP R E S I S T O R  A R E A  ON ROOF ,SQ.M 
T F C F S P ,  T F  POWER CcJNV FLOOR S P A C E ,  5Q.M 
T F L P ; V ,  T F  POWER CONV B L D G  VOLUME,  CU.M 

A V E R A G E  L E b d G n i  OF BUS R U N ,  METERS 

T F  C O I L  POWER CDNV.  SUMMARY 

T O T A L  T F  C O I L  POCdER CONV.  C O S T , S M I C L I O N  
T O T A L  T F  COIL M G F  ENERGY DE i * IAND.MJ  
T O T A L  T F  C O I L  MGF P E A K  XPOWER DEPlAND,M?J 
T U l - A l .  'PF C O I L  AC RPOUER F L T P  D E M A N D ,  ML/ 
T O T A L  T F  C O I L  PUR CONV.  F L O O R  S P A C E , S O . N  
T O T A L  T F  C O I L  PVR C O N V . B L D G .  V O L U M E , C U . M  

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

2 2 . 3 7  
7 x 0 5 .  
2 3 . 3 5  
3 4 3 . ; 1  
28132. 

8 . 1 7 2 ? E + 8 5  
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Table 58, TF SC c o i l  power corrversion output  

2 
3 1  

9 
18 
1 1  
12 
13 
1 4  
15 
16  
17  
18 
19 
2 0  
2 1  
2 2  
23 
24 
2 5  
2 6  
27 
2 8  
2 9  
3 3 
3 1  
32 
3 3  
3 4  
3 5  
36 
3 7 

3 9  
4 8  
4 1  
4 2  
4 3  
4 4  
45 
46 
4 7  
48 
4 9  
5 $1 
5 1  
52 
53 
54 
5 5  
5G 
5 7  
5 8  
5 y 
6M 
G I  

3 a  

NLIMSER OF DiJ i lP  RESISTORS 3 2  .ac 
RESISTANCE OF A DUMP RESIS'TOR.,OHMS 3 . 5 7 1 4 E - 6 2  

1 1 . 2 f l  
3 5 . 8 4  
S .  Z 5 L l  
2kf3.r: 
2 2 6 4 .  

TF COIL POWER CONV. 5UMHARV 

TOTAL - rF COIL POWER C O W .  COST~SMILLION 3 . 9 9 7  
T O T A L  T F  COIL M(3F ENERGY DEMAND ,MJ B . DATA3 ii 
T O T A L  TF C O I L  PIGF 1'EAK XPOWEK DEI*lAND,MW 1 . 1 2 2  
T O T A L  PF C O I L  AC Pt'OWER F L T f  DCMAND, M V  1.4G/ 
9 G I A L  SF C O I L  PWR C 3 N Y .  FLOOR SPACE,SQ.M 1 4 8 . 4  
TOTAL IF corL PUR C D ~ ~ V . B L D C .  VOLUME,CU.M n3a.a 
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Table 59. F i r s t  p a r t  o f  S C / R  power conversion output  
. . . . .. .... 

~ ........._.. 

L 

3 
4 
5 
6 
7 
8 
9 

10 
1 1  
1 2  
1 3  
1 4  
15 
1 6  
1 7  
18  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
7 6 
2 7  
2 8  
2 9  
3 0  
3 1  
J L 

3 3  
3 4  
3 5  
3 6  
3 7  
3 0  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
51J 
5 1  
5 ?  
5 3  
5 4  
5 5  
5 6  
5 7  
5 B 
5 9  
b yr 
6 1  
6 2  
G3 
6 4  

-9 

C O U N T t K  P U L S E  P . S .  DkT.", 

1 S U P E R C O N D U C T I N G  COTI .  P . S .  D A T A  

C T G r  OF DC C I R C U I T -  B R E A K E R S ,  $ i - I I L L I Q N  

NLi'.!?,ER OF DUidP R E S  I S T O R S  
R E S I S T A N C E  OF A DU:lP  R E S I S T C R , Q H M S  
PE/';K POWER TO A DU:IP R E S I S T O ! ? ,  MW 
E I i L R G Y  T O  A D U I i P  E E S I S l O R ,  M J  

CClST O F  DV: I?  R.ESISTi)RS, $I.! iLL I0f4 
1 5 I ~ A N T  OF T F  C O I L S  , Z E C O & D S  

NU:.IZER O F  P O W E R  M O D U L E S  
PO','EK M O D U L E  VUI.TA';E, V O L T S  

PO':<CR I 4 O D U L E  F:A:ED O U T P U T .  K W  
POLTR M O D ~ I . E  (:I;RRLAT. K A  

A C  POWER FVI: C i ! A F ! C : t ( G  TF C i r I L S ,  KW 
W E R , T F  C O I L  R E r . : S T I V E  P C i W C K ,  MW 

T OF T F  S U F P L I F S ,  S : i * I I L L I G 1 1  
WEK.T 'F  COIL INII~JT:TIVE F P W E R ,  MW 

A L  BUS DES!<N C U R R E N T  D E N S I T Y ,  K A / S Q . C M  
A L V M I N U 1 4  E L I 5  S t C T I c ' N  A K E A .  SO.  CM 
AVEP,AGE LE:.II;TIi OF !ZIJS R U N ,  t1 tTEP.S  
T O T A L  LEi'iCTH OF T F  B U S Y I N G ,  M E  r E R S  

V13l. 'TAGr D R O P  ACKOL? T F  EUZ'> I l i G ,  VC'.  1s 
C O S T  OF Ti- C U S S I N G ,  S M I L L I C I l r l  

C O 5 T  CiF T F  1LOAD C O Y T R O L  C T R .  SMILCION 

C'TFFCI-1, TGI 'AL C O S T  O F  T F  F'OWEK C O N V .  $M 

TOTAL. r! ES I s-rb.NcE 0: TF B U S ?  I r:6 , otixs 

C O S T  O F  C C I X I K O L  R I N S T K .  & : . < I L L I O N  

D R A P E A ,  outyip P . E s I s r O x  A R E A  ON ROOF .sa.pd 
T T C F S P ,  TT POL!tK Cc V F L O W  S P A C E .  5 Q . M  
TFCEIV .  T F  POL/L:R CI V B L D G  VOL.UI4E. C U . M  
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6 8  
6 9  
i'w 
7 1  
7 2  
7 3  
7 4  
7 5  
7 6  
7 7  

79 
80 
81 
M 2 
8 3  
8 4 
85 
SG 

R B  
E9 
YW 
9 1  
9 2  
93  
9 4  
9 5  
96 
9 7  

9 9  
1 fl0 
1Hl 
1 8 2  
1 w 3  
184 
1 rS5 
1 f l 6  
1M7 
1 krs 
1fi9 
1 1 0  
1 1 1  
1 1 2  
113 
1 1 4  
115 
116 
117 
118 
1 1 9  
120 
121 
122 
123 
124 
1 2 5  
1 2 6  
1 2 7  
1 2 8  

7 a  

e 7  

9 a  

1 R E S I S T A N C E  C O I L  P . 5 .  DATA 

ETTFMJ,STORED ENERGY OF TF COILS, MJ 
I T F K A .  1'F C O I L  CUKFENT,KA 
NTFC.  NUf*lRER OF TT'COI1.S 
V T F S K V ,  MAS.  VOLTAGE ACROSS C O I L  SEC,KV 
TCIIGNK, TF C O I L  CHARGE T I M E ,  HOURS 

T O i - A L  INDUCTANCE OF T F  C O I L S ,  HENRIES 

I I i 3 U C T A N C E  I'ER C O I L  SECTIO: I ,  H E N R I E S  

N!JI:CER OF OC C I R C U I T  2l7,EUYERS 
COST OF DC C I K C U I T  BREAKERS, $ I - I I L L I O N  

T O - I A L  R.ESISTAHCE Oi' TF C O I L S .  OHHS 

T O T A L  R E C I U I R E D  C H A R G I N G  V O L T A G E ,  VOLTS 

NU:<CFR OF DUMP R E S I S T O R S  
R E ' > I S T A N C €  OF A DU!.IP R E S I S T O R  .OHMS 
P E A K  POLlER TO A DUi,:P R E S I S - r O R ,  M W  
EiaTTRGV TO A DUi4P RESISTOR, MJ 

NS'IANT OF T F  C O I L S  ,SECONRS 
P R i. S I S .TORS , 0Pl X L L I OF4 

NU3EER OF POWER MOOULES 
PG',:tR MODU1.E V i r L T A G E  VOLTS 
POYER MODULE CURRENT, KA 

AC FOWCR FOX CIfAR.GiNG T F  C O I L S ,  KW 
RPGWER,TF C O I L  R E S I S T I V E  POWER. MW 
XPQWER,TF C O I L  INDI. !CTIVE POWER, I I W  
COST OF T F  S U P P L I E S ,  $ I . I I L L I O N  

A L  BUS DESJGN CURRENT DENSITV, K A / S Q . C M  
A L I ~ M I K U M  BUS S E C T I O N  A R E A ,  SQ.  CM 
AVERAGE LEi'rGTH OF BUS R U N ,  METERS 
T O l A L  LENGTH OF T F  B U S S I N G ,  M E T E R S  
T O T A L  f<ESiST'ANCE OF T F  EUSSING, O h i G  

COST OF T F  BUSSINC, $ M I L L I O N  

COST OF T F  LOAD COfITROL C I R .  $ M I L L I O N  
C O 5 T  OF CONTROL K I r l S T K .  E.: . : ILLION 
C T F P C M ,  T O r A L  COST OF T F  F O W E R  CON\/ .  $M 

S'FCFSP, TF POWER SSNV FLOOR S F K E ,  5Q.M 
T F C B V ,  TF IJOUTR c o w  O L D G  VOLUPIE, CU.M 

PO$,IE,R M O D I ~ L  E rt,j-rEo OUTPUT,  KW 

V o i - r x E :  DR:)P ACROSS TF BUSSING, VOLTS 

DRhREA, DL;MP R E S I W O R  AREA ON ROOF , S Q . M  

T F  C O I L  POWER CONY.. SUMMARY 

TOTAL T F  C O I L  POWER COWV. C O S T , $ M I L L I O N  
T O T A L  T F  C O I L  i'/!GF E N E R G Y  DEPIAND.WJ 
T O T A L  TF C C l I L  16GF I 'EkK XPO'JER DEt4AN0,M'd 
T O T A L  TF C O I L  A C  R , - O I I E R  FL'i 'P DK:I4AE;D, W,J 
T O T A L  I F  C O I L  1"dR f c i : iV .  FLOOR SPC1CE.SQ.M 
T O T A L  T F  C O I L  PWR CORV.RL9C.  VOLUbIL-,CU.M 
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O R N L  - D W G  8 3 - 3 6 0 3  

DCSW-1 DCSW-2 

1_ - 

DCBR-5 

l,,,i----POWERp I 
SUPPLY 2 

D C S W - 3  DCSW-4 I .............. I 

FED 

F i g .  95. Power conversion system f o r  'I'F c o i l  c o n f i g u r a t i o n  wi th  
c o i l s  grouped i n  p a i r s .  
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I1Ufiber, E f o r  energy, K f o r  r e s i s t a n c e  OT r e s i s t i v e ,  and X f o r  i nduc t ive ,  

The l a s t  two alphanumeric c h a r a c t e r s  of ten d e f i n e  the unit. measure: 

i * e s 9  M.I f o r  megajoules, kA f o r  kiloamps, kV f o r  k i l o v o l t s ,  e t c ,  For 

example, ETFRMJ r e f e r s  t o  t h e  energy o f  a TF co.i.1 that i s  r e s i s t i v e  wi.th 

u n i t s  of energy give11 i n  megajoules.  Likewise, ETFSMJ - refers to t h e  

same d a t a  f o r  a superconducting c o i l .  

c o i l s .  

- 

NTFC refers t o  the  riumber of  TF 

S e t t i n g  t h e  First mnemonic i n  T a b l e  54, TFPRT, equal t o  0.0 t e l l s  

t h e  code t o  p r i n t  out. only  t h e  summary output  data, while  s a l t i n g  it t o  

1 . 0  t e l l s  the  code t o  p r i n t  ou t  both t h e  detai .1 and summary- output  d a t a  

as shown i n  Tables  57 through 60. The code execut ion depends on the  

energy p e r  c o i l  da.ta., whose mnemani.cs a r e  ETFMJ f o r  r e s i s t i v e  co i l s  and 

ETFSMJ f o r  superconducting c o i l s .  I f  on ly  resj..stiue co i l s  are  used, se t  

E'TFRMJ t o  t h e  design va lue ,  bu t  s e t  ETFSPLJ = 0.0. The code then  ignores  

t h e  d a t a  f o r  SC c o i l s  and computes t h e  output  d a t a  based 0x1 the r e s i s t i v e  

c o i l  input  d a t a .  Likewise, i f  E?'FLIP.I;I is s e t  equal t o  0.0 and ETFSMJ 

t o  t h e  design va lue ,  the  code i g ~ i o r e s  the r e s i s t i v e  c o i l  &ita and 

compiites t h e  output  d a t a  based on t h e  supercondii.cting co i l .  input d a t a .  

If both ETFRMJ aiid ETFSFIJ are  s e t  t o  design values, t h e  code 

assumes a hybr id  TF c o i l  system consisting of  equal number of r e s i s t i v e  

and superconducting TF c o i l s  given i n  NTFC ~ 

c o i l s  are opera ted  i n  s teady  s t a t e  while  t . 1 ~  r e s i s t i v e  c o i l s  are pulsed,  

it is  necessary t o  provide  one o r  more counter -pulse  power supplies 

connected t o  t h e  SC c o i l s  s o  t h a t  they do n o t  d i scharge  apprec iab ly  when 

t h e  r e s i s t i v e  TF coi.1.s are  charged o r  discharged.  

power supply output  d a t a  are given s e p a r a t e l y  at. the top  o f  t h e  output  

data shown i n  Table 59. 

superconducting c o i l s  i s  needed t o  compute t h e  r equ i r ed  counter-pulse  

vol tage .  For loose ly  coupled c o i l s ,  KCOUP m y  be 0.6, whereas f o r  more 

t i g h t l y  coupled co i l - s ,  KCOUP may be 0 .8 .  

c a l c u l a t e d  from t h e  inductance mat r ix  of  t h e  superconducting 'TF c o i l s  

connected i n  series and t h e  r e s i s t i v e  TF c o i l s  connected i n  ser ies ,  A 
s i n g l e  c o i l  p a i r  may a l s o  be  used as  it good itI>I)roximation, tllat is: 

I f  t h e  superconducting 

The counter-pulse  

The c o e f f i c i e n t  of  coupl ing,  KCOUP, between t h e  

The value o f  KCOUP may be 
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KCOUP = MUTL/(LRC 'Ic LSC) **0.5 , 

where M i s  t h e  mutual inductance  between t h e  c o i l s  and LRC and LSC a r e  

t h e  s c l f - i n d u c t a n c e s  o f  t h e  r e s i s t i v e  c o i l  and superconduct ing  c o i l ,  

r e s p e c t i v e l y  . 

P R I N C  I PAL EQllAT I ONS 

The 'I'F power convers ion  code makes one p a s s  u s i n g  t h e  e q u a t i o n s  

below when t h e  '1'F c o i l s  a re  a l l - S C  o r  a l l - r e s i s t i v e .  I f  t h e  TF c o i l s  

a r c  a l l - s u p e r c o n d u c t i n g ,  t h e  index  o p e r a t o r ,  NSPTEC, e q u a l s  1 .0 .  I f  t h e  

TF c o i l s  a r e  a l l - r e s i s t i v e ,  t h e  index v p e r a t o r  i s  s e t  equal  t o  0 .0  

d u r i n g  t h c  i n i t i a l i z i n g  phase o f  t h e  o p e r a t i o n .  The code makes two 

passes u s i n g  t h e  e q u a t i o n s  below f o r  h y b r i d  TF c o i l  systems.  

i a l i z a t i o n  f o r  t h e  f i r s t  pass u s e s  t h e  SC c o i l  i n p u t  d a t a  and i n i t i a l i z i n g  

f o r  t h e  second pass decrements  NSPTFC so t h a t  it i s  zero and u s e s  t h e  

r e s i s t i v e  c o i l  i n p u t  d a t a .  The h y b r i d  c o i l  c a s e  p r i n t s  two o u t p u t  

t a b l e s  shown i n  Tables  59 and 60 .  The f i r s t  t a b l e  i s  f o r  t h e  SC c o i l  

power convers ion  systems arid t h e  second t a b l e  i s  f o r  t h e  r e s i s t i v e  c o i l  

power convers ion  system and t h e  summary. 

t o  p r o v i d e  t h e  summary d a t a  shown a t  t h e  bottom of Table  60. 

p u l s e  power supply  and the i n d u c t i v e  p a r t  o f  t h e  r e s i s t i v e  c o i l  power 

convers ion  system may be connected t o  t h e  MGF energy s t o r a g e  system. 

This  energy i s  g iven  by t h e  v a r i a b l e ,  ETFMGF, which i s  inc luded  i n  t h e  

surrimary t a b l e .  The summary t a b l e  a l s o  i n c l u d e s  t h e  p u l s e d  r e s i s t i v e  

power t h a t  may be t a k e n  d i r e c t l y  froin t h e  ac power s u b s t a t i o n .  

fo l lowing  e q u a t i o n s  arc  used i n  code TFCON. 

The i n i t -  

Key o u t p u t  d a t a  a r e  combined 

The counter -  

Thc 

T o t a l  inductance  of  t h e  r e s j s t i v e  'TF c o i l s ,  LRC,  H 

LRC = 2 (E'I"1'FR*106)/(ITFRKA*103)2 , H 

ETTFR = total r e s i s t i v e  TF c o i l  energy,  MJ , 

ITFRKA = r e s i s t i v e  'IF c o i l  d e s i g n  c u r r e n t ,  kA . 

T o t a l  i n d u c t a n c e  of  t h e  superconducti-ng TF c o i l s ,  LSC, I 1  

LSC = 2 (E'TTFSC*106)/(ITFSKA*103)2, FI , 
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ETTFSC = t o t a l  SC TF c o i l  energy, M J  , 

ITFSKA = SC TF c o i l  des ign  c u r r e n t ,  kA. 

Tota l  mutual inductance o f  RC and SC TF c o i l s ,  MUTL, 11: 

MUTL = KCOUP J(LRC) (LSC) , 
KCOIJP = mutual coupl ing between RC and SC TF c o i l s  from t h e  

u s e r ' s  t a b l e  = input  item % 0.65 ( t y p i c a l ) .  

Required counter -pulse  power supply vo l t age ,  TFCPKV, kV: 

TFCPKV = MUTL (ITFKKA)/(3600 TCHRHR) , 
TCHRHR = charge time o f  r e s i s t i v e  TF c o i l s ,  h .  

Required counter -pulse  power, TFCPKW, kW: 

TFCPKW = 1000 (RTFPS) (TFCPKV) (I'TRSKA) , 
RTFPS = r a t i n g  f a c t o r  f o r  power supply from user's t a b l e  = 

1.05,  

Cost o f  counter -pulse  power supp l i e s ,  CCPPSM, $ m i l l i o n :  

CCPPSM = 2 0  (TFCPKW) . 

Counter-pulse power supply f l o o r  space,  TFCPSP, m 2 :  

TFCPSP = FSCPl (TFCPKW)o'67 + FSCP3 (TFCPKW/13.8)0'67, 

FSCPl and FSCP3 are  f l o o r  space c o e f f i c i e n t s  from t h e  u s e r ' s  

t a b l e  = 0.13 and 0.40,  r e spec t ive ly .  

I n i t i a l i z e  equat ions  f o r  cumulative r e a c t i v e  power, XDWRMW, f l o o r  

space,  TFTSP, and c o s t ,  CTFPCT: 

XPWKMW = TFCPMW/0.8 , 

TFTSP = TFCPSP , 

CTFPCT = CCPPSM . 
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I n i t i a l i z e  equations f o r  SC TF c o i l  c a l c u l a t i o n  pass :  

50 energy,  ET'l'FMJ = ET'TbSC , 

Tndoctaizce, LTF'I'H = LSC , 

Ti i r ren t ,  ITFPKA = TTFSK.4 , 

Charge t ime,  ICHGHR -- I'CHSf-IR . 

I n i t i a l i z e  equa'cion4 f o r  RC TF c o i l  c a l c u l a t i o n  pass:  

185 energy,  ETTFMJ = ETTFR , 

Inductance,  LTF'I'H = LRC , 

Current :  ITFPKA = ITFKKA , 

Index c o u n t ,  NSPl'FC = NSP'l'FC - 1 . 0  , 

Change time, TCIIGIIR = TCHRHR . 

Number of  c i r c u i t  b r e a k e r s ,  NTFBKR, and t h e  inductaiice per  c o i l  

group LP rFCS : 

LPTFCS = L'l'FTH/NTFC , 

NTFC =: t h e  number of c o i l  groups.  

'l'F c o i l  alumiriurn buss r e s i s t a n e e  and v o l t a g e  drop c a l c u l a t i o n s :  

~ U S S  a r e a ,  ALBIJSA = ITFPKLZ (DJMKA), cm2 , 
Buss lengLIi, 'IFRIISJ, :: [ 1 . 2 ( 1 . 0  - NSPTFC) + NTFBKK](BUSLlM), in , 

R e s i s t a n c e ,  KTFBBJS = 2 . 6 2 E  - 4 .  (TFBUSL)/ALBUSA, R , 

Vol tage  drop ,  VTFBUS = 1000 (ITFPKA) (RTFBUS), 1' . 
D J M K A  and BUSLIM a re  t h e  c u r r e n t  d e n s i t y  OF bussing an3 buss l e n g t h  

p e r  c o i l  group t a k e n  from ths u s e r  t a b l e  = 0.10 IC4/SQ cifl and 

200 m, r c s p e c t i v e l y .  
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NSPTFC = 1 .0  f o r  SC TF c o i l s  = 0.0 f o r  RC 'l'F c o i l s .  

Res is tance  o f  RC TF c o i l s ,  RCC)II,S, $2; 

RCOILS = NTFC ( R r F c s )  [I .o + NSPTFC] , 
RrI'FCLS i s  t h e  r e s i s t a n c e  o f  a TF c o i l  group. 

Charge impedance expression arid t h e  requi red  c o i l  charging vol tage :  

ZTOTAL = KTFSUS -+ RCQILS t. LTFTI-1/(3600 * TCHGI-IR) , 
TFCV = 1000 TTFPKA (ZTOTALj . 

Power supply c a l c u l a t i o n s  : 

Number o f  r n o d u l w ,  NTPPM (NSPTFC) (ITFPL!) -+ TTFPKA)/5.0 , 
l 'ol tage o f  module, TFPMV =. RTFPS(TFCV)/(l .O + NSPTFC) , 

Current  of module, TFPMKA = RTFPS(ITFPKA)/ [NTFPNI (1 .0 + NSPTFC)] 

Power o f  module, TFPMKW = TFPMV(TFPMKA1) , 
Tota l  peak power, TFCKW 2 TFPMKW(NTFPM) , 

KTFPS i s  a power supply r a t i n g  factor from t h e  u s e r  t a b l e  = 1.05,  

NSPTFC = 1 . 0  f o r  SC TF c o i l s  and 0.0 Tor RC TI: co i l s ,  

, 

Dump r e s i s t o r  (DR] c a l c u l a t i o n s :  

Res is tance  of  a DR, R l D l J M P  = NSPTFC(VTFSKV)/ITFKA, Q, , 
Time cons t an t ,  'lTFSEC = J.,PTFCS/ [RIDUMP (NSPTFC) + RTFCLS ( I .  0 - 

NSPTFC]] , 
?:umber o f  D R ,  NDIJMPR = 4 (N'TFUKK) , 

Peak power to a DR, RlPPMW = NSPTFC(K1DUMP) (ITFPKA/2)2, bRV , 
Energy to a DR, I i l E M J  = NSPTFC (E'TTFMJ)/ (NDIIMPR 4. 0.0001 j ,  MJ , 

IIIC area,  DRAREA = 0.5 (NDIJMPR) ( L  + RIEM.4)0 '67 . 
VTE'SKV i s  t h e  maximum vol tage  ac ross  a c o i l  o r  c o i l  group dur ing  a 

r a p i d  discharge from the  user t a b l e ,  named I ' F C N I N ,  VTFSKV = 2 kV. .411 

o t h e r  mnemonics are def ined  above. 
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T o t a l  power t o  TF c o i l s :  

R e s i s t i v e  power, RPOWER = [NTFC (RTFCLS) (1 - NSPTFC) + RIFBUS] 

* (ITFPKA)?, MW , 

React ive  power, XPOWER = [ LTFTH/ (3600 TCHGHR) ] (ITFPKA) , M W .  

Number of  v a r i s t o r s :  

NVAR = 6 NSPTFC. 

TF power convers ion  b u i l d i n g  volume and f l o o r  space :  

Power supply  space ,  PARTl = FSPCl (NTFPM) (TFPMKW) 

DC CKT BKR space ,  PART2 = FSPC2(NTFBKR) (VTFSKV*ITFPKPI) , 

, m2 , 

Load c e n t e r  space ,  PART3 = FSPCS{TFCKW/ [2.4NSPCI'F@ + 1 3 . 8 ( 1  - 
NSPTFC)]) , 

Bui ld ing  f l o o r  space ,  TFCFSP :I PARTl + PART2 + PARTS, m2 

T o t a l  f l o o r  space ,  TFTSP = TFTSP + 'I'FCFSP, m' 

( f o r  c o u n t e r - p u l s e  P . S . ,  SC 1'F c o i l  power convers ion ,  an3 r e s i s t i v e  

c o i l  power c o n v e r s i o n ) .  

, 

FSPC1, FSPC2, and FSPCS are f l o o r  area c o e f f i c i e n t s  from t h e  u s e r  

t a b l e ,  named ' T F C N I .  Niimerir-a1 values o f  t h e s e  c o e f f i c i e n t s  a r e  0 .13,  

0 .80,  0 . 4 0 ,  r e s p e c t i v e l y .  

TF c o i l  power convers ion  c o s t ,  $ m i l l i o n :  

AL buss  Cost ,  CTFBSM = 0.27(ALCPKG) (ALBUSA) (TFBUSL)/l.O x lo6  , 

Load c e n t e r  c o s t ,  CTFLCM = CPKWl(TFCKW) Oe8/1.0 x l o 6  

DC CKT BKR c o s t ,  CTFRKM = NTFBKR(CPMVA) (ITFKA*V'i'FSKV) , 

, 

Dump r e s i s t o r  c o s t ,  CTFDRM = NDUMPK(CPM<J) [RlEMJ + 

5 0 m - x l  EMJ (R1 DUM?J--- , 

V a r i s t o r  C o s t ,  CTFVRN = NVAR (CPKV) (VTFSKV) O.8 , 

C o i l  p r o t e c t  c o s t ,  CTFPEM = CTFRKM + CTFDRM -k CTFVRM , 
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Instrument cost, CTFCIM = 0.05 + NTFC(12 + 48 NSPTFC)CPCHAN/l.O x lo6 , 
Cost of a TF power conversion system, CTFPCM = CTFBSM + CTFLCM + 
CTFPSM + CTFPEM + CTFCIM , 

Cost of all TF power conversion systems, CTFPCT = CTFPCT + CTFPCM. 

ALCPKG is the cost of assembled buss per kilogram ; 

CPKWl is the load center cost coefficient, $/kW o '8  ; 

CPKW2 is the power supply cost coefficient, $/kWo'8 ; 

CPMVA is the circuit breaker cost coefficient, $ / M W o  * 
CPMJ is the d u i l ~  resistor cost coeffieicnt, $/MJ ; 

CPKV is the varistor cost coefficient, $ / k V O ' *  ; and 

CPCHAN is the cost of one instrument channel, $ . 
The cost coefficients are data from the user's table named TFCNIN . 

CODE FLOW DIAGRAM 

Figure 96 is the TFCON code flow diagram. Input data are read from 

the user's data file and the TF coil system output data file. 

preliminary data calculations provide initialization data and logic data 

for one or two passes through the main program. 

block determines whether one or two passes are needed. 

The 

The hybrid decision 

If the coils are either all-SC or all-resistive, the flow path to 

the left of F i g .  96 applies. The next decision branch determines 

whether to use the superconducting coil path or resistive coil path. If 

the coils are all resistive, the path goes to the lower left of the 

figure, where NSPTFC index is decremented from 1.0 to 0.0 and the code is 

initialized for the resistive coil pass. 

calculations are performed by the middle left two blocks of the figure, 

the print option test is made. 

printed ou t ,  and NSPTFC is decremented again to indicate the calculations 

are complete. The final output summary data are always printed before 

exiting from the code. 

After the power conversion 

I f  TFPRT > 0, the detail ou tpu t  data are 
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TF COIL 
S U BS Y ST F. PA 

ORNL-DWG 84 3883 FED 

USER 
INPUT 

.................. ~, 

......... 

TFCNIN CON V E R S I ON 
DATA CALCULAT IONS ............. 

c 

I YES (ETTFR"EI i -FSCX)  I 

I 1 YES (ETTFSCX)  .............. 

INITIALIZE FOR 
SC COI L POWER CONVERSION 
CONVERSION 
CALCU L A I I O N S  CALCULATIONS .- ....... 

CONVEHSION 

CALCU LATl ONS 

.......... 
PRINT C o w L u E  YES 

...... 
NO 

.......... .......... ----a- 

....... 

OUTPUT TABLE 

---I---- 
@ 

F i g .  96. TF polwer conversiun system code f low diagram. 
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If  t he  t e s t  €or SG c o i l s  i n  Fig.  96 shows E"?'FSC > 0, t h e  code 

i n i t i a l i z e d  f o r  th.e SC coi.1 pass  then  per-forms the  c a l c u l a t i o n s  arid 

p r i n t o u t  descr ibed  f o r  the r e s i s t j v e  c o i l  pass .  

RC coi . ls  will then  prevent  branching t o  the l e f t ;  t h e  pa th  i s  then 

d i r e c t l y  t o  t h e  summary p r i n t o u t  before  e x i t i n g  from t h e  code. 

Note t h a t  t h e  t e s t  €or 

I f  t h e  t . es t  f o r  t h e  hybrid case  shows both types  of  coi.ls e x i s t ,  

t h e  counter -pulse  power supply c a l c u l a t i o n s  are performed, and t h e  

p e r t i n e n t  d a t a  are  p r i n t e d  ou t .  Then, t h e  SC c o i l  pass c a l c u l a t i o n s  are 

made, followed by t h e  RC c o i l  t e s t  which w i l l  branch t o  t h e  r i g h t  so t h a t  

t h e  code i s  r e i n i t i a l i z e d  f o r  t h e  r e s i s t i v e  c o i l  ca lcu la t - ions  rnade on 

t h e  second pass  through t h e  main program be fo re  making t h e  f i l ial  e x i t .  
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15. FACILJTIES MODIJLE 

FAC I L (FACILITIES MODULE) 

The facilities module, F A C I L ,  determines the size and cost of all 

currently identified facilities and buildings required by the F E D ,  except 

for reactor building and hot-cell facility shape and size, which are 

calculated in REACEL. Some building sizes can be based on calculations 

in other modules. However, for most of the facilities the si zes are 

currently provided directly by input. Those buildings for which informa- 

tion from other modules is used are indicated in the printed output from 

the FACIL module. 

ASSUMPTIONS AND CONSTRAINTS 

For all of the buildings and facilities, the dimensions can bc 

taken directly from the input. The building volume is determined and 

multiplied by the input unit cost to get the building. This simple 

calculational model inakes the fundamental assumption that building costs 

can be expressed in each per unit volume. The flexibility of this 

approach allows thc user to make any assumption about the building and 

directly input the volumes and costs. 

A few building sizes can be determined by other modules. The 

assumptions for these calculations are described in the descriptions for 

the other modules. 

INPIJT FOR FACIL 

The variables used by FACII, are shown in Table 61. Input facility 

parameters include size and cost information on 19 buildings and 

structures and cost information for site improvements. Reactor building 

and hot-cell information may be transferred from the REACkL module. 

The building information i s stored in 19 one-dimensional ( l - D )  

arrays of seven elements each. The general form of the building 

information follows. 
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Table 61. Facility bui lding input parameters 

Symbo 1 De s cr i p t ion IJni t s s ourcea 
- 

Array names correspond to unique building - information 

RE B 

HCF 

INSTR 

w r K  

RECIR 

CUTFE 

OHPFE 

BU LKH 

MG F 

CREF 

TRIT 

VENT 

RADWA 

CONT 

GEN 

ADMIN 

SHOP 

TUN LA 

STACK 

Reactor building See text 

Hot-cell facil j.ty 

Water intake structure 

Water treatment building 

Recirculating water structures 

Copper EF and TF coils 
electrical equipment building 

Ohmic heating and PF coils 
electrical equipment building 

Bulk heating (NBI or rf) electrical 
e c: u i pmen t hu i 1 di n g 

Motor-Generator-Flywheel building 

Cryogenic refrigeration equipment 
building 

Tritium processing building 

Ventilation equipment building 

Radiation waste treatment building 

Control room building 

Diesel-generator building 

Adniini stration building 

Shop and mockup building 

Tunnel between control room and 
re act or bu i 1 ding 

Ventilation stack 

U/C 

U/C 

IJ 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 
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Table 61 (continued) 
......... ._.___ _I__.. .......... .._____ ......... _I 

Symbol Des c r  i p t  ion  Units Sollrcea 

Other input  parameters 

S I MP K ( 1 ) S i t e  irnproveirlent c o s t s  

TFCFSP 1'F coi 1 e l c c t r i c a l  cquiprnent rn2 
bu i ld ing  f l o o r  space 

TkCBV TF c o i l  e l e c t r i c a l  equipment m 3  
bu i ld ing  volume 

PFCBV Ohmic hea t ing  and PF c o i l s  In3 

e l e c t r i c a l  equipment bu i ld ing  
volume 

ESPSPM Motor - genera i o  r - f 1 ywhe e 1 bu i 1 ding m2 
f l o o r  a r e a  

PFCFSP Ohaiic hea t ing  and PF c o i l s  In 

e 1 e c t r i c a1 equipment bui  1 d i ng 
f l o o r  area 

........... .......... __ __ .......... ............. ......... ~ 

a Source: U = i.nput i s  suppl ied by use r ;  
C = input  flows i.n from o t h e r  nodules o f  t h e  code. 



Array Ward Def in i t i on  l l n i t s  

Ruildiiig length  ( o r  r ad ius )  

Bui 1 ding wi d th  

Building hc igh t  

R u i  l d i  ne; volunie 

Eui ldirig a r c a  

Unit  COST 

Option control 

F AC I L I T  I E S C AL CIJ LAT I ONAL ME TI IOD 

The  c a l c u l a t i o n a l  methods f o r  t h e  var ious  bu i ld ings  and s t r u c t u r e s  

m-c ind iv idua . l l  y s tmigh t fo rward .  

program somewhat c,ompl.ex. 'T'wo b a s i c  ca lcu la t iona l .  pa ths  are a v a i l a b l e  

f o r  each bu i ld ing .  I n  a d d i t i o n ,  several  bui.ld.irigs have op t iona l  pa.ths 

which arc  s e l e c t e d  by- an asterisk. f o r  t h e  o p t i o n  con t ro l  paramter  

(Word 7 i n  t h e  input  a r r a y s ) ,  

'The l a r g e  number of them makes t h e  

BAST C: CALCULATIONAL PATHS 

For a l l  bu i ld ing  and s t r u c t u r e s  except t h e  v e n t i l a t i o n  s tack,  S'rACK, 

the lwi ld ing  length  (Word 1) i s  checked t o  scc i f  it i s  g r e a t e r  than zero.  

I f  i t  i s  g r e a t e r  t h a n  zero, then 

Building Volume = B U I L D ( 4 )  = BUZLD(1) x BUILUjZ) HJILn(3) , (1) 

Building Area = B U I L D ( 5 )  = B U L L D ( 1 )  x H J I L D ( 2 )  . ( 2 )  

If B U I L D ( 1 )  i s  zero,  then RIJ ILD(4)  i s  checked and used d i r e c t l y  as the 

bu i ld ing  volumc i f  it i s  g r e a t e r  t han  zero.  

than o r  equal t o  zero,  a l l  f u r t h e r  ca lcu la t ior i s  arc  skipped f o r  that 

p a r t i c u l a r  bu i ld ing .  

T f  l3UT%,D(4) i s  a lso less  

'The bu i ld ing  cos t  i s  c a l c u l a t e d  from t h e  bu i ld ing  voliime and input  

u n i t  cos t  by 

Building Cost = B U I L D ( 4 )  x B U I L D ( 6 )  . ( 3 )  
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OPTIONAL CALCULATION PATHS 

For a l l  b u i l d i n g s  f o r  whi.ch o p t i o n s  a r e  p o s s i b l e ,  t h e  o p t i o n  c o n t r o l  

parameter  (Word 7) i s  checked b e f o r e  any o t h e r  c a l c u l a t i o n s  a r e  performed. 

I f  i t  i s  an a s t e r i s k ,  t h e n  t h e  o p t i o n a l  c a l c u l a t i o n  p a t h  i s  s e l e c t e d ,  

r e g a r d l e s s  o f  t h e  i n p u t  b u i l d i n g  dimensions.  The fo l lowing  l i s t  g i v e s  

a l l  t h e  p o s s i b l e  o p t i o n a l  c a l c u l a t i o n s  by b u i l d i n g .  The o p t i o n  c o n t r o l  

i s  n o t  checked f o r  any o t h e r  b u i l d i n g s  o r  s t r u c t u r e s .  

R E B  Options 

The r e a c t o r  b u i l d i n g  o p t i o n s  a r e  perforined i n  t h e  REACEL module and 

a re  d e s c r i b e d  i n  t h a t  s e c t i o n .  

CUTFE Option (Cu and TF C o i l  E l e c t r i c a l  Equipment Bui lding)  

CUTFE(1) = 0 

CUTFE(2) = 0 

CUTFE(4) = TFCBV 

CUTFE(5) = TFCFSP 

CUTFE (3) = TFCBV/TFCFSP 

OHPFE Option (OH and PF C o i l  E l e c t r i c a l  Equipment Bui ld ing)  

OIIPFE(1) = 0 

OHPFE(2) = 0 

OHPFE(4) = PFCBV 

OHPFE(5) = PFCFSP 

OHPFE (3) = PFCBV/PFCFS? 
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MGF: Option (Motor-Generator-Flywheel Building) 

M G F ( 1 )  = 0 

M G F ( 2 )  = 0 

MGF(4) = MGBV 

MCF(5) = ESPSPM 

M G F  ( 3 )  = M G B V / E S P S P M  

CONT Option (Control Room Building) 

The control room may optionally be included in the administration 

building, ADMIN. If the control option, CONT(7), is an asterisk, the 

basic calculation f o r  the control building is performed, but the cost is 

not calculated and volume and building area are not included in any totals. 

STACK Options (Ventilati.on Stack) 

The STACK is treated as a special case. A l l  input dimensions, volunle, 

and buildi-ng area are always ignored. The unit cost, STACK(6), is taken 

as the stack cost in millions of dollars, This is the only possible 

calculation path f o r  STACK. 

TOTAL 

The total building cost, volume, and building area are calculated 

using all the building and structures except STACK and possibly CONT: 

18 

i = l  
TCOST = C CBUILDi. , 

18 

i = l  
TOTVOL = Z: BUILDi(4) , 



18 
BLAREA = I: BUILDi(S) . 

i :: 1 

‘The effective floor area o f  all the building is rough ly  estimated Tor 

heating and c o o l i n g  calculations in the HTS module, anJ  fo r  lighting 

loads in thz A C P w r  module, by 

EFLOOR = TOTVOL/6 . 

(21.) 

( 2 2 )  

Table 62 is a sample of the o u t p r t  for .the facilities modulc. 
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16.  HEAT 'TRANSPORT MODULE 

The o b j e c t i v e s  o f  t h e  Heat Transpor t  System module are t o  c a l c u l a t e  

t h e  h e a t  removed from t h e  v a r i o u s  r e a c t o r  arid f a c i l i t y  components and t o  

e s t i m a t e  t h e  p r o j e c t e d  d i r e c t  c o s t  o f  t h e  h e a t  t r a n s p o r t  system com- 

ponents .  I t  should  be noted  a t  t h e  o u t s e t  t h a t  t h e  h e a t  t r a n s p o r t  

module c o n s i d e r s  t h e  waste  h e a t  o n l y  an3  does not  c o n s i d e r  t h e  h e a t  t h a t  

i s  used f o r  pober  convers ion .  'The power convers jon  h e a t  i s  cons idered  

i n  t h e  Main Heat T r a n s p o r t  System (HTSblAIN) module. However, a t  t h e  

p r e s e n t  s t a t e  o f  Tokamak Systems Code development, which c o n s i d e r s  

nonpower producing exper imenta l  f a c i l i t i e s ,  H'I'SMAIN i s  n o t  needed, and 

t h u s  h a s  n o t  y e t  been developed.  

The components r e q u i r i n g  h e a t  removal i n c l u d e  r e a c t o r  componeiits 

such as f i r s t  wall, s h i e l d ,  l i m i t e r ,  n e u t r a l  beams/rf  h e a t e r s ,  r e s i s t i v e  

T F  c o i l s ,  t r i t i u m  p r o c e s s i n g ,  and f a c i l i t i e s  components such as cryo-  

system components, ac /dc  convers ion  components, and o t h e r  f a c i l i t y -  

r e l a t e d  components. Heat d e p o s i t c d  on t h e s e  components i s  c a l c u l a t e d ,  

and t h e  c o s t  o f  t h e  h e a t  t r a n s p o r t  system i s  e s t i m a t e d  by s c a l i n g  t h e  

c o s t s  o f  p r e v i o u s l y  e s t i m a t e d  s i m i l a r  systems.  

ASSUMPTIONS AND CONSTRAINTS 

* A l l  c o s t s  a r e  i n  1983 d o l l a r s .  

Primary h e a t  exchangers  are s h e l l  and t u b e  t y p e  due t o  

h i g h  p r e s s u r e  o f  t h e  pr imary c o o l a n t .  

@ I n t e r m e d i a t e  h e a t  exchangers  a r e  p l a t e  t y p e .  

88 To avoid  zero  by  zero  d i v i s i o n  i n  t h e  l o g  mean tempera ture  

d i f f e r e n c e  c a l c u l a t i o n ,  t h e  fo l lowing  c o n d i t i o n s  must always 

be s a t i s f i e d :  

MODULE INPUT 

Key i n p u t  items s u p p l i e d  by u s e r  t o  t h e  HTS module i n c l u d e  c o o l i n g  

water tempera tures  a t  t h e  c o o l i n g  tower i n l e t  and o u t l e t ,  c o l d - l e g  and 

h o t - l e g  tempera tures  of  t h e  pr imary loop and i n t e r m e d i a t e  loop c o o l a n t s .  



409 

There a r e  many o t h e r  input  parameters ob ta ined  from o t h e r  p a r t s  of t h e  

systems code. These a r e  l i s t e d  i n  t h e  input  parameters t a b l e ,  Table 63 .  

GOVERNING EQUATIONS 

A schematic diagram of t h e  h e a t  t r a n s p o r t  system i s  presented  i n  

Fig.  97. A s  shown i n  t h i s  diagram, t h e  components r equ i r ing  waste hea t  

removal are d iv ided  i n t o  two groups: components i n  d i r e c t  contac t  with 

tritium and components no t  i n  d i r e c t  con tac t  with t r i t i u m .  

ponents i n  t h e  former group (Group 1) have c losed  primary coolant  loops 

with primary hea t  exchangers t o  provide an a d d i t i o n a l  b a r r i e r  t o  t r i t i u m  

permeation. The components i n  t h e  l a t t e r  group (Group 2) do n o t  have 

c losed  primary coolan t  loops,  and thus  t r a n s f e r  t h e i r  waste hea t  d i r e c t l y  

t o  t h e  cool ing  tower loop through t h e  in te rmedia te  hea t  exchanger. 

Table 64 l i s t s  nomenclature used i n  t h e  governing equat ion.  

The com- 

Heat Transport  Algorithms 

The b a s i c  a lgori thms used i n  t h i s  module are presented  i n  t h i s  

s e c t i o n .  To c a l c u l a t e  t h e  time-average h e a t  loads on vario1r.s components, 

t h e  o v e r a l l  plasma cyc le  time and duty  f a c t o r  are c a l c u l a t e d  (ilomencla- 

t u r e  and abbrev ia t ions  a r e  given i n  Table 6 4 ) .  

H e z t  removed from t h e  f i r s t  wall ,  s h i e l d ,  and d i v e r t o r  (t ime-averaged):  

( 3 )  I 

Qfw - pfw 

- 
Qsh - ’sh fd  ’ (4) 

__ + Panxl fd * 

Qdiv - (Pa, d i v  (5) 
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Table  63. HTS iiiodule i n p u t  parameters  
. ~~ 

Symbol Des c r  i p t  ion Unit  Source" 
__._____ _.-____ ._ . .. . . . .. -. .__I 

AC LOS 

BASEMU' 

BDVMW 

EFLOOR 

EThNB 

MGbfAKE 

PAUX 

P KWPM2 

PN B 

POWDAZ 

POWFW 

POWSII 

POWTF 

QFUEL 

RC IMW 

KHOTF 

KTFhWJ 

SUNMAX 

'TREAM 

TBllRN 

ac l o s s e s  i n  S/C TF c o i l s  

Base f a c i l i t i e s  e l ec t r i ca l  load  

Power supply  t o  bundle  d i v e r t o r  

T o t a l  f l o o r  a r e a  o f  a l l  p l a n t  b u i l d i n g s  

E f f i c i e n c y  o f  r f / N B  i n j e c t o r  

MG s e t  makeup power 

T o t a l  power i n j e c t e d  t o  plasma d u r i n g  
burn 

Heat removal requirement  pe r  u n i t  o f  
b u i l d i n g  f l o o r  

Power supplim! t o  t h e  r f / N B  i n j e c t o r  
durirlg burn 

Power d e p o s i t e d  on d i v c r t o r / l i r n i t e r  
from a l p h a  p a r t i c l e s  diir ing b u m  

Power d e p o s i t e d  on t h e  f i r s t  wall d u r i n g  
burn 

Power d e p o s i t e d  on s h i e l d  d u r i n g  burn 

TF r c f r i g e r a t i o n  load  

T r i t i u m  p a r t i c l e  throughput  i n t o  plasma 

R e s i s t i v e  l o s s e s  i n  t h e  copper  i n s e r t  

K e s i s t i v i t y  o f  TF c o i l s  

R e s i s t i v e  l o s s e s  i n  t h e  S/C TF c o i l s  

Power r c q u i r e d  by "burn" power s u p p l i e s  

Durat ion of  h e a t  i n j e c t i o n  i n t o  plasma 

Dura t ion  o f  plasma burn 
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T a b l e  6 3  (continued) 

a 
Symbo 1 Descr ip t ion  Unit Source 

I ,  7 ,  1 1CT 1 

TCTC) 

TFACFP 

TFTMP 

TIC  

TIH 

TOI-1 

TPC 

TPH 

'TQNGII 

TRPJW 

vo L 

\VTF?dW 

Cooling water temperature  a t  cool ing  
t.0wt.r i n l e t  

Cooling water temperature  a t  cool ing  
tower out le t .  

TF B C  power peak demand 

T F  c o i l  ope ra t ing  temperature 

Temperature of  in te rmedia te  loop cold 
l e g  

Temperature o f  in te rmedia te  loop hot  
l e g  

Duration o f  ohmic hea t ing  so lenoid  swing 
t i.me 

Temperature of  primary loop cold l e g  

Temperature o f  primary loop h o t  l e g  

Duration of  plasma quench 

Duration of OH c o i l  cu r ren t  charge 

Volume o f  plasma 

Same as TFACPP (equivalence) 

"c 1J 

1J "C 

Mw 

K C 

"c C 

"c U 

S C 

O C  U 

O C  U 

s C 

S C 

m3 c 

E c 
_-I__.-- ---_l__llll 

a 
U = user suppl ied ;  C = from o t h e r  p a r t s  of the code. 
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Table 64 (continued) 

Definition Symbo 1 Unit 

Mw Heat removed from plasma heater during startup Qbeam, su 

QC 

Qdiv 

Qfac 

Qfw 

Qmg 

Qpf 
Qsh 

Qtf, r 

Qtf, s 

Qtotal 

k o o r  

%,it 

TC 

Th 

'i, c 

Ti,h 
T 
P9C 

T 
P,h 

tbeam 

tburn 

Mw 

Mw 

Mw 

Mw 

Mw 

Mw 

Mw 

Mw 

Mw 

Mw 

kW/m2 

S - 1  

O C  

O C  

OC 

O C  

OC 

O C  

S 

Heat removed from a typical component (time- 
averaged) 

Heat removed from divertor (time-averaged) 

Total heat removed from facility components 

Heat removed from first wall (time-averaged) 

Heat removed from MG set (time averaged) 

Heat remved from PF coils (time-averaged) 

Heat removed from shield (time-averaged) 

Beat removed from resistive TF coils (time- 
averaged) 

Heat removed from S/C TF coils (time-averaged) 

Total heat removed from the plant (time-averagd) 

Heat removal requirement per unit area of 
building floor 

Tritium particle throughput into plasma 

Temperature of the cold leg of cooling tower loop 

Temperature of the hot leg of the cooling tower 
loop 

Temperature of the intermediate loop cold leg 

Temperature of the interinediate loop hot leg 

Temperature of the primary loop cold leg 

Temperature of the primary loop hot leg 

Duration of heat injection into plasma 

Duration of plasma burn 
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I t  u u y  be noted i i i  Eqs. ( 3 ) ,  I.?), and (5) t h a t  t l le t ime-averaged r a t e  

rcmov,i! (i . e . ,  cont inuous r a t e  of h e a t  removal) i s  o b t a i n e d  by 

i i u l t i p ’ l y i n g  t h e  h e a t  d e p o s i t e d  dur i i ig  burn  by t h e  dilty f a c t o r .  

illus assumed t i ~ ~ i t  t h e s e  components have adequate  thermal  capaci  t i r s  t o  

s i i s t ~ j n  tlie a d d i t i o m l .  thcrmal sui-ge d u r i n g  t h e  plaslna burn .  I t  Is 

a l s o  a5sumcd i n  Eq. (5) t h ~ t  a l l  t h c  a u x i l i a q -  h e a t i n g  power, PazUx, 

and a p o r t i o n  o f  t h e  a l p h a  power, 

o r  l i m i t e r .  

I t  is 

are d e F o s i t e d  011 t h e  t-li v c r t o r  
‘ a ,  d i v ’  

Hedt removal from t h e  n e u t r a l  beam i n j e c t o r s  o r  rf h e a t e r s  c o n s i s t s  

of  ~ M O  p a r t s :  

s t a t e )  and ,  duri i ig  s t a r t u p ,  as f o l l o w s :  

h e a t  yemoved d u r i n g  plasma burn ( d e s i g n a t e d  as  s t e a d y  

Wa:;te h e a t  ( e l e c t r i c a l  l o s s e s )  removed from T F  c o i l s  i s  c a l c u l a t e d  f o r  

both t h e  superconduct ing- type  and r e s i s t i v e - t y p e  mi Is. 

conductii-ig c o i l s ,  

kor super -  

- + L /1000) fd  V h e l  , 193 Q t E ,  S (Ptf,s ac 

helium cryogrni  c power conversion c f f i c i e n c y  

2250 - 4 1 6 . 6 7  * rhzl f o r  ‘fhcl G 4 . 7  K , 

j .  4 . 2  K ~ 500 f o r  ‘ 

, 

“hc 1 

and 

L i s  the  ac l o s s e s  i n  tile T‘F coils. 
aC 
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For r e s i s t i v e  c o i l s ,  t h e  t o t a l  hea t  removal i s  t h e  sum of  t h e  l o s s e s  i n  

the TI: c o i l s  znd copper i n s e r t s :  

Waste hea t  removed from t h e  l i q u i d  n i t rogen  system i s  assumed t o  be 

n e g l i g i b l e .  

Waste hea t  removed from t h e  f a c i l i t y - r e l a t e d  components i s  

I / loo0  + 0.05 Pac y Qfac ’fac,base + *f loor  ‘floor 

where 

P = peak a c  power demand , 
ac 

= h1G s e t  makeup power (Q ) + pf burn p o w r  supply (Q ) 
mg PF 

+ bundle d i v e r t o r  c o i l  power supply (P  ) + TF c o i l  pcak 
d i v  

ac  power demand (Ptf) 4- TF c o i l  power supply (Q ) t f , s  

+ power supply t o  vacuum pumps (P ) + power supply t o  vac 
t r i t i u m  processing (P ) + a c  power input  f o r  plasma 

hea t ing  during burn (P  
t r i  t 

) 4- f a c i l i t y  power load (Qfac) 
hea t  

Jn Eq. ( l l ) ,  it i s  assumed t h a t  t h e  ac power supply has a 5% l o s s  t h a t  

r e q u i r e s  cool ing .  

The var ious  c o n s t i t u e n t s  of  t h e  peak a c  power demand, Pat, are 

ca l cu la t ed  a s  fo l lows ,  

a r e  ca l cu la t ed  i n  o the r  modules. 
and Q t f , s  Qmg’ Qpfy ‘div’ ‘tf’ 

Power suppl ied  t o  vacuum p ~ m p s  and tritium processing i s  

c a l c u l a t e d  by us ing  t h e  fol lowing empir ica l  relations: 

0 

0 

= v /51 , 
Pvac p 



AC prime power f o r  plasma heati.ng during burn i s  

- - 
Pheat  aux' 'be an 

F a c i l i t y  power load has tiwo p a r t s  --- f ixed  and v a r i a b l e .  

Fixed p a r t ,  P i s  assumed t o  be 5 MW. 
f a c  , bas e ' 

/1000, dependent on p l an t  
f l o o r  q f l o o r  

Variable  p a r t  = A 

bu i ld ing  Is f l o o r  a r e a .  

Tota l  waste hea t  removed i s  obtained by combining a l l  component hea t  

loads : 

Qto ta l  '- Q f ~ g  ' Qsh "' Qdiv + Qbeam ' % f , s  * Q t f , ~  Qfac 

+ Qmg -+ Qpf * 

C o s t  Algorithms 

The cos t  o f  t h e  hea t  t r anspor t  system i s  t h e  combined cos t  of t h e  

primary, in te rmedia te ,  and t h e  coolii ig torrier loops ~ The cos t  algo-ci thms 

a r e  b a s i c a l l y  cmpir ical  der ived  from c o s t s  of  similar systems and com- 

ponents from o t h e r  p r o j e c t s .  l'he cos t  of pumps, va lves ,  p ip ings ,  etc., 

i s  sca led  as a func t ion  of waste hea t  removed, and t h e  cos t  of  hea t  

exchangers i s  sca led  as func t ions  of  waste hea t  and t h e  log mean tempera- 

t u r e  d i f f e rence  (LMTD) across  t h e  hea t  exchanger. The c o s t s  o f  t h e  

primary coolant  loops o f  t h e  Group 1 components a r e  es t imated from t h e  

following general  expressions : 

Cost := 0.04  Q;m8 f o r  pipi.ng, va lves ,  pumps, e t c .  (15) 

(16) = 0.44 N * [ Z Q c / ( N - I , M T D ) ] 0 * 8  f o r  primary hea t  

exchangers and anc i  I l a r y  equi pment , 

where cos t  i s  expressed i n  mi l l i ons  of do l . la rs ,  and 

Qc = waste hea t  removed from t h e  component, hfW, 

LMTL) = log  mean temperature d i f f e r e n c e  aemss the  primary hea t  

cxcF?anger, O C ,  
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CQc = hea t  t r a n s f e r r e d  ac ross  primary hea t  exchangers, MW, 

N = t o t a l  number of primary hea t  exchangers. 

Group 1 components covered by Eq. (15) a r e  f i r s t  wal l ,  s h i e l d ,  d i v e r t o r /  

l imi te r ,  n e u t r a l  beams and/or  rf h e a t e r s ,  TF c o i l s ,  vacuum pumping, 

and tritium processing.  

primary loop and, t hus ,  do not  have primary h e a t  exchangers,  bu t  they  

a r e  connected t o  in te rmedia te  hea t  exchangers,  and t h e  c o s t s  are e s t i -  

mated us ing  t h e  same genera l  expression as Eq. (15) .  The cos t  of t h e  

in te rmedia te  hea t  exchangers ( IHX)  is est imated from 

The Group 2 components do not  have a c losed  

c o s t  = 0.22  [ Q t o t a l  /(N.LMTD)]o.8 ($ mil l ion )  , (17) 

where 

N = t o t a l  number of IHX , 

LMTD = LMTD ac ross  IHX, O C  . 

The c o s t  o f  t h e  cool ing  tower loop i s  sca l ed  as a func t ion  of  t h e  t o t a l  

waste h e a t  r e j e c t e d  as fo l lows:  

c o s t  = 0.1 0.7 + 5 x 10-3 Q~~~~~ . Q t o t a l  

For convenience, t h e  c o s t  of TF c o i l  r e f r i g e r a t i o n  system i s  included 

i n  t h i s  module and i s  expressed as 

Cost = 0.0145 (Qtf , s  1 0 0 0 ) O . ~  ($  mil l ions )  . (19) 

The t o t a l  c o s t  o f  t h e  h e a t  t r a n s p o r t  system i s  obtained by combining 

E q s .  (15) through (19).  

A flow diagram showing t h e  sequence of  code c a l c u l a t i o n s  i s  given 

i n  Fig.  98. 

module. 

Table 65 i s  an example of  t h e  output  f o r  t h e  hea t  t r a n s p o r t  



420 

O R N L D W G  84-3893 FED 

...... .......... -7 
l____l I.-.. ~ ___.. 

READ INPUT DATA (SEE INPUT DATA LISRARY) r 
..- , 

CALCULATE TI ME-AVE RAGE HEAT REMOVAL R E  ( lU I REMENT 

....... 7 _l_l__ ......... 
ROSS PRIMARY & INTERMEDIATE HEAT 

........... 

CALCIJ LATE COSTS 

d COST OF PIJMPS. PIPING, VALVES, WATER TREATMENT EQUIPMENT. 
ETC. FOR PRIMARY COOLAN1- LOOP 

8 COST OF PRIMARY HEAT EXCHPINGERS 

ETC. FOR INTERMEDIATE COOLANT LOOP 
e COST OF PUMPS, PIPING, VALVES,  WATER TREATMENT EQUIPMENT, 

@ COST OF INTERMEDIATE HEAT EXCHANGERS 

8 COST OF COOLING TOWER LOOP 
- PUMPS, PIPING, VAL.VES, CIHEMICAL INJECTION, ETC. 
- COOLING TOWER 

......... Q .......... Il E--. ......... . ~ ......... 

..I..... 

TRANSFER A L L  COSTS TO THE CENTRAL COST F I L E  

.......... ..... .__ __._. 

C R E A T E  OUTPUT FILE-- -PRIN'T 

- -  

- COST i).AT*4 

HEAT REMOVED FROM VARIOUS COMPONENTS 

F i g .  98.  Auxiliary heat  t r a n s p o r t  system f lowchar t .  
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Table  65. Example output  
... 

;k L :# S $ 3  t X % f he a t  t r c3 n f; PO r t 5 Y s t  e m ik t 88  S % # ik t $' $ 8  H S 



i7. AC POWER MODULE 

The ac power system code c a l c u l a t e s  design and cos t  d a t a  f o r  t h e  

pulsed power, f a c i l i t y  power, and backup e s s e n t i a l  power systems. The 

code reads p e r t i n e n t  input  d a t a  and computes design and i n s t a l l e d  cos t  

d a t a  f o r  cab le s ,  s t r u c t u r e s ,  c i r c u i t  b reakers ,  switches,  t ransformers ,  

d i e s e l  genera tors ,  and no-break power supp l i e s .  Lightning a r r e s t o r s  and 

auxi.1.iary cool ing a r e  included i n  t h e  cos t  o f  t h e  t ransformers .  

t i o n  switches,  ins t rumenta t ion ,  and con t ro l  a r e  included i n  t h e  p r i c e  of  

t h e  c i r c u i t  b reakers .  

I s o l a -  

The ac power code i s  v a l i d  f o r  values  of t h e  pulsed power subs t a t ion  

capac i ty  between 30 t o  900 MW, and f o r  t h e  f a c i l i t y  power subs t a t ion  

capaci.ty between 10 t o  70 MW. For t h e  pulsed power system, t h e r e  are 

eleven t a b l e s  o f  c h a r a c t e r i s t i c  equipment design d a t a  t h a t  a r e  used t o  

c a l c u l a t e  t h e  cos t  o f  major equipment shown i n  Table 66.  

power load i s  f i - r s t  ca l cu la t ed  from e l e c t r i c a l  power demand inpu t s  

i d e n t i f i e d  i n  ‘Fable 67. These i.nputs a r e  outputs  from o t h e r  system 

codes o r  from a u s e r  d a t a  t a b l e .  The ca l cu la t ed  power demand, PACPMW, 

determines which t a b l e  i s  s e l e c t e d  f o r  ob ta in ing  t h e  c h a r a c t e r i s t i c  d a t a  

used f o r  cos t  e s t ima te  c a l c u l a t i o n s .  Likewise ,  t h e  f a c i l i t y  power 

system cos t  es t imates  are determined by us ing  one of  s i x  t a b l e s  of 

equipment C h a r a c t e r i s t i c  d a t a  and t h e  coiiiputed power demand, FACPMW. 

The pulsed 

CODE BASIS 

The b a s i s  f o r  ac  power code i s  descr ibed  he re in  with re ference  t o  

F igs .  99,100, andlo].  These f i g u r e s  a r e  a s soc ia t ed  with the major 

equipment i d e n t i f i e d  i n  Table 66. 

mostly on the cos t  es t imate  d a t a  from TVA and inc ludes  t h e  s t e e l ,  

concre te ,  and i n s t a l l a t i o n .  

The ac  power system cos t  i s  based 

Pulsed Power System 

Figure 99 i s  a one- l ine  diagram of t h e  gener ic  pulsed power system 

That i s  t h e  b a s i s  f o r  t h e  3c power code. Three t ransformers  a r e  shown 
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Table 66. Major equipment listing 

Equi pment Reference 

HV bussing and cables 

HV circuit breakers and 
isolation switches 

Transformers and lightning arrestors 

MV (13.8-kV) circuit breakers 

MV (13.8-kV) bussing and cables 

Diesel generators 

No-break power supplies 

LV ( 4 8 0 - V )  power distribution system 

Turbine-generator 

CHVCAM - Fig. 93 
CFVCAM - Fig. 94 

CHVCBM - Fig. 93 
CFVCBM - Fig. 94 

CTMNM - Fig. 93 
CXFHRM - Fig. 94 

CMVCBM - Fig. 93 
CFMVCB - Fig. 94 

CMVCAM - Fig. 93 
CFMVCA - Fig. 94 

C2DGM - Fig. 94 

C4NBPM - Fig. 95 

C LVDSM 

ClTGM - Future 
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Table  67. Input  d a t a  d e s c r i p t i o n  

Code Exp cc t  ed 
iiin emon i c range 

Mnemonic d e s c r i - p t i o n  

ACPKr  

HVLKV 

FVLKV 

BASEMW 

PKWPM2 

C2DGM 

C4NBPM 

CITGM 

CPMWM2 

C LTHM 

W'1' F Mw 

PHEAT 

MGMAKE 

SUMMAX 

B DVMW 

'r FHT 

VACMW 

HTPMW 

?' 2 PMW 

EFLOOK 

0 . 0  
1 . 0  

161 
500 

13 .8  
161 

5 
10 

0.05 
0.15  

0 . 9  
1 . 5  

0.2 
0 . 4  

1 . 0  
1 0 . 0  

0 . 3  
0 . 7  

200 
800 

1 . 0  
300 

5 
30 

5 
30 

10  
40 

50 
100 

10 
50 

1 
S 

5 
20 

5 
15 

50E3 
1 S0E3 

P r i n t  summary o u t p u t  d a t a  o n l y  
P r i n t  d e t a i l  and summary d a t a  

Pulsed  power system u t i l i t y  
Line v o l t a g e ,  kV 

F a c i l i t y  power system l i n e  
Vol iage ,  kV 

F a c i l i t y  power l o a d s  t h a t  a r e  indepentlcnt of  
b u i l d i n g  f l o o r  a r e a ,  MN 

C o e f f i c i e n t  f o r  f a c i l i t y  loads  p r o p o r t i o n a l  t o  
b u i l d i n g  f l o o r  area, kW/m7 

Cost of  2 d i c s c l  g e n e r a t o r  u n i t s  and a u x i l i a r y  
cquipment , $M 

Cost of  4 no-break ( u n i n t e r r u p t i b l e )  power 
s u p p l i e s ,  $M 

Cost o f  smal l  steam t u r b i n e  g e n e r a t o r  f o r  
ETRs, $M 

Cost  c o e f f i c i e n t  f o r  low v o l t a g e  power 
d i s t r i b u t i o n  system, $/MW/m3 

C k a r a c t e r i  s t i c  c a b l e  l e n g t h  used t o  compute the  
c o s t  of 13.8-kV power c a b l e s ,  m 

'1'F c o i l  l o a d  connected t o  ac power system, bTW 

P l a s m a  h e a t i n g  load  connected t o  ac power 
system, MW 

Motor-generator-  f lywheel load  connected t o  
ac power system, MW 

PF c o i l  burn  power s u p p l i e s  connected t o  ac 
power system, MU' 

Bundle d i v e r t e r  c o i l  power s u p p l i e s  connected 
t o  ac power system, MW 

Cryopump motors connected t o  the ;IC power 
system, MW 

Vacuum pumps connected t o  t h e  ac power 
system, MW 

Heat t r a n s f e r  pump motors connected t o  the 
ac power system 

Maximum f u e l  p r o c e s s i n g  and t r i t i u m  cleanup 
power demand, MW 

T o t a l  f l o o r  area o f  s i t e  b u i l d i n g s ,  m? 
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HV LkV 
(161 to 580 k V )  

HV ISOLATION SWITCHES 

HV CIRCUIT BREAK 

RANSFORMER 

ERS @ LIGtlT'NING 
A R R ESTORS 

A 
I 13.8 k V  

F i g .  99. Generic pulsed  power system f o r  ACPWR code. 
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FV LkV 
(13.8 to 161 k V )  

-___--I _.-I_____ 

UTILITY POWER LINE 

LIGHTNING 
A R R E S T 0  N 

10 TO 70 MW 

Fig.  100. One--line diagram o f  t h e  f a c i l i t y  and backup power system. 
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~ 

TF COIL T2 FUEL 
PROTECT REPRGC. 

No. 1 
a CHANNEL NO. 1 

480 V, 3 ( d  
VIA DG 1 BUS 

- 
CHARGER 

I 
BATTERY 
UNIT No. 1 

INVERTER ql 

480 V, 3(4) 
VIA DG 1 BUS 

1 
4 - L - 
480 V, 3 ( d  
VIA DG 2 BUS 

.T EACHSECONDARY 
208/120 V, 3(4) 

BATTERY 
CHARGER 

BATTERY 
CHARGER 

BATTERY 
UNIT No. 2 

INVERTER 

EACH INVERTER OUTP 

480 V. 3(4) 
VIA D G  2 BUS 

I 
t 

BATTERY 
CHARGER 

BATTERY 
UNIT No. 4 

CHANNEL 

Fig .  101. No-break c o n t r o l  power f o r  SC c o i l  p r o t e c t i o n  systems 
and t r i t i u m  f u e l  reprocess ing .  

P 
N 
-.! 
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i n  t h e  f i g u r e ,  bu t  t h e  number may vary from oiie t o  s i x ,  depending on t h e  

pulsed power demand, PACPbll":. 

and c i r c u i t  b reakers  a r e  rend from t h e  per t i i i en t  t a b l e  assoc ia ted  wi th  

t h e  value o f  PACPMW. For cos t  breakdown, t h e  subs t a t ion  equipment i s  

d iv ided  i n t o  t h r e e  groups : 

The number and r a t i n g  o f  t h e  traiisformcrs 

1. t ransformers  aiid a s soc ia t ed  l ightr i ing a r r e s t o r s ;  

2 .  h igh-vol tage switches,  c i r c u i t  b reakers ,  conductors,  and t h e i r  

support  s t r u c t u r e s ;  and 

3 .  medium-voltagc (15.8-kV) switches,  c i r c u i t  b reakers ,  f eede r  cables  , 
and t h e i r  support  s t r u c t u r e s .  

The costs of t hese  t h r e e  groups of equipment and their  t o t a l  c o s t  

a r e  given i n  t h e  t h i r d  block of d a t a  i n  t h e  d e t a i l e d  output  t a b l e .  

F a c i l i t y  Power System 

Figure 100 shows a one- l ine  diagram t h a t  includes t h e  f a c i  l i t y  power 

system, t h e  two d i e s e l  genera tor  u n i t s ,  13.8-kV c i r c u i t  b reakers ,  and 

t h e  u n i t  subs t a t ion  a s soc ia t ed  w i t h  t h e  d i e s e l  genera tors  and f a c i l i t y  

loads .  The t ransformer r a t i n g ,  number o f  c i r c u i t  b reakers ,  and t h e i r  

r a t i n g s  are s e l e c t e d  from one of the s i x  t a b l e s .  For c o s t  breakdown 

purposes,  f a c i l i  t y  power equipment i s grouped i n t o  the same ca t egor i e s  

descr ibed  €or  t h e  pulsed power system. 

Backup Power and t h e  Low-Voltage Di s t r ibu t ion  System 

Figure100 a l s o  inc ludes  t h e  two d i e s e l  gerierators needed f o r  

e s s e n t i a l  load backup power and t h e  a s soc ia t ed  u n i t  s u b s t a t i o n .  The 

d i e s e l  gencra tor  u n i t  s u b s t a t i o n  i s  included i n  t h e  c o s t  es t imate  of the 

low-voltage power d i s t r i b u t i o n  system. 

inc ludes  480-V load cen te r s ,  t h e  low-voltage power d i s t r i b u t i o n  wir ing,  

am1 c i r c u i t  protection wi th in  t h e  bu i ld ings .  Cost of  t h e  low-voltage 

power d i s t r i b u t i o n  system is based on t o t a l  low-voltage power, inc luding  

t h a t  taken from t h e  pulsed power systein, and t h e  t o t a l  f l o o r  a r e a  of t h e  

bu i ld ings .  

The low-voltage d i s t r i b u t i o n  
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Figure 101 i s  a one - l ine  diagram of t h e  four  i n t e r r u p t i b l e  power 

supp l i e s  necdcd f o r  c r i t i c a l  t r i t i u m  oporatioiis  and v i  t a l  instrLumenta- 

t i o n  and c o n t r o l .  A f i x e d  p r i c e  i s  assigned t o  t h i s  equipment and t h e  

d i e s e l  gene ra to r s ,  s i n c e  they  a r c  no t  expected t o  vary  much f o r  tokamaks 

designed f o r  D-T ope ra t ion .  

CODE INPU'T/OUTPUT DATA 

The a c  power code uses  t h e  input  d a t a  def ined  i n  Table 67.  This 

t a b l e  a l s o  l i s ts  t h e  expected range O F  each v a r i a b l e .  The f i r s t  group 

o f  da ta  i s  read from t h e  use r - inpu t  t a b l e  and t h e  second group of  d a t a  

i s  outputs  from o t h e r  tokamak codes d iscussed  below. 

input  d a t a  f o r  t h r e e  cases i s  given i n  Table 68. 

f o r  severa.1 s tandard  u t i l i t y  vo l tages  given i n  l i n e s  46 and 47 .  

o t h e r  input  d a t a  are i d e n t i c a l  f o r  these t h r e e  cases. 

A p r i n t o u t  of  t h e  

'I'he t h r e e  cases are 

A l l  

Input  d a t a  shown i.n Table 68 a r e  exce rp t s  froxn t h e  user - input  f i l e .  

'Iliree groups of d a t a  a r e  given.  

i d e n t i f i e s  d a t a  t h a t  a r e  dependent on t h e  u t i l i t y  l i n e  vol tage  t o  t h e  

s u b s t a t i o n ,  t h e  base load ( a  nea r ly  c o n s t m t  f ac i1 j . t y  load ) ,  and t h e  

pr in tout .  s e l e c t o r ,  ACPKT. I f  ACPKT i s  se t  equal t o  1 .0 ,  t h e  d e t a i l e d  

output  d a t a  are p r i n t e d  ou t  as exh ib i t ed  i n  Tables  69 through '71 .  I f  

ACPtlT i s  set  equal  t o  0 .0 ,  only t h e  summary d a t a  a t  t h e  bsttoiii o f  

Tables 69 through 7 1  a r e  p r i n t e d  ou t .  

o f  t h e  t a b l e  because i.t is t h e  d a t a  t h a t  a r e  most f r equen t ly  changed. 

The f irst  grc.up, l i n e s  45 through 48, 

This  group i s  placed a t  t h e  head 

The second group o f  d a t a  i n  Table 68, l i n e s  50 through 55, are c o s t  

parameters which would be updated on ly  in f r equen t ly .  Code mnemonics, i n  

most cases ,  provide a c l u e  t o  t h e  da t a  represented ,  as wel l  as t h e  

dimensions. 

i n  dimensions o f  k i lowa t t s  p e r  square meter .  

of two d i e s e l  genera tors  expressed i n  m i l l i o n s  o f  d o l l a r s .  C4NBPM 

r e f e r s  t o  the cost. o f  fou r  no-break power supp l i e s  expressed i n  mil . l ions 

of  d o l l a r s .  CLTHM r e f e r s  t o  a c h a r a c t e r i s t i c  power cable  length ,  i n  

meters .  CFhWM2 i s  a c o s t  c o e f f i c i e n t  given i n  c o s t  Fe r  megawatt p e r  

square meter o f  f l o o r  space,  

PKWPM2 r e f e r s  t o  t h e  f a c i l i t y  power c o e f f i c i e n t  expressed 

CZDGM r e f e r s  t o  t h e  cos t  

The l a s t  group of  d a t a  i n  Table 68 are input.s from o t h e r  system 

code programs. These items are i d e n t i f i e d  i.n Tables 67,  69,  70, and 7 1 .  
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T a b l e  5 8 .  Input  da ta  f o r  ac power systems 
with varioiis u t i l i t y  l i n e  vo l t ages  

Case 1 Case 2 Case 3 

- ...___..I..._ _ _ _ ~  ...........I__ c____ .- 

ACPRT=l .O 
HVLKV=SOO. 
FVLKV=l38. 
BASEMW=6. 

C 
PKWPM2=0.15 
C2DGM=1.3 
C4NBPM=0.3 
Cl 'TGM=O. 00 
CPMWM2=O. 5 
CLTHM=4OO. 

C 
WTFMW=O. S 
PHEAT=S. 
MGMAKE=2O. 
SUMMAX=50. 
BDVMW=100. 
T F I-iT=/i 0 . 
VACMW-5 . 0 

T2PMW-10. 
EFLOOR=90.E3 

Hrmri= 2 o . 

ACPRT=l .O 
I I V L K V = 2 3 0 .  
FVLKV=69. 
BASEMW-6. 

PKWPM2=O. 15 
C2DGM=1.3 
C4NBPMz0.3 
ClTGM=O. 00 
CPMWb12=0.5 
CI,THM=600. 

WTFMW-0.5 
PHEAT=5. 
MGMBKE=20. 
SUFlMAX=5 0 .  
BDVMW=100. 
TFHT=40. 
VACMW-5.0 
IHTPMW=2 0 . 
T2PMWx1.0. 
EFLOOR=90.E3 

ACPRT=l .O 
HVLKV=161. 
FVLKV=69. 
BASEMW=6. 

PKWPM2=0.15 
C2DGM=1.3 
C4NRPM=0.3 
ClTGM=O I 00 
CPMWM2=0" 5 
CLTHM=600. 

WTFMW=O. 5 
PlIEAT=5. 
MGMA'KE = 2 0. 
SUMFIAX=S0. 
BI)VMW=100. 
'1'FHT=40. 
VtZCMW- 5 . 0 
HTPMI"=20. 
T2PMW=10, 
EFLOOR=90.E3 

Output da ta  i n  T a b l e  69 Output data  i n  'Table 70  Output da t a  i n  T a b l e  71 
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Table 69. AC power system output da t a  f o r  Case 1 

AC i30Wri S Y S T E M  O U T P U T  D A T A  
# T N I  VIS FR0'4 OTHER S Y S T E M  CQDE PROGRAMS 
* O U - P U T S  TO OTHER SYSTEM crmE PP,OGPAMS 

FiAiiEl~lW, f AC I L 1 T Y  BASE POWER LOAD, f4W 

PK'JF,2.i;'. POWER L.IEEDED F r R  FLOOR Af'Eh., K'J/SO.M 
E ~ I - O O R  W,TFFECTIVE TOTAL F L O O R  S P A C E .  sa.M 

F C S I I i ,  T 0 7 4 C  ?O'!ER TO F A C I L I T Y  LOADS, PIW 

MGMAKE*,!=OWER TO MGF U N I T S ,  MU 

BDV'f?'d!r;. POWER TO BLlNI jLF  D I V .  S I j P P L I k S ,  Mid 

P H E A T D .  POWER r O  PLASMA HEATING SUPPLICS. MU 
T F H T a ,  FOVER TG C R Y O G E N I C  COMP. M O T O R S ,  MW 
VACMtf#, POWE!, TO VACUUt-1 PUMP MOTORS, PIS4 
H T P M W .  POWER YO HTTS P d M P  MOTORS. MU 
FC5iNT. RACKUP POWER T O  r A C I L I 1 - Y  L O A D S ,  MW 
T Z P W . E " ,  POWER TO T R I T I U M  PROCFSSXNG, M'rl 
?AC"VPT4k/* , T O T A L  P U L S E D  FDWER SYSTEM LOAD, MW 

SU~4MAX3,FOb'LP TO BljREi 'OWER S V P P L I F S ,  !4W 

'JTFIW*. POWER TU T F  C O I L  POWER S U P P L I t T ,  MrlJ 

6 .Ha 

3 3  ..GIB 

20 ..@8 
50..00 
1BC.BB 
3.50 
5 .BO 

4E. 88 
5 .B0 
20.88 
33 ..88 
1fl.08 

27 iJ .8 f l  

H V L K V # .  P-IJLSED POWER U T I L I T Y  L I N E  VOLTAGE 5 B.Er . .Y@ 
N3PHT. 3 U M B T . R  OF 3 PHASE iRANSFORMER,S 3 .BP 
TK'VF,. MAX. M'J,PA OF E F L H  TRANSFORMER 188.88 
Ft{:iKF,S, I JUMBER OF 13.8Y.V C I R C U I T  BREAKERS 18.flB 
RKz.i4\'A, SHORT C I R C U I T  iQVA O F  C I R C U I T  BREAKERS 1 BBLI * 88 
cpi ivsri ,  cos-r OF EQUIPME%T ON HY S I D E ,  SM 3 4 7 8  
C T i M 2 H .  COST O r  XFORFlERS & L IGI iTHING PROTECT.  5 . 6 5  

3.89 c F" I.'! # V . ; * I I ,  'I-- ." COST OF E Q U I P M E N T  OW I3.EKV S I D E ,  SM 
C F A C ? f 4 .  COST OF P I J i S E D  POWEK S'iSTEM, $?I 12.44 

FP'XMJP. SHORT C I R C U I T  :1VA OF C I R C U I T  GSEAKERS SDR .%a 
cFtivsr4, COST of E Q U I P M E N T  O M  H V  SIUE, 9 ; ~  B.43 
C Y F X P N ,  COS? OF XFORME" b L I G H T Y I N C  PROTECT,$M 0 . 6 6  
T,F>iVSi.l, COST OF EQUIPMFNT ON 13.8KV SIDE, $M P.54 
CFACPM, COST OF F A C I L I T Y  AC P O W P  SYSTEM 1.63 

AC PO'JER SUMMARY 

PACPtllW" ,TOTAL P U L S E D  POWER SVSTEN L O A D ,  MW 2 7.n. .@,@ 
(POWER 1.0 THE HEAT TRAYFFEP. SYSTEM) 
HJ-LKVa, P I J L S E O  POWER UTILITY L I N E  VOLTAGE. K V  5BB * 84 

F V L K V ~ ,  rA<.~-~x.rv POWER LINE VOLTAGE, K V  138 .Boo 
FCSHT,  TOTAL F4CILITY POWER L G A D ,  MW 33 .BO 

C P A C P M ,  COST OF THE P U L S E D  POWER SYSTEM,  SM 12.44 
C F A C F M ,  COST OF F A C I L I T Y  AC POWER SYSTEM, SM 1.63 
C Z U G K ,  COST OF 2 n G  u ~ , ~ I T s ( ~ ~ . ~ v , ~ ~ ~ R Y w  EA. )SM 1.38 
C A V B P P I ,  COST O f  140 BREAK PO'dER S U P P L I E S ,  SM .@. 3 8  
C L V B S M ,  COST OF L V  FO'JER D I S T R I B U T I O N ,  9.M 5 .I9 
C l T G M ,  COST OF 1 TG UFI IT (48@V,  258RIKW). SM z .!a8 
C T A C P M " , I N S T A L C E U  C O S T  OF AC POWER SYSTEM,  BM 2.3.75 
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Table 7 0 .  AC power system output  da t a  f o r  Case 2 
~ ..._ ...... 

AC P O W f R  SYSTEM OtJTPUT DATA 
# I N 7 l i r S  FROH OTHER SYSTEW CODE PROGRAMS 
* O U i P U T S  TO OTHER SYSTEM CODE PROGRAMS 

BASEMW, F A C I L I T Y  BASE PObdEP LOAD,  MW 6 .dB 
F F I O O R # , E F F E C T T Y E  TOTAL FLOOR SPACE,  SQ.M 9~8000. IS 
PKUPM2, POWER NEEDED PER FLOOR AREA,  KW/S(;I M 8 .15  
F L c H T ,  T O T 4 L  POWER TO FPCILITY LOADS,  MW 3 3  .aa 
MGNAKE4,POWER TO MGF U N I T S ,  M'd 
SUMMAX#,POWR TO BURN POWER S U P P L I E S ,  MW 
BDVMWQ, POVER TO RUNDLE D I V .  S U P P L I E S ,  MW 
WTFMU-8, POllEP TU I F  C O I L  POWER S U P P L I E S ,  MU 
PI-ICAT#. POVER 1'0 PLASWA H E A T I N G  S U P P L I E S ,  WW 

VACMUB, P O V E R  10 VACUUM PUMP MOTORS, MLB 
HTPMWsf, POWER r0 HTS PUMP MOTORS, MW 
F C S H T ,  BACKIJP POWER TO F A C I L I T Y  LOADS.  MU 
12PPW+Y, POUFP TO T R I T I U M  PROCESSING, M W  
PASPMW*,TOIAL PULSED PUWfR SYSTEM l.OA9. MW 

WVLKVa P X L S E D  POUER U T I L I T Y  L I N E  VOLTAGE 

TMVA. l l A X .  M'<A OF EACH TRANSFORMER 
PNBKRS, N I j M B C R  OF 1 3 . 8 K ' J  C I R C U I T  BREAKERS 
E K R M V A ,  SHORT C I R C U I T  M V A  OF C I R C U I T  PJRFAKEKS 
CPHVSM. COST OF E Q l J I P K t N l  OW HV S I D E .  $M 

CPMVSM, COST OF E Q U T P M i N l  OW 1 3 . 8 K V  S I D E ,  SW 
CPACPM. COST OF PUl-SED ?OVER SYSTEM,  %>I  

TFHI~, POWER ro CP.YOGEQIIC COMP.  MOTORS, MW 

N s P H T , '  NUMDCS or 3 P H A S E  TRANSFORMERS- 

CTRANN, COST OF X F O R F ~ E K S  L I G H T r j x r J C  P R O T E C T .  

2 0 .  08 
50.81 

1 A B . 8 8  
H.50 
5 . 0 8  

4M. 08 
5 . 0 0  

20.08 
3 3  .8% 
18.00 

278.00 

2 3 0 , 0 8  
3 . 8 8  

l @ f l * O B  
18.CT8 

1 BE@ " 00 
2 . 4 8  
4 . 6 5  
3 . 0 9  

1 0 . 1 4  

F V L K V a ,  FA;.$.LJ-TfY-. POWER L.I.NE VOLTAGE 69.00 
FTMiGiT . MVA OF THE F A C I L I T Y  TRANSFORMER 4 f l "  00 
FEIEKRS, NUI IBCR OF 1 3 . 8 Y V  C I R C U I T  BREAKERS 6 .B0 
F B K H V A ,  S M O R r  C I R C U I T  MVA OF C I K C U I T  BREAKERS 5sro .OH 
CTIfVSM. COST OF. EQUIPMENT OM H V  S I D E ,  0.3B 
C X F K R M ,  COST OF XFOPMER R L I G I I T M I N C  PROTECT,SM 0.55 
CFMVSM. r O S T  OF EQUTPNENT ON 1 3 . e K V  S I D E ,  SM 0 . 5 4  
C F P C F I I ,  COST OF F A C I L l T Y  A C  POUEP SYSTEM 1 . 3 9  

AC POWER SUMMARY 

FCSHT? TOTAL F A C I L I T Y  POWER LOAD. MV 
. FVLKViY, . . . . .. . . FACI.L.I:"/ POWER L.I.Ng VOLTAG.E.E_.-KV 

C P A C P N ,  COST OF THE PU?SED POWER SYSTEM, $M 
CFACPN,  COST OF F A C I L I T Y  AC POWEP. SYSTEM, $M 
CZDGM, COST OF 2 D G  U N I T S ( 4 8 B Y , 2 5 3 . @ # W  EA. )$M 
C d B B P W ,  COST OF d NO BREAK POWER S V P P L J E S ,  $M 
CI-VDSM, C O S T  O r  L V  POWER D I S T R I B U T I O N ,  $M 
C i T G M ,  COST OF 1 PG ? I N I T t 4 R f l V ,  ?58HKW) ,  SW 

3 3  .OH 
69  .OO 

1 D . 1 4  
1 . 3 9  
1 . 3 8  
8.30 
5 . 0 9  
B.0B 

C>CPM*, INST&LLED-_COST OF Sac POWER 5YSP-Kt4. F M  1 8 . 2 1  
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Table 71.  AC power system output  data for Case 3 
I _-__._ I ... 

AC POWER SYSTEM OUTPUT DATA 
X INPUTS FROM OTHER SYSTEM CODE PROGRAMS 
* OUTPUTS TO aTHEB. SYSTEM CODE PROGRAMS 

BASEMW, FACILITY BASE POWER LOAD, MW 6.0I 
EFLOOR#,EFFECTZVE m i - a L  FLOOR SPACE,  S O , M  9 0008 " LIB 
P K U P M 2 ,  POWER NEEDED PEP FLOOR A R E A ,  KW/SQ.M 0 * 1 5  
FCSHT, r o T A L  POWER TO FACTLITV LOADS, MW 33.161 

MGMAKEP,PDWER TO MGF UMITS, MW 
SUMMAX*,PQWER TO BURN BOWER S U P P L I E S ,  MW 
BDVMWn, POWER T O  B U N D L E  G I V .  S U P F L I E S ,  MW 
W T F M W -  POWER IO TF CDSL POWER SUPPLIES, NW 
PHEATC, POWEK TO PLASM4 HEATING SUPPLIES, MW 
TFHT%, POWER TO CRYOGEMlC COMP. M0TQP.S. MU 
VACMW#, POWER YO V&CUUM P U M P  MOTDRS,  MW 

F C S H T ,  BACKIJP POWER TO FACILITY LOADS, MW 
T T P M W ,  POWER TO T R I T I U M  PROCESSJNG, M W  
PACPFIW* ,TUTAL PQLSED P O W E R  SYSTEM LOAD, MU 

HTrbtwa, POWER m HTS P U M P  MoroPs, MW 

TMVA 
P N S k R S  1 

EIiG?MVP, 
c P SI vs M , 
CTPANH, 
CPMVSM, 
CPACPFI,  

F V L K V B ,  
FTMVA, 
FN&kRS * 
F B KMVA , 
CF :-iVtSM, 
CXF"RE"I, 
CFMVSM, 
CFACCM. 

Q b K i d f ,  PULSED POWER. U T I L I T Y  un\rE VOLTAGE ~ -..-m 
R'BPHT. N U M B E R  OF 3 P H A S E  TRANSFORMERS 3 .BB 

MAX. MVA OF EACH TRANSFORMER 1Bfl.kTL7 
N U M B E R  O f  13 .8KV CIRCUIT B R E A K E R S  - 18.s0 
SHOK'I' C I R C U I T  MVA OF C I R C U I T  BP.EAKERS 1 BO8 -88 
COST OF E Q U I P M E N T  ON H V  STQE, bM 1,98 
COST OF XF9RMER.S & LIGHTNING PROTECT. 4 . 2 5  
COST OF' EQUIPMEiVT ON 1 3 . 8 K V  SIDE,  $M 3.0'9 
COST CF FULSEO POWER SYSTEM,  $lJl 9.33 

FACILITY PO-WER L I N E - - V O E T A G E -  ..- 6p_+ss 
M A X ,  MVA OF T H E  FACIL.  I ' T Y  TRANSFORMER CB. 91 
NUMBER OF 13.8KV C I R C U I T  B R E A K E R S  S.BB 
SHORT CIPCUIT MVA OF C 1 R C U J . T  E X E A K E R S  588 I iI 
C O S T  OF E Q U I T M E N ' P  ON Hi' SIDE, SM 4.50 
C O S T  UT XFORPIER & LIGHTNING PP,OTECT,$M B.55 
cmr O F  EQUIPMENT' O N  1 3 . 8 ~  SIDE, SM 8.54 
COS% OF F A C I L I T Y  AC POWER SYSTEM 2.39 

P.C; POVEP. ~ ._._.-- SUMMARY 

9 . 3 3  
1.39 
1.35 
8 . 3 8  
5 ..09 
0.db 

-____ 17,48 



434 

Tab 

a r e  

Exhib i t s  of t h e  

e5 69, 70, and 7 

a l s o  included a t  

output  d a t a  f o r  t h e  ;IC power code a r e  given i n  

f o r  Cases 1, 2, and 3 of  Table 68. The input  d a t a  

the  appropr ia te  p l aces  i n  t h e  d e t a i l e d  t a b l e  so  

t h a t  t h e  ac power system i s  completely def ined  i n  t h e  p r i n t o u t .  

f o r  FCSIIT and PACPMW, a l l  the  d a t a  i n  t h e  f i r s t  two blocks a r e  input  

d a t a .  

r a t i n g s ,  c0s.t of t h r e e  major groups, and t h e  cos t  of t h e  e n t i r e  pulsed 

power system. S imi l a r  d a t a  f o r  t h e  f a c i l i t y  power system a r e  gi-ven i n  

Block 4 .  

Except 

The t h i r d  block of  d a t a  de f ines  %he pulsed power system equipment 

AC power summary d a t a  a r e  a l l  t he  d a t a  t h a t  a r e  gene ra l ly  needed 

from t h e  code. A s  shown i n  Tables 69, 70, and 71,  t h e  summary d a t a  

inc ludes  . t o t a l  pulsed a.nd f a c i l i t y  power loads ,  t h e i r  l i n e  vo l t ages ,  and 

t h e  c o s t  o f  major groups of equipment. 

and t h e  low-voltage power d i s t r i b u t i o n  cos t  a r e  added t o  t h e  cos t  of t h e  

pulsed power sys t em and f a c i l i t y  power system t o  ob ta in  t h e  t o t a l  system 

c o s t  on t h e  l a s t  l i n e .  An e n t r y  f o r  a small demonstration tur'oine- 

genera tor  may be used i f  t h e  tokamak genera tes  some e l e c t r i c i t y .  There 

a r e  only two outputs  of t h i s  t a b l e  used i n  o t h e r  codes: 

CTACPM. 

The e s s e n t i a l  power equipment 

PACPMW and 

CODE EQUATIONS 

Total  pulsed power load, PACBMW, i s  equal t o  t h e  sum of  t h e  loads 

i d e n t i f i e d  i n  t h e  second block o f  'Tables 69, 70 ,  o r  71. The t o t a l  

f a c i l i t y  power load, FCSNT, i s  def ined  by t h e  fol lowing equat ion:  

FCSHT = BASEW + EFLOOR * PKWPM2/1000 + 0.05 PACPMW , 

where 

BASEMW = f a c i l i t y  base power load, MW, 

EFLOOR = t o t a l  f l o o r  a r e a  of a l l  bu i ld ings  on t h e  s i t e ,  

PKWPMZ = power c o e f f i c i e n t  = 0.15 read  from t h e  u s e r ' s  t a b l e .  

The l a s t  term of  the above equat ion r ep resen t s  f a c i l i t y  power 

backup f o r  t h e  pulsed power system. 

The computed PACPMW i s  used as t h e  e n t r y  t o  one of eleven t a b l e s  

t h a t  de f ine  t h e  nuinber of three-phase t ransformers  , NSPHT , t ransformer 
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power, r a t i n g ,  TMVA, number of  13.8-kV c i r c u i t  b reakers ,  FNBKRS, c i r c u i t  

b reaker  i n t e r r u p t  capac i ty ,  RKRMVA, and maximum s t e a d y - s t a t e  c u r r e n t  f o r  

t h e  c i r c u i t  b reaker ,  PCIKA. These t a b l e s  and t h e  s e l e c t i o n  l o g i c  a r e  

descr ibed  under t h e  FORTRAN l i s t i n g  below. Likewise, t h e  computed FCSHT 

i s  used as t h e  e n t r y  t o  one of  s i x  t a b l e s .  

power t ransformer ,  so  t h i s  v a r i a b l e  i s  not  included i n  these  s i x  t a b l e s .  

The fol lowing pulsed power system cos t  equat ions a r e  used i n  t h e  a c  

There i s  only one f a c i l i t y  

power code (see Block 270 equat ions  i n  t h e  FORTRAN l i s t i n g ) .  

Cost of WV cab le s  and bussing,  CHVCAM, $ m i l l i o n  

CHVCAM = 2.5E-3 (NSPHT) (TbWA) ' (HVLKV) ' , 

where HVLKV i s  t h e  u t i l i t y  l i n e  vo l t age .  

Cost of  H V  c i r c u i t  b reakers ,  CHVCBM, $ m i l l i o n  

CHVCBM = 4.95E-5 (N3PHT) (10"TMVA) ' (HVLKV) ' 7  . 

Cost of t ransformers  and l i g h t n i n g  a r r e s t o r s ,  CTRANM, $ m i l l i o n  

CTRANM = 1. OE- 2 (N3PHT) (TMVA) ' * (HVLKV) . 

Cost o f  13.8-kV c i - r c u i t  b reakers ,  CMVCRM, $ m i l l i o n  

CMVCBM = 1.5E-5 (PNKBRS) (BKRMVA)o'8(PC1KA)o'37 . 

Cost o f  13.8-kV power cab le s ,  CMBCAM, $ m i l l i o n  

CMVCAM = 6.OE-5 (PNBKKS) (CLTHM) (PClKA)/SOO , 

where CLTHM i s  a c h a r a c t e r i s t i c  cable  length  read  from t h e  use r  

t a b l e  = 600 m .  

Low-voltage, pulsed power, TLVPMW, MW: 

TLVPMW = FCSHT + T2PMW + VACMW + O.S(TFHT + SLJMMAX) 

The r ight-hand terms a r e  def ined  i n  Table 6 7 .  

. 
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Cost o f  low-vol tage power d i s t r i b u t i o n ,  CLVUSM, S m i l l i o n :  

CLVDSM = CPMWM2 TLVPMW * kFLOOR/l.Ok-6 , 

where CPMWM? = 0 . 5  i s  a c o s t  coefficient r e a d  from t h e  user's t a b l e .  

Cost o f  equipment 011 t h e  high-volCage s i d e  o f  ?lie transformei-5,  

CPfIVSM, $ m i l l i o n :  

Cost of  equipment on the 1.3.8-kV s i d e  of  the t-ransformers, COMVSM, 

$ m i l l i o n :  

CPMVSM .= CMVCBM + CMBCAM . 

ToLal pulsed  power system c o s t ,  CPACPM, $ m i l l i o n :  

CPACPM = C11VCL4M f CHVCRM + C I M N M  + CMVCHM + CMVCMI . 

Another s i m i l a r  s e t  o f  e q u a t i o n s  i s  used t o  c a l c u l a t c  the c o s t  of 

t h e  f a c i l i t y  power Systeiii (see Block 280 e q u a t i o n s  o f  t h e  EQRTRAN l i s t i n g ) .  

CODE FLOW DILKRAM 

The ACPWK code f low diagram i s  gi.ven i n  F ig .  102 .  Ni.ne loads  

demands aiid t h e  . t o t a l  f l o o r  a r e a  of  a l l  b u i l d i ~ n g s  a re  o the r  code :nputs 

t o  t h e  a c  power code. i'he I i s e r - c o n t r o l l e d  d a t a  f i l e  p r o v i d e s  t h e  otl-ieir 

i n p u t s  ~ Pulsed power system t a b l e  lookup aid computation o p e r a t i o n s  a r e  

t h e n  performed. S i m i l a r  t a b l e  lookup aiid computations a r e  per€orrned f o r  

.tile f a c i l i t y  power system. E s s e n t i a l  power c o s t s  a r e  then read  from 

t h e  user - inp i i t  t a b l e .  A p r i n t  o p t i o n  p e m i t s  pr i .nt i i ig  a l l  tine output  

d a t a  o r  o n l y  t he  summary d a t a  e x h i b i t e d  i ~ n  Tables  69, 7 0 ,  and 71. 

The FORTRAN l i s i i n g  (ACPWK. FOR) i d e n L i f i e s  mnemaiirs a t  t h e  

bcgiriiiing t h a i  dre d e f i n e d  i n  Tables  67 ,  69,  i o ,  and 1 1 .  t ' r ~ g r a m  

ir iputs  a r e  i d e n t i f i e d ,  fol lowcc!  by  t h e  program a1goTi'chlli.s. Thc e leven  
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F PRINT COMPLETE 
OUTPUT FILE 

ORNL DWG8113897 FED 

PRINT SUMMARY 
OUTPUT FILE ONLY 
(EOF)  

READ POWER DEMAND OF MAJOR SUBSYSTEMS AND THE TOTAL FLOOR AREA OF A L L  
R IJ I L O  I N GS 

3- 

USER INPlJT 

POWER DEMANDS 
PACPMW - PULSED SYSTEM POWER IMW) 
FCSHT - FACILITY SYSTEM POWER (MW) 

FROM TABLE FOR 

USE FCSHT'I'O 
SEI-ECT 1 TO 6 
TABLES 

--< PRINT OPTION \ 

F i g .  102.  AC power system code flow diagra.m. 
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" i f  s ta tements"  near t h e  beginning  d e f i n e  t h e  power demand b r a c k e t  f o r  

P,CCPMW and t h e  cor responding  t a b l e  under  numbers 195 t o  2 7 0 .  Thc 

p u l s e d  powcr system cos t  a l g o r i t h m s  a r e  l i s t e d  i n  Block 270. 'Then, s i x  

" i f  statemeilts" d e f i n e  t h e  power demand b r a c k e t  f o r  FCSHT and t h e  

cor responding  t a b l e  under  vumbers 310 through 350. F a c i l i t y  power c o s t  

a l g o r i t h m s  a r e  l i s t e d  under 280. The " i f  (acpr t ) ' l  statcment j u s t  b e f o r e  

380 and t h e  v a l u e  a s s i g n e d  t o  ( a c p r t )  de te rmine  whethcr the e n t i r e  

o u t p u t  o r  o n l y  t h e  summary i s  p r i n t e d .  



18. INSTRUMENTATION AND CONTROL MODULE 

The superv isory  c o n t r o l  and ins t rumenta t ion  code, IAC, reads t h e  

user - input  d a t a  arid d a t a  from o the r  systcm code f i l e s  and mahes c o s t  

c a l c u l a t i o n s  f o r  e leven groups o f  process  ins t rumenta t ion  and con t ro l  

arid f o r  t e n  groups of plasma d iagnos t j  cs  ins t rumenta t ion .  'The process  

ins t rumenta t ion  and c o n t r o l  groups and t h e  plasma d iagnos t i c s  i n s t r u -  

mentation groups are  def ined  i n  Tables 72 and 73.  I n  add i t ion ,  t h e  

a rch iv ing  computer c o s t  i s  c a l c u l a t e d  based on u s e r  d i agnos t i c s  i npu t  

d a t a  o r  d a t a  from a d e f a u l t  t l i agnos t ics  t a b l c .  The d i agnos t i c s  i n s t r u -  

mentation c o s t  i s  c a l c u l a t e d  f o r  any one of the  opera t jng  phases 

(hydrogen, deuterium, o r  t r i t i u m )  as d i r e c t e d  by user - input  d a t a .  

IAC CODE BASTS 

The c o s t  of t h e  eleven groups of SCDS process  ins t rumenta t ion  and 

con t ro l  i s  based on mul t ip ly ing  a c o s t  c o e f f i c i e n t  by t h e  c o s t  of  t h e  

group process  equipment o r  number of modules r a i s e d  t o  a power def ined  

by a use r - inpu t  c o s t  exponent, CEXP.  The cos t  exponent i s  c u r r e n t l y  s e t  

equal t o  0.6 f o r  a l l  groups.  For t h e  convenience of  t h e  use r ,  CEXP i s  

t h e  same f o r  a l l  t h e  process  groups so t h a t  a l l  groups can be changed 

with only one v a r i a b l e .  The normalized equat ion f o r  t h e  I G C  c o s t  of a 

process  group, l C / I C o  = (EC/kCO)**CEXP i s  p l o t t e d  i n  F ig .103 .  

exponent g r e a t l y  in f luences  t h e  curva ture ,  as ind ica t ed  i n  t h e  f i g u r e .  

If t h e  IGC c o s t  were d i r e c t l y  p ropor t iona l  t o  t h e  process  equipment 

c o s t ,  CEXP should be se t  t o  1 . 0 .  However, i nc reas ing  the  s i z e  of  t he  

process  equipment does not  g r e a t l y  inc rease  t h e  cos t  of  t h e  I G C ,  but  

i nc reas ing  t h e  number o f  process  u n i t s  has a s t ronge r  impact on 

inc reas ing  t h i s  c o s t .  The inf luence  of  these  cons idera t ions  can only be 

implemented wi th  t h e  c o s t  exponent ia l ,  CEXP,  i n  t h e  siri iplif ied code, 

IAC. The recommended range of va lues  f o r  CEXP i s  between 0.5 and 0 . 9 .  

The cos t  

The c o s t  c o e f f i c i e n t s  of  process  IEC a r c  expressed i n  terms of t h e  

u n i t y  c rossover  p o i n t  o f  Fig.103, t h a t  i s ,  l/(ECO**CEXP) so t h a t  changing 

t h e  cost  exponent CEXP does n o t  change t h e  crossover  p o i n t .  Also, i n  t h e  
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Tab le  7 2 .  D e f i n i t i o n  of I A C  p r o c e s s  groiiFs 
.... ~- . .......... ....... ____ 

Group 1-iumb e r blii emon i c D e s c r i p t i o n  
......... ........ ___ ___ .......... ..... ........ .- - - 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

TCOE PH- 

TCOFMC- 

TCOFAC- 

TCGNES-  

TCOF RC - 

TCOFCV- 

TCOFFS- 

'I' C 0 FHT ~ 

TCOFMK- 

TCOFBF- 

'1'C 0 F KH - 

Plasma h e a t i n g  SCDS c o s t ,  $ m i l l i o n  

Magnet systems SCDS c o s t ,  $ m i l l i o n  

AC power systems SCDS c o s t ,  $ m i l l i o n  

Power g e n e r a t o r  and energy s t o r k  SCDS c o s t ,  

Reac to r  components and s t r u c t u r e s  i G C  c o s t ,  

Cryogenic and vacuum systems SCDS c o s t ,  

F u e l i n g  and p r o c e s s i n g  SCOS c o s t ,  $ m i l l i o n  

Heat t r a n s p o r t  systems SCDS c o s t ,  $ m i l l i o n  

F a c i l i t y  and s i t e  mon i to r ing  SCDS c o s t ,  

Bu i ld ing  f a c i l i t i e s  IGC c o s t ,  $ m i l l i o n  

Keinote h a n d l i n g  sys t e i i~  SCDS c o s t ,  $ m i l l i o n  

$ m i l l i o n  

$ m i l l i o n  

$ m i l l i o n  

$ m i l l i o n  

NOTCS: SCDS = siipervj s o r y  c o n t r o l  and data system, 
I & C  = i n s t r u m e n t a t i o n  and c o n t r o l  , 
MON = i non i to r ing ,  
COMP - components, and 
G E N  = g e n e r a t o r .  
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Table 7 3 .  Defini t i -on of I A C  d i agnos t i c s  groups 

Group number Mnemonic r)?.agnosti c description 
.... - I_ -____-__--.. ...................... .-,-- 

1 

2 

3 

4 

5 

6 

‘7 

8 

9 

10 

EDENSTTY 

E .  TEMP 

JON TEMP 

IhlPYsII i TY 

PWR LOSS 

MAGNETIC 

P .  TNSTAB 

FP ROD PAR 

ENVIROPJ 

Ma: s G E I, 

TGDP f o r  iwasuaing plasma c l cc t ron  

IGDP f o r  measuring plasrria e l ec t ron  

IGDP f o ~  mcasiiring plasma i o n  temperature 

IE,DP f o r  measuring plasma impiiri t y  

IEDP f o r  mcasuring plasma power r a d i a t i o n  

I t;UP f o r  neasuri ng c lect  roruagriet i c  
p rope r t i c s  of t h c  pIn.;iua 

IFDF Cor measuring plasma i n s t a b i l i t y  
wave a c t i  vi t y  

IGDP f o r  mcasuring plasma fusion p a r t i c l e  
c m i  s s j  on 

I G D P  f o r  measuring enviromcnL ou t s ide  o F 
t h e  plasma 

IF,DP f o r  measureinents necded f o r  machi nc  
y rc s t a r tup  condi t ion ing ,  i n spec t ion ,  
a1 i gnment , and c a l  i b r a t  ion 

dens: ty 

tcnnprrati :?+e 

concent ration 

losses 

...... - ......... I___._.. ~ _.. 

NO’l’E: XEDP = ins t rumenta t ion  and. da t a  process ing .  
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ORNL-DWG 84-3774 FED 
I I 

CEXP r 

0.4 

0 
0 0.4 0.8 i.2 1.6 1.8 2.0 

EC/EC, 

Fig. 103. Normalized IGC cost and normalized equipment cost for 
several values  of CEXP. 
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f u t u r e  when b e t t e r  cos t  d a t a  become a v a i l a b l e ,  it i s  easy t o  update t h e  

crossover  po in t  c o s t ,  ECO. 

Cost o f  t h e  d i agnos t i c  IGDP, i d e n t i f i e d  i n  Table 73, i s  based on 

t h e  number on cach group s e l e c t e d  by the  user  o r  def ined  by a number i n  

t h e  d e f a u l t  t a b l e ,  IACIN. The IEDP c o s t  of each group i s  t h e  average 

cos t  of a d i agnos t i c  i n  t h e  group,  TMCPDM, t imes t h e  number of d i agnos t i c s  

i n  t h e  group. No at tempt  i s  made t o  apply a cos t  exponent because t h c  

cos t  of most d i agnos t i c s  i s  high and only one o r  two of cach kind a r e  

used. Three phases o f  ope ra t ion  are assumed: n a t u r a l  hydrogen, 

deuterium, and t r i t i u m .  The u s e r  t a b l e  o r  d e f a u l t  t a b l e  provides  f o r  

en te r ing  t h e  numbcr of  each kind of  d i agnos t i c  t o  be i n s t a l l e d  dur ing  

each phase s o  t h a t  t h e  d i agnos t i c  IGDP cos t  f o r  each phase i s  determined 

as descr ibed  l a t e r  i n  t h i s  s e c t i o n .  Likewise, t h e  cos t  of a rch iv ing  

computer equipment i s  based on t a b l e  e n t r i e s  f o r  t h e  t h r e e  phases of 

opera t ion .  

CODE INPUT DATA 

Inputs  from o the r  subrout ines  are  def ined  i n  t h i s  s e c t i o n ,  toge ther  

with u s e r  i npu t s  from d iagnos t i c s  d a t a  t a b l e s .  

subrout ines  a r e  def ined  below f o r  each of t h e  eleven process  groups: 

Inputs  from o the r  

Group 1. P l a s m a  Heating 

t c o f n b - t o t a l  c o s t  o f  n e u t r a l  beam systems, $ m i l l i o n  

r f d - t o t a l  cos t  of t h e  r f  systems, $ mil l ion  

Group 2 .  Magnet System 

c t f p c t - t o t a l  c o s t  o f  TF c o i l  power conv6rsi.on system, $ i l l i l l ion 

t c o s t - t o t a l  c o s t  of PF c o i l  power conversion system, $ m i l l i o n  

Group 3 .  AC Power Distr i .hut ion Systems 

cpacpm-total  cos t  o f  pulsed ac power sys t em,  $ m i l l i o n  

cfacpm-total  cost of f a c i l i t y  ac power system ,$ m i l l i o n  

clvdsm-total  c o s t  of low-voltage power d i s t r i b u t i o n ,  $ m i l l i o n  
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Group 4 .  

c2dgrn-total of  t h e  d i e s e l  g e n c r a t o r s ,  $ million 

c4nbpm-total  c o s t  o f  the u n j n t e r r u p t i h l  e power s u p p l i e s ,  $ m i l l i o n  

cltgm-total C o s t  of t u r b i n e  ge~:t .rators ,  $ m i l l i o n  

e s  total c o s t  of  tile energy s torage  sys~erir (mgf ~ i ~ l i i ~ ) ,  $ m i l l i o n  

Power Genera t ion  and  rnergy S t o r a g e  

Gi-oiip 5 .  Reactor Components and S t ruc tu res  

t f n o  number o f  ‘IF c o i l s  

rlotm-number o f  hlai iket  t e s t  inodules (notlri : 6) 

Group 6 .  Cryogenic  arid Vacuum Systems 

t c c r y o . t o t a 1  c o s t  o f  c ryo  system, $ i l l i l l i on  

Lovx6 - t o t a l  cost of  vacuum system, $ in; l l i o r !  

Groiip 1 .  F u e l i n g  and Fuel  P r o c e s s i n g  Systems 

c f u e l s - i o t a 1  cos t  o f  f u e l  i i i j e c t i o n  system, $ m i l l i o n  

c t s c - t o t a l  c o s t  of  t r i t i u m  p r o c e s s i n g  It&, $ m i l l i o n  

Group 8 .  Heat Transpor t  Systems 

c h t s - t o t a l  c o s t  o f  h e a t  t r a n s f c r  system, $ rni l l ior i  

Croup 9 .  Facility and S i t e  Monitor ing 

e f l o o r - t u t a l  f l o o r  area o f  s i t e  b u l I d i n g s  , m? 

ctmon-coqt o f  t r i t i u m  p r o c e s s  monitor ing,  $ m i  1 1  i o n  

Group 10.  B u i l d i n g  F a c i l i t i e s  

t b c o s t - c o s t  of  b u i l d i n g s ,  e x c l u d i n g  s i t e  preparat ioi i ,  $ m i l l i o n  

Group 11. Reinote Handl ing 

crritotm-remote h a n d l i n g  equipment cos2,  $ m i l l i o n  
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Ihc process  I W  c o s t  coef r i c i e n t s  a rc  ~ ~ V C A  urder  t h e  "PRINCIPAL 

IAC CODE EQUATIONS" sect ion,  They are  d e f i n c d  by the  generic eqiiation 

where EC i s  the  cos t  of the process  equipinent a t  t h e  c~os~.c .over  po in t  o f  

Fig.  103. T h i s  expre.ssiori for t h e  cost  c o e f f i c i e n t  Facili 1.ai:es updat ing  

the code and en te r ing  CEXP, as descr ibed  i n  the previous st:ct.ir:,n. 

0 

Both t h e  user's 2nd t h ~ :  d e f a u l t  d i agnos t i c  input  table:; provide  the 

type of i i i p t t  data  shown i n  Ta.ble 7 4 .  T h e  d i agnos t i c  g.i-oup nurnbcr K and 

t h e  iiin.emoni.c f o r  t he  group are  given i n  coli.mn-; one and two. The number 

of d i agnos t i c s  t o  be i n s t a l l e d  i n  each opera t ing  phase a . re  gj.ven under 

columns .three, four ,  and f i v e .  The average cos t  p e r  d i agnos t i c  i s  given 

undev coliimn s i x ,  ancl. the c o s t  of re furb ish i i ig  f o r  tritium phase o p e r a -  

t i o n s  i s  given under column seven. The refi.irbish:i ng cos t  i s  f o r  removing 

di agnos t i c s  n o t  hardened f o r  tritS.um--phase opera t ions  o r  f o r  u.pg~-ad.in,g 

with r a d i a t i o n  shiel .ding a n d  offs3ts so  t h a t  t h e y  can be iiscd f o r  

t r i t i um-phase  o p e r a t i o n s .  

Line 1.1. o f  t h e  d iag i ios t ics  i.npu.t data i s  :For a rch iv ing  corriputen" 

equipment which i s  enhanced over t he  l i f e  of  t h e  machine. The func t ion  

of  this equipment i s  f o r  o f f - l i n e  proces5ing arid s to rage  of  la-rge 

q u a n t i t i e s  o f  data  fox  each s h o t  o r  machb:: ex.periment. T1i.j.s da ta  can 

be ret r i -eved and evaluated seve ra l  yea r s  after t h e  sho t  1na.s been m3d.e. 

The nuaibers i n  l i n e  11 r e f e r  t o  t he  cost of this equipment i.n $0.1 rnil l ioii  

increments,  as ind ica t ed  under column s i x .  Col.ttmn s i x  is mul t ip l i ed  by 

columns t h r e e ,  foi-ir, and f i v e  t o  o b t a i n  t h e  a rch iv ing  c~mputer cos t  f o r  

t h e  three phases o f  opera t ion .  Referri.ng t o  Table 74, the archiving 

computer equipment c o s t s  a r e  $ 2 . 3 ,  $2.8,  ani? $ 3 . 2  milli .on f o r  t h e  

hydrogen, deuterii.um, and t r i t i u m  phases of ope ra t ion .  This d a t a  cail be 

changed i n  the u s e r ' s  t a b l e  t v  agree with c o s t  based OA TFTR o r  MF'B'F-B 

expendi tures  f o r  t h i s  equipment at some future  date.  

The code d e f a u l t  t a b l e  ILSGS a row o f  d a t a  t o  r ep resen t  a colaimn of  

d a t a ,  as shown i n  Tai2.l.e 75,  which a l s o  con ta ins  :Five o t h e r  d a t a  i npu t s  

i n  adcl.i.tj.on t o  t he  d a t a  i n  Table  74. The o the r  i .nputs  are the cos t  
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Table  7 4 .  D e f a u l t  d i a g n o s t i c s  i n p u t  t a b l e  

D i a g n o s t i c  
K group NOHP NODP NOTP TMCPDM RFCPDM 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

EDENS ITY 

E .  TEMP 

ION TEMP 

I M P U R I T Y  

PWR LOSS 

MAGNET IC 

P .  I N S T A B  

F PKODPAR 

ENV I RON 

MISCEL 

ARCH I V E  

1 

2 

2 

3 

1 

3 

2 

0 

3 

4 

23  

2 

1 

2 

2 

1 

1 

1 

2 

2 

2 

28 

0 

0 

0 

1 

1 

1 

0 

2 

1 

3 

32 

1.50 

1.30 

1.50 

0.70  

0.40 

0 . 3 0  

0 . 7 0  

0 . 8 0  

0 .70  

0.40 

0.10 

0 . 2  

0 . 2  

0 . 4  

0 . 3  

0.1 

0 . 1  

0.2 

0 . 2  

0 . 1  

0 . 1  

0 . 0  

NOllP  = Number o f  d i a g n o s t i c  t y p e s  i n  Group K f o r  the H2 phase 
NODP = Number o f  d i a g n o s t i c  t y p e s  i n  Group K added f o r  t h e  U2 

NOTP = Number o f  d i a g n o s t i c  t y p e s  i n  Group K added f o r  t h e  TD 

TMCPDM = Average c o s t  o f  a d i a g n o s t i c  t y p e  i n  Group I ,  $ m i l l i o n  
RFCPDM = Cost a d d i t i o n  f o r  r e f u r b i s h i n g  f o r  t r i t i u m - p h a s e  

phase  

phase  

o p e r a t i o n s ,  $ m i l l i o n  

Table  75 .  A d d i t i o n a l  d a t a  i n p u t s  

640 

64 1 

642 

643 

644 

645 

646 

647 

648 

i n s t r u m e n t a t i o n  and coritrol  i n p u t  d a t a  

* E i a c i n  

i d d p h = l ,  i d t p h = l ,  cexp=O. 6,  n o t w 4 ,  i d f a l t -  0 

noph=l, 2 ,  2, 2, 1 ,  2 ,  2 ,  0 ,  1, 3 ,  25 

nodp=Z, 1, 1, 1, 1, 2, 1, 2 ,  2, 2 ,  32 

notp=0, 0, 0, 1, 0 ,  0 ,  0 ,  2 ,  1, 1, 32 

tmcpdm=1.5, 1 . 3 ,  1 . 5 ,  0 . 7 ,  0 . 4 ,  0 . 3 ,  0 . 7 ,  0 . 8 ,  0 . 7 ,  0 . 4 ,  0 . 1  

rfcpdm=0.2, 0 . 2 ,  0 . 4 ,  0 .3 ,  0 . 1 ,  0 . 1 ,  0 . 2 ,  0 . 2 ,  0 . 1 ,  0 . 1 ,  0 . 0  

*Eendiacin 
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exponent CLXP def ined  previous ly ,  t h e  number of t e s t  modules, NO'TM, and 

l o g i c  d a t a  f o r  i n t e g r a l  v a r i a b l e s  IDDPH, ITDPH, and I D F A L T .  I f  I D D P H  

and ITDlW a r e  s e t  t o  0 ,  t h e  code uses  t h e  hydrogen phase d a t a  and output  

messages. If IDDPB = 1 and ITDPH = 0 ,  t h e  code inakes c a l c u l a t i o n s  a n 3  

outputs  summary da ta  f o r  ope ra t ion  through both t h e  hydrogen and 

deuterium phases .  Tf  IDDPH = 1 and 1'TDPII = 1 ,  t h e  code makes ca l cu la -  

t i o n s  and ou tpu t s  summary d a t a  f o r  a l l  t h r e e  phases of opera t ion .  

IDFAL'T = 0,  t h e  code uses t h e  d e f a u l t  t a b l e  d a t a ,  and i f  IDFALT = 1, t h e  

code uses  t h e  inpu t  d a t a  provided by t h e  use r .  

I f  

Severa l  examples of t h e  code output  a r e  given i n  Tables 76, 7 7 ,  and 

The t a b l e s  are  n e a r l y  s e l f - d e s c r i p t i v e .  78. 

a r e  t h e  process  SCDS c o s t  e s t ima te  f o r  each of t h e  eleven groups def ined 

i n  Table 7 2  and t h e  t o t a l  c o s t  o f  a l l  eleven groups.  In  t h e  middle of 

each t a b l e ,  both d i agnos t i c  i npu t  d a t a  and t h e  computed cos t  e s t ima te  

d a t a  are given. 

t oge the r  wi th  a message t h a t  i d e n t i f i e s  t h e  source of t h e  d i agnos t i c  

i npu t  d a t a .  The a rch iv ing  computer d a t a  cos t  estimates are then given 

below t h e  d i a g n o s t i c  ou tput  d a t a .  F i n a l l y ,  t h e  summary of t h e  cos t  f o r  

t h e  t h r e e  major groups i s  given and t h e  t o t a l  o v e r a l l  c o s t .  A message 

a t  t h e  top  of  t h e  summary t a b l c  i n d i c a t e s  whether t he  cos t  e s t ima te  i s  

through t h e  hydrogen, deuterium, and t r i t i u m  opera t ing  phases.  The out-  

put  d a t a  t a b l e  uniquely def ine5  t h e  d i agnos t i c  t a b l e  input  d a t a  and t h e  

ex ten t  o f  t h e  summary c o s t  e s t ima te  so t h a t  t h e  u s e r  can quick ly  d e t e r -  

mine whether a n  e r r o r  i n  d a t a  e n t r y  was made. 

A t  t h e  top  of t h e  t a b l e s  

The t o t a l  c o s t s  by l i n e  and by column a r c  given, 

P R I N C I P A L  I A C  CODE EQUATIONS 

'The system code 1AC c o n s i s t s  of  two iiiajor d i v i s i o n s :  (1) t h e  

process  superv isory  con t ro l  and ins t rumenta t ion  and ( 2 )  t he  plasma 

d iagnos i t c s  ins t rumenta t ion .  T h e  f i r s t  d i v i s i o n  conta ins  eleven major 

groups of  process  I h C ,  and t h e  second d i v i s i o n  conta ins  t e n  major d i a g -  

n o s t i c s  groups.  The fol lowing equat ions a r e  used t o  compute the  d a t a  

a s soc ia t ed  with each group of I G C .  



Tai9le 7t1. IAC subroutioe output  t ab lc  usiiig t h e  de fau l t  
table (ti1rough deuterium phase) 

2 
3 

5 
6 
7 
8 
9 
lL3 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
28 
2 1  
2 2  
23 
2 4  
2 5  
2 6  
2 7  
2 8  
29 
3 6  
3 1  
13 2 
3 3  
3 4  
35 
36 
37 
3 8  
3 9  
4 8  
4 1  
42 
A 3  
44 
45 
46 
4) 
4 P  
49  
5r;l 
5 1  
5 2  
53 
54  
5 5  
Li 6 
5 7  
5 8  
59 
6 8  
5'1 
6 2  
63 
c;d 

5E 
66 
6 7  

d 
C O > I  t)F THE COSiTROl. E U I L D I N G  I & C  f1ARljWARE AND S O F T V A R E ,  
A N D  I H E  C D 5 I  OF THL P L A S M 4  D I A G N O S T I C S .  

( T C l ' S - - S b P E R V I S O R Y  CONTROL AND DATA SVSTE?!. j 

PRO'  FSS SCOS COST ESTIMATE 

TCOFPH-PLFi .SV.4 ! + E A T I N G  SCDS COST, SM 
TCC!FF!C-MAG%ET SYSTEMS SCDS COST, %N 
Tt; '- jFAC-AC POWER SYSTEMS SCDS COS'l' SM 
TC~.~ i lES- -POWEK G E N .  L ENERGY STORAGE SCDS C O S T ,  $14 

T C i ? F C V - - C R Y O G E N I @  R VP.CUUM SYSTEMS SCDS COST, SE.4 
T C U F F S - F U E L I N G  & PROCESSING SCDS COST,  $M 
T C O F H T - H E A T  TRANSPORT SVSTEl4S SCOS COST, $M 
T C O F ! * l N - F A C I L I T Y  & S I T E  MON. SCDS COST,  $M 

TCOFPC--REACTOR COMP. & STRUCTURES I a tC  COST,$M 

-- I L O P S C - T O T A L  COST OF PROCESS SCDS , SFM 

2.69 
2.47 
1 .A73 
1.31 
2 . 7 5  
1.18 
8.56 
1.14 
8.31 
. f l .  73 
1.61 

15.78 

PLASWA D I A G N O S T I C S  COS')' E S T I M A T E  TASiE 

NO;IP-FIO.  O F  D I A L N G S I I C  T Y P E S  I N  GRGUP K FOR ' I H E  H Z  PHASE 
NODF-NO.  OF D I A G i m ' r I c  TYPES I N  G R P  K A D D E D  FOR 02 PHASE 
w T P - m .  OF DIAGNOCTIC TYPES IN G R P  K A D D E D  FOR THE T D  PHASE 
T M L P D M - A V E P A G E  COS'? OF A DIAGMDSTiC TYFE I N  GROUP K ,  $H 
HPDCCM-COST OF D I A G N O S T I C S  I N  GROUP E FOR THE H2 PHASE 
DPUGLM-COST OF U I A G R O S T i C S  I N  G W b  K A O R E O  FOR THE D2 PHASE 
T F D G C K - C C S l  OF O I A G N Q S T i C S  I N  C R P  K A D D E D  FOR THE TD PHASE 
FPROGPAR-FUSIOY PRODUCT PARTICLE D I A G N O S T I C S  GROUP 

K 31 '46  . G R F  NOW? h O C P  N O i P  TMCPl lM  WPDGCF4 DPDGCM T P D G C H  

1 E n E N S I l Y  
2 E .TE1?? 
3 I O N  TEMP 
4 I l l P U R I T V  
5 P V R  LOSS 
6 M A G K C T I C  
7 P . I N S T A B  
8 F'PROIIPAR 
9 E N V I R U N  

1m M I S C E L  

1 2 
2 1 
2 2 

2 3 
1 1 
3 1 

1 2 
ii 2 
3 2 
4 2 

8 1.5.B 
B 1 - 3 B  
0 1.58 
1 B.TB 
1 8 . 4 @  
1 0.36 
B 8.78 
2 8.8B 
1 8 . 7 #  
3 8.48 

1.5u 
2.60 
3 .I50 
2 .  la 
tf" 4Kf 
B. 9B 
1.41 
8.88 
2.18 
1.617 

3 .88 
1.38 
3.88 
1.48 
8.4p1 
8.30 
f1.78 
1.60 
1.48 
ff.Ii# 

8.28 
f l .  21 
0.41 
1 .1@ 
d.58 
8.4131 
8 .  ZI 
1.81 
8.8s;b 
1.31 

TOTAL cosr  OF DIAGNOSTICS FOR E A C H  1 5 , 6 8  1 3 . 9 8  6.5b 
Pt4ASE USTNG T H E  .DEFAULT I I 4 P U T  T A B S .  

TOTAL 

A ~ 56 
3,91 
6 .Bd 
B r 5 6  
8 . 8 8  
1.28 
2.11 
1.68 
3.58 
2.48 

2 9 . 5 8  

2.3B 
2 . 3 8  
3.21 

15.78 
29. 5.43 

5.31 

5 3 . 5 6  
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Table 7'7. IAC suEJroutine output  with default input table  
-- --_-__ 

3 
4 
5 
51 
7 
8 
9 
1B 
11 
12  
13 
14 
15 
16 
17 
18 
19 
28 
21 
2 2  
21 
2 4  
2 s  
2 6  
2 7  
2 8  
2 3  
3 3  
31 
3 2  
3 3  
3 4  
3 5 
36 
37 
38 
39 
4i? 
4 1  
4 2  
4 3  
4 4  
45 
4 6  
4 7  
48 
4 9  
sic1 
51 
52 
5 3  
54 
55 
56 
5 7  
58 
59 
68 
65 
62 
53 
6 4  

65 
66 
67 

COS* OF THE CONTROL B U S L D I H C  I % C  MAKO A R E  A N D  SOFTWARE, 
A N D  T H E  C O S T  OF THE PLASMA D I A G N O S T I C S ,  

(SCDS--SUPERVISORY COi\TROI. A N D  DATA S'I'STEM. ) 

P R O C E S S  SCBS COST E S T I M A T E  

TCOiPH-PLk5.Mi3 WEATINC SCBS COST, %M 
TC3FE-lC-MAGFIEl' SYSTEMS SCDS COST ./ $M 
TCOPAC-AC F'OWER SYSTEMS SCDS COST, $M 
T'CGHES-POUER GEN. & ENERGY STORAGE SCDS C O S T ,  SF;M 
T C O F R C - R E A C T O R  COEFP , STR?ICTUP.ES r u  COST,SM 
T C O F C V - C R Y O G f N i C  & VACUUM SYSTEMS SCDS C O S T ,  $4.1 
T C O F F S - F V E L I N G  E F'R,BCESSING SCDS COST, S;M 
TCOFHT-HEAT TRANSPORT SYSTEMS SCUS COST, $M 
T C G F M N - F A C I L I T Y  L S I T E  MON. SCDS COST, SM 
T C O F E F - R U I L Q I N G  FACILITIES l & C  COST, $Pl 
TCQFRH-REMOTE H~~~~~~~~~ S Y S ,  SCDS COST, SM 

2.69 
2.47 
1 ..@3 
1.31 
2.75 
1.18 
2.45 
1.14 
fl. 77 
8.73 
3.21 

TCOPSC-TOTAL COST OF PROCESS SCDS , Slul 1'3.73 

T m A i  

4 . 7 0  
4.1z1 
6 . 4 8  
4 . 5 8  
1 .38  
1.6B 
2.36 
3.48 
4.38 
3.7g 

3 6 . 3 8  

2.3B 
2.88 
3 . 2 8  
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Table 78.  I A C  subrout ine with user-input t ab l e  
-_..-_I__ -__I- 

I_ 

3 
4 
5 
6 
7 
8 
9 
I8 
I 1  
12 
13 
1 4  
15 
16 
17 
1 8  
19 
20 
2 1  
22 
23 
2 4  
25 
2 6  
27  

29 
30 
31. 
32 
33 
3 4  
3 5  
3 6  
3 7  
3 8  
313 
4 !a 
4 1  
4 2  
4 3  
4 4  
4 s  
4 6  
6 7  

4 9 
5 0  
5 1  
5 2  
5 3  
5 4  
55 
56 
5 7  
5 8  
59 
60 
61 
52 
63 
64 
65 
66 
67 

? a  

48 

COST OF THE CONTROL B U I L D I N G  I & C  HARDWARE AND SOFTWARE, 
AND THE COST OF THE PLASMA D I A G N O S T I C S .  

~SCDS--SUPEHVISORY cotmat.  AND DATA S Y S T E M . )  

PROCESS SCDS C O S T  E S T I M A T E  

TCOFPH-PLASMA HEATING S C D S  cow-, $M 
TCOFMC-MAGNET SYSTEMS SCDS cos'r, SM 
TCOFAC-AI: POWER SYSTEMS SCDS COST, SF4 
TCGNES-POWER GEN.R ENERGY STORAGE SCDS C O S T ,  $F1 
TCOFRC-REACTOR C D M P .  R STRUCTURES I & C  COST,$M 
TCOFCV-CRYOGENIC & VACUUM SYSTEMS SCDS COST, %M 
T C O F F S - F U E L I N G  & PP.OCESSING SCDS COST,  $M 
TCUFWT-HEAT TRANSPORT SVSTEl fS SCDS COST, $M 
T C O F M N - F A C I L I T Y  & S I T E  NON. SCDS COST, $M 
T C O F B F - B U I L D I N G  F A C I L I T I E S  I&C COST, $M 
TCOFKH-REMOTE H A N D L I N G  S Y S .  SCDS C O S T .  %M 

2.69 
2 . 4 7  
I .a3 
1 .31  
2.75 
1 . 1 8  
2 . 4 5  
1.14 
8.77 
8.73 
3.21 

TCDPEC-TOTAL CClST OF PROCESS SCDS , $M 1 9 . 7 3  

PLASMA DiAGNOSTICS COST E S T I M A T E  T A B L E  

NOWP-NO.  OF D I A G N O S T I C  T Y P E S  I N  GROUP K F O R  THE H2 PHASE 
NODP-NO.  OF DIAGMOC.TIC TYPES I N  GRP K A D D E D  FOR THE D 2  PHASE 
NOTP-NO. OF D I A G N O S T I C  T Y P E S  I N  G R P  K ADDED FOR THE TD PHASE 
TMCPDM-AVERAGE COST OF A D I A G N O S T I C  TYPE I N  GROUP K, FH 

DPDGCM-COST OF D I A S N O S T I C S  I N  GRP K ADDED FOR THE 02 PHASE 
TFDGCM-COST OF D I A G N O S T I C S  I N  GRP K ADDED FCR THE TD PHASE 

H P D G C M - C O S T  OF DIAGNOSTICS I N  GROUP K FOR ~2 PHASE 

FPRDOPAR-FUSION PRODUCT P A R T I C L E  D I A G N O S T I C S  GROUP 

K D I A G . G R P  NOHP NODP MOTP TMCPDM HPDGCM D P D G C M  TPDGCM 

1 E 5 E N S I T Y  
2 E .TEMP 
3 I O N  TEMP 
4 IMF 'URITV 
5 PWR LOSS 
6 M A G N E T I C  
7 P . I N S T A B  
8 FFRODPAR 
9 E N V I R O N  

1s I-IISCEI- 

1 
2 
2 
2 
1 
2 
2 
B 
1 
3 

2 a 
1 0 
1 B 
1 1 
1 0 

0 
1 % 
2 2 
2 1 
2 1 

9 

1.50 
1 . 3 0  
1.5M 
8 . 7 0  
0. %.E 
0 . 3 0  
8 . 7 @  
0. 8.0 
0.70 
&r > 4,@ 

i . 50  
2.6B 
3 .nn 
1 . 1 8  
8 . 4 0  
8.6D 
1 . 4 0  
B.88 
E.  7 0  
1 - 2 8  

3 . 8 8  
1.38 
1.50 
P.  7H 
0.40 
8.66.7 
0 . 7 G  
1.6B 
1.4P 
17.88 

0 . 2 0  
8 . 2 0  
.g. 4B 
1 .@fT 
0.111 
0.18 
0 . 2 8  

f l . 8 f l  
B.50 

1 . a 0  

T0T.A.L C O S T  OF DIAGNOSTICS FOR EACH 1 2 . 8 0  12.08 5.39 
PHASE U S I N G  THE ~ - _ ~ D I A G ? 4 O S ~ J C S  I N P W T  T A B L E .  

A R C H I V I N G  COMBUTER HARD1rlARE ANO SOFTWARE 

HYDROGEN PHASE A R C P I V I N G ,  
D E U T E R I U M P HAS E ARC H 1 V I N G 
T R I T I U M  P E A S E  AR.CHIVING,  

EM 
$M 
$M 

TOTAL SCDS R PLASMA DtAGNOSTICS COST SUMMARY 
(Pk:ROUGH THE T R I T I U M  P H A S E )  
-I-- .- 

TCOPSC-TOTAL COS7 OF PROCESS SCDS COST,  RM 
TCOPOG-TOTAL C O S T  OF PLASMA D I A G N O S T I C S ,  $M 
TCPPCH-TOTAL COST OF A R C H I V I N G  R P R O C E S S I N G  ,$M 

TCSCDG-TOTAL COST (3F D I A G N O S T I C S  t SCDS, $M 

TOTAL 

4.78 
4.11 
4 . 9 0  
3 .10  
0.94 
1.38 
2.30 
3.49 
2 . 9 0  
2 . 5 0  

3ff. 1 8  

2.50 
3 . 2 0  
3 . 2 0  

1 9 . 7 3  
3iT- I5 

8 . 9 8  

5 8 . 7 3  
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Process Supervisory Control I G C  Divis ion (SCCS) 

Group 1. Plasma hea t ing  con t ro l  bu i ld ing  equipment c o s t  (TCOFPH) 

of both n e u t r a l  beam and rf SCDS: 

cexp 
+ CBERF (RFD) , $ ni i l l ion  

cexp 
'1'COFPII = CBENB (TCOFNB) 

(cexp i s  a c o s t  exponent = 0.6) 

CBENB = 1.0/(16.0)  Y 

C R E R F  = 1 .0 / (40 .0 )  7 

TCOFNB i s  t h e  t o t a l  c o s t  of t h e  N E 1  system, $ m i l l i o n  

RlW i s  t h e  t o t a l  c o s t  of t h e  r f  systems, $ m i l l i o n  . 

, 
c exp 

cexp 

Group 2 .  Magnet systems con t ro l  bu i ld ing  equipment c o s t  (TCOFMC) 

of both t h e  TF and PF c o i l  systems SCDS: 

TCOFMC = CBETF (CTFPCT) + CBEPF (TCOST) , $ m i l l i o n  

CBETF = 1.0/(15.0)  7 

CREPF = 1.0/(10.0)  9 

CTFPCT i s  t h e  t o t a l  c o s t  o f  t h e  TF c o i l  power conversion system 

'I'COST i s  t h e  t o t a l  c o s t  of t h e  PF c o i l  power conversion system, $ mil l ion  . 

cexp 

cexp 

cexp 

Group 3 .  AC power d i s t r i b u t i o n  system SCDS c o s t  (TCOFAC): 

cexp + CBEFPS (CFACPM) 
c exp 

c exp 
+ C RE LVS (C LVDSM) , $ m i l l i o n  , 

TCOFAC = CBEPPS (CPACPM) 

c exp 

cexp 

cexp 

CUEPPS = 1.0/(30.0)  Y 

CBEFPS = 1.0 / (30 .0)  Y 

CBELVS = l.O/(SO.O) Y 

CPACPM i s  t h e  t o t a l  c o s t  o f  t h e  pulsed a c  power system, $ m i l l i o n  

CFACPM i s  t h e  t o t a l  cos t  o f  t h e  f a c i l i t y  ac power system, $ m i l l i o n  

CLVDSM i s  t h e  t o t a l  c a s t  o f  t h e  low-voltage power d i s t r i b u t i o n ,  $ i i i i l l ion 

, 
, 

Group 4 .  Power genera t ion  and energy s t o r a g e  SCDS c o s t  (TCGNES): 

I ,  7 1 c exp ICGNCS = CBEPGE (CPGESM) , 
CBEPGE = 1 .0 / (20 .0 )  Y 

CPGESM = C2DCM + C4NRPM + ClTGM + ES 

cexp 

, 
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C2DGM i s  t h e  c o s t  ( I C  two d i e s e l  g e n e r a t o r  systems , 
U4NBPM i s  t h e  c o s t  of  4 no-break  ( u n i n t e r r u p t i b l e )  power s u p p l i e s  , 
CITGM i s  t h e  c o s t  of  a s t eam- tu rb i l i e  g e n e i a t o r  , 
ES i s  the c o s t  o f  MGF energy s t o r a g e  systems . 

Group 5 ._ Reac to r  components and s i r u c t i i r e s  I E C  c o s t  (TFOPKC) : 

cexp + CBFKCS ( I F N O )  
c cxp 

'ICOFRC = CP'IMOD (NOTM) Y 

CRFRCS = 1 . 0 / ( 3 . 0 j c e X p  , 
CPTblOD = 1 . 0/ (5 .0 )  Y 

NOTM = number of  test modules , 
I F N O  = number o f  T1' c o i l s  , 

cexp 

cexp = c o s t  exponent = 0 . 6  . 

~. Group 6 .  . . . . .- 
Cryogenics  and vaciium system SCDS c o s t  (TCOFCV) 

c exp 
+ CREVAC (TOVX6) 

ccxp 
'1'COFCV z: C B L C R Y  (TCCRYO) , 
CBECRY = 1 . 0 / ( l 0 . 0 )  Y 

CBEVAC = 1 . 0 / ( 1 0 . 0 )  Y 

TCCRYO i s  the  t o t a l  c o s t  o f  t h e  cryogcn system , 
TOVX6 is t h e  t o t a l  c o s t  o f  t h e  vacuum system . 

cexp 

c exp 

I n  Groups 7 ,  9 ,  and 11 and i n  "'Plasma D i a g n o s t i c s  Xnsirui ientat ion" 

below, the  f o l l o w i n g  optioris are  a v a i l a b l e :  

1. Ifyclrogen phasc  opera t ion ;  IDDPII = 0 ,  IDTPH = 0 , 
2 .  Deuterium phase  o p e r a t i o n ;  1 U D P I I  = 1, IDTPH = 0 , 
3. I ' r i t ium phase  o p e r a t i o n ;  1DL)Pl-I = l j  TDTPH = 1 . 

In5truii icri tation i s  added i n  t h r e e  phases .  

o n l y  i n  hydrogen phase  i t C ,  e n t e r  t h e  daLa i n  1 above. i f  t h e  u s e r  i s  

i n t e r e s t e d  i n  IF,C t h rough  t h e  deutet-iuin phase, e n t e r  the d a t a  i n  2 above. 

I f  t h e  u s e r  wants t h e  I G C  cos t  through t h e  t r i t i u m  phase ,  e n t e r  t h e  

da ta  i n  3 above. 

I f  the  u s e r  i s  i n t e r e s t e d  
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Group 7 .  Fueling and f u e l  processing systems SCDS c o s t  ('I'COFFS): 

cexp -+ CREFPS (CTSC/ ZE+6) 
c exp 

TCOFFS = CBEFS (CFUELS)  9 

cexp 
CREFS = 1 . 0/ (8.0) 9 

c exp 
CBEFDS = 1.0 ( ID'l'PH) / (2 .0)  3 

CFUELS i s  t h e  t -o t a l  c o s t  of t h e  f u e l  i n j e c t i o n  system 

C'TSC i s  t h e  c o s t  o-E t r i t i u m  process ing  IGC . 
, 

Group- 8. Heat t r a n s p o r t  systems SCDS c o s t  (TCOFHT): 

c exp 
TCOFIII' = CBEWTS (CHTS) 9 

CBEHl'S = 1 .0 / (20 .0 )  Y 

CHTS i s  t h e  t o t a l  c o s t  of t h e  heat t r a n s f e r  .system 

cexp 

. 

Group 9 .  F a c i l i t y  and s i t e  e f f l u e n t  monitoring (TCOFMN) : 

CTNMON = c o s t  of  monitoring nonradioac t ive  e f f l u e n t s  such a s  

helium, deuteriurri, and l i q u i d  metal lcakage, $ mil l ion  , 
CRADMN = c o s t  of monitoring r a d i o a c t i v e  e f f l u e n t s  such as t r i t i u m ,  

contaminated coo lan t s ,  and radwaste m a t e r i a l s ,  $ m i l l i o n  , 
cexp 

CUEKMN = l.O/(S.O) , 
CRATMN = [ 0 . 1  + CRERMN (CTEION/ 1E6) ] [0.2(IDDPW) 4 0.8 ( IDTPH)]  , cexp 

c exp 
CINMON = 0 . 2  (LFLOOR/ 1.. OE5) ¶ 

1'(:OFhlN = CINfLZON + CRADEiN 

cexp = 0 . 6  , 
CTMON i s  t h c  c o s t  of  t r i t i u m  process monitor ing,  $ m i l l i o n  

EFLOOR i s  t h e  t o t a l  f l o o r  area o f  t h e  s i t e  bu i ld ing ,  m2 . 
, 

Group 10. Building f n c i  l i t i e s  T G C  c o s t  (I'COFUF) : 

cexp 
CRERFA = 1/(200.0) 9 

c exp TCOFBF - CBERFA(TBC0ST) > 

TRCOS? i s  t h e  c o s t  of bu i ld ings  excluding s i t e  p repa ra t ion ,  $ m i l l i o n  . 
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Group 11. Kemote handl ing  c o n s o l e  SCDS c o s t  (TCOFRH) 

cexp 
CBERII = 1 . 0 / ( 4 . 0 )  , 
TCOFRH = CBERH (CMTOT) 

CMTOTM i s  t h e  remute handl ing  equipment c o s t ,  $ m i l l i o n  . 
(1.0 + IDLIPH + 2IDrPH)/4 , r exp 

'Total p r o c e s s  I€& c o s t ,  TCOPSC, $ m i l l i o n :  

TCOPSC :: TCOFPH + TCOFMC + TCOFAC + TCOFRC 

+. TCOFCV +. TCOFFS + TCOFEIT + TCOFMN 

+ TCOFBF + TCOFKH + TCGNES . 

Plasma D i a g n o s t i c s  Instrurnentat ior i  (Group 1 2 )  

Under Group 1 2  t h e r e  a r e  10 major c a t e g o r i e s  o r  t y p e s  o f  d i a g -  

n o s t i c s  grouped l i k e  t h e y  were f o r  'I'FFR. The number of  d i a g n o s t i c s  i n  

each group f o r  t h e  hydrogen phase ,  deuter ium phase,  and t r i t i u m  phase  

map be s e l e c t e d  by t h e  u s e r  and e n t e r e d  i n t o  a t a b l e  named I A C D A T ,  

o r  t h e  u s e r  may e l e c t  u s e  d e f a i i l t  t a b l e  IDEFDT and DEFDAT t h a t  d e f i n e  

t h e  number o f  d i a g n o s t i c s  and cosL d a t a  f o r  each phase of  o p e r a t i o n .  

t h e  u s e r  t a b l e  i s  d e s i r e d ,  s e t  LIEFALT 1, and if t h e  d e f a u l t  t a b l e  i s  

d e s i r e d ,  s e t  DCFALT = 0 .  

I f  

The foxmats o f  tlie u s e r  and d e f a u l t  d i a g n o s t i c  t a b l e s  are  i d e n t i c a l .  

Table  75 shows t h e  format  o f  the t a b l e  w i t h  Lhe DEFAULT t a b l e  d a t a  

e n t r i e s .  The u s e r  can change any or a l l  o f  t h e s e  numbers i n  t h e  u s e r ' s  

t a b l e  IACDAT, i n c l u d i n g  t h e  c o s t  p e r  d i a g n o s t i c  TMCPDM i n  column 5 and 

t h e  c o s t  o f  r e f u r b i s h i n g  f o r  t h e  t r i t i u m  phase o p e r a t i o n s ,  RFCPDM, i n  

column 6 o f  Table 7 4 .  

The p e r t i n e n t  e q u a t i o n s  f o r  de te rmining  t h e  c o s t  of t h e  d i a g n o s t i c s  

a r e  g iven  below. Equat ions a r e  f o r  group ( K ) ,  where k = 1 through 10, 

cor responding  t o  "Lie 10 groups o f  Table  73. 

Cost o f  group ( k ) :  

For  t h e  hydrogen phase ,  HPLIGCM, $ m i l l i o n  , 
HPDGCM = NOHP (k )  [TMCPUM ( k ) ]  , $ m i l l i o n  . 



45 5 

For t h e  deuterium phase,  DPDGCM, $ m i l l i o n  , 
DPDGCM = NODP (k)  [TMCPDM ( k ) ]  . 

For t h e  t r i t i u m  phase, TPDGSM, $ m i l l i o n  , 
TPUGCM = NOTP (k) [TMCPIIM ( k ) ]  + RFCPDM (k)  . 

Tota l  c o s t  o f  d i a g n o s t i c  group (k)  through a use r - se l ec t ed  phase,  

SUM, $ m i l l i o n :  

STJM = HPDGCM + DPDGCM (IDDPH) + TPDGCM (1I)’TPIi) , 

If u s e r  wants c o s t  through t h e  hydrogen phase,  IDDPH = IDTPH = 0 . 
If u s e r  wants c o s t  through t h e  deuterium phase, IDDPM = 1, IDTPH = 0 . 
I f  u se r  wants c o s t  through t h e  t r i t i u m  phase,  IDDPH = 1, IDTPH = 1 . 

Cost of  a l l  d i agnos t i c s  f o r  t h e  hydrogen phase opera t ion ,  SHDGOI , 
SHDGCM = SHDGCM + HPDGCM , $ m i l l i o n  . 

Cost of a l l  d i a g n o s t i c s  f o r  the deuterium phase opera t ion ,  SDDGCM , 
SDDGCM = SDDGCM + DPDGCM , $ m i l l i o n  . 

Cost of a l l  d i a g n o s t i c s  f o r  t h e  t r i t i u m  phase opera t ion ,  STDCCM , 
STDGCM = STDGCM + TPDCCM , $ m i l l i o n  

Tota l  c o s t  of  a l l  d i agnos t i c s  through a use r - se l ec t ed  phase, TCOPDG, 

$ mil l ion :  

TCOPUG = SHDGCM + SDDGCM (IDDPH) + STDGCM (ITDGCM) . 

Archiving computer c o s t  TCARCH, $ m i l l i o n  (k = 11) :  

HPARCM = HPDGCM (11) , 
DPAKCM = APDGCM (11) , 
TPARCM = TPDGCM (11) , 
TCARCH = HPARCM + DPARCH + TPARCH , $ m i l l i o n  . 

Tota.1 I E C  c o s t ,  TCSCDG, $ mi.ll ion: 

TCSDG = TCOPSC + TCOPDG -t TCARCH , $ m i l l i o n  . 
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I A C  CODE FLOW DIAGRAN 

Figures  104 and 105 a r e  I A C  code flow diagrams. !?;it11 refererice t o  

Fig.104, t h e  user - input  d a t a  and t h e  d a t a  from o t h e r  code f i l e s  a r e  read 

i n t o  t h e  IAC code t o  perform t h e  process  ins t rumenta t ion  and cont ro l  

c a l c u l a t i o n s .  Next, t h e  d a t a  from t h e  user's f i l e  o r  t h e  d e f a u l t  %able  

a re  read i n t o  t h e  code depending on whether t a b l e  s e l e c t o r  IDFAL'I' i s  s e t  

equal t o  1 o r  0 ,  r e s p e c t i v e l y .  The process  IGC c a l c u l a t i o n s  a r e  then 

performed and t h e  p e r t i n e n t  d a t a  a r e  p r i n t e d  i n t o  t h e  upper p a r t  of  t h e  

output  table, as shown i n  Tables  76, 7 7 ,  and 78.  

DO loop c a l c u l a t i o n s  a r e  then performed us ing  t h e  s e l e c t e d  diag-  

n o s t i c  t a b l e  and t h e  Group 1 2  equat ions given above. Referr ing t o  

F ig .105 ,  t h e  diagnos- t ie  t a b l e  s e l e c t o r  IDFALT i s  iused t o  p r i n t  t h e  

p e r t i n e n t  alphanumeric output under t h e  process  TEC t a b l e  descr ibed 

above. Then, t h e  computer a rch iv ing  and summary calciulat ions a r e  per-  

formed and p r i n t e d  ou t .  

whether the u s e r  e l e c t s  t o  p r i n t  t h e  output  through t h e  hydrogen phase 

(IDDPH = IDTPH = 0) , through t h e  deuterium phase (IDDPII ::I 1, IDTHI = 0) , 
o r  through t h e  t r i t i u m  phase (IDDPI-I = 1, IDTPH = 1). The dec is ion  

mnemonic i s  LPHASE = IDDPH + IDTPH -- 1. 

The format o f  t h e  summary output  depends on 

I A C  CODE FORTRAN LISTING 

The FOK'l'RAN l i s t i i i g  i d e n t i f i e s  most of  t he  code mnemonics used i n  

code I A C .  Data f i l e s  used a r e  def ined  a t  t h e  beginning; then t h e  input  

d a t a  and t h e i r  sources  a r c  l i s t e d .  The process  I E C  c a l c u l a t i o n s  f o r  

each of  t h e  eleven groups a r e  then  performed and p r i n t e d  o u t .  Next, 

the DO loop c a l c u l a t i o n s  are performed f o r  each d i agnos t i c  group an(! 

a r e  p r i n t e d  o u t .  F ina l ly ,  t h e  a rch iv ing  computer and cos t  suiiimary 

c a l c u l a t i o n s  are performed and p r i n t e d  o u t .  

F i g s .  104 and 105 and t h e  FORTRW l i s t i n g  have a one-to-one c o r r e l a t i o n  of 

t h e  opera t ing  sequence. 

The IAC code f lowchart  of 
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CA LCU LATl ONS 

PRINT PROCESS 
I R C C@ST D N A  

O 8 N L  DWG 84-3898 FED 

DI AG NOSTl CS 

C A LC U LA T I 0 N S 
- D O L O O P  

Fig.  104. TAC code flow diagram (1 of 2 pages) .  
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PRINT Dl AGNOSTI CS 
COST SUMMATION 

TABLE MESSAGE 
WITH THE DEFAULT 

ORNL-DWG 84-3899 FED 

PR IN T DI AGN OSTl CS 
COST SUMMATION 

TABLE MESSAGE 
w i w  THE USER 

\OPTION /' . 
DO ARCHIVING 
COMPUTER SYSTEM 
C A LC U LAT I 0 N S 

WRITE TOTAL I & C 

PRINT TOTAL 
SUMMARY COST 
DATA THROUGH THE 

Fig .  105. IAC code €low diagram ( 2  of 2 pages).  
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19. MAINTENANCE EQUIPMENT MODULE 

SUMMARY WD BACKGROUND 

The maintenance equipment module i s  a compilation of  equipment 

which i s  used f o r  contac t  and remote maintenance opera t ions .  

t h e  use  of t h i s  module f o r  d i f f e r e n t  tokamak conf igura t ions  i s  accom- 

p l i s h e d  by changing t h e  input  d a t a ,  e i t h e r  by a d j u s t i n g  t h e  equipment 

u n i t  c o s t s ,  o r  by changing t h e  requi red  number o f  equipment u n i t s  needed 

i n  t h e  r e a c t o r  bu i ld ing  and hot  c e l l .  

l i s t i n g  of  30 equipment items, t h e i r  u n i t  cos t ,  t h e  requi red  number f o r  

t h e  r e a c t o r  and t h e  ho t  c e l l ,  and t h e  t o t a l  c o s t  €or each. O f  t he  30 

items, 4 are v a r i a b l e  according t o  a lgori thms which depend upon con- 

f i g u r a t i o n  geometry o r  s ize/weight  parameters o f  device components. 

add i t ion ,  t h e  s u b t o t a l  f o r  t h e  r e a c t o r  bu i ld ing  and h o t  ce l l  equipment 

c o s t s  a r e  shown, a long with a t o t a l  f o r  a l l  equipment c o s t s .  

Modifying 

The module output  c o n s i s t s  of  a 

In 

P resen t ly ,  t h e  maintenance equipment module assumes s i n g u l a r  

replacement ope ra t ions .  

limiter b lades  which could be done as a p a r a l l e l  opera t ion .  

l imiter  blade-handl ing device  i s  l i s t e d .  C lea r ly ,  t h e s e  components can 

be rep laced  as mul t ip l e ,  p a r a l l e l  opera t ions .  The degree o f  p a r a l l e l i s m  

i s  d i r e c t l y  r e l a t e d  t o  device  a v a i l a b i l i t y ,  and t h i s  has not  y e t  been 

f ac to red  i n t o  t h e  systems code. 

An example of t h i s  i s  t h e  scheduled removal of 

Only one 

The requirements f o r  d u p l i c a t e  equipment needed f o r  t h e  inockup 

f a c i l i t y  a l s o  have no t  y e t  been included but  are planned f o r  a5 a f u t u r e  

add i t ion .  A pre l iminary  l i s t i n g  of t h i s  equipment inc ludes  many o f  the 

i tems from t h e  output  p l u s  t h e  mockup, which i s  gene ra l ly  considered t o  

be one-quar te r  of  t h e  device.  A pre l iminary  l i s t  of  t h e s e  i tems includes 

CCTV, c e l l  l i g h t i n g ,  and audio systems; 

welder -cu t te rs ;  

manipulator  systems; 

0 reduced-capaci ty  cranes; and 

one-quarter  o f  t h e  device,  inc luding  appropr i a t e  subsystems 
mockups. 



l h i s  l i s t i n g  doe5 n o t  i n c l u d e  t r a n s p o r t e r  and handl ing  equipment, s i n c e  

it i s  p r e s e n t l y  assuriied t h a t  t h e  a c t u a l  r e a c t o r  b u i l d i n g  equipment will 

be used .  This  assumption i s  based on be ing  a b l e  t o  decontaminaic  t h e  

equipment as r e q u i r e d  and t h a t  t h e  equipment h i l l  n o t  exper iencc  neut ron  

a c t i v a t i o n .  

(;the> f u t u r e  a d d i t i o n s  t o  tlnis module will be made i i i  an e f f o r t  t o  

more a c c u r a t e l y  p o r t r a y  tlic c o s t s  which a r e  a s s o c i a t e d  w i t h  maintendiice 

o p e r a t i o n s .  Anong t h e s e  a re  

1. Equipment requi rements  For r a d i a t i o n  monitor i j ig .  Many o f  t h e s e  

will be s t a t i o n e d  around t h e  d z v i c e  t o  monitor  t h e  enviroiiinent f o r  

n e u t r o n s  d u r i n g  d e v i c e  o p e r a t j  on,  gamma rarli a t i  on, arid t r i t i u m  

l e v e l s .  Others  w i l l  be  remote ly  i n s t a l l e d  prioi-  t o  p e r m i t t i n g  

personnel  access. 

2 .  111-vessel i n s p e c t i o n  system. One o r  more such systems will be 

r e q u i r e d  t o  e v a l u a t e  t h e  plasma chamber f o r  wear o r  damage p r i o r  t o  

s t a r t i n g  i n - v e s s e l  r e l a t e d  maintenance o p e r a t i o n s .  Data f o r  t h e s e  

w i l l  be  t a k e n  from t h e  cxper ience  o f  t h e  J o i n t  European Torus (JE'l'I 

and TFTR, as w e l l  as conceptual  d e s i g n s  devploped a t  { h e  FFDC. 

3 .  Machine t o o l s  i n  t h e  h o t  c e l l  and maintenance r e p a i r  shop. A 

number o f  machine t o o l s  i n  t h e  form o f  l a t h e s ,  m i l l s ,  g r i n d e r s ,  and 

i n s p e c t i o n  t o o l s ,  t o  name a few, w i l l  he r e q u i r e d  i n  t h e  h o t  c e l l  

and i n  t h e  "cold" maintenance shop. Those used i n  the h o t  c e l l  

will b e  des igned  w i t h  s p e c i a l  features f o r  remote o p e r a t i o n  and 

maintenance ~ 

ASSUMPTIONS 

? h e  c o s t  d a t a  genera ted  i n  t h e  maintenance equipment module a r e  

p r i m a r i l y  based on d a t a  taken  from t h e  corieeptual d e s i g n  r e p o r t  f o r  t h e  

IloL bxper imenta l  P a c j  l i t y  (HEF) . The HEF i s  an a l l - r e m o t e  fue l  

r e p r o c e s s i n g  f a c i l i t y  d e s i g n  which was completed i n  1980. A l l  remote 

maintenance system c o s t s  were e s c a l a t e d  to 1983 d o l l a r s .  
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MODULE INPIJT 

The key input  itenis are  t h e  u n i t  cqui.pment, costs  and t h e  quantity- 

hinong the  required.  Virtual.1.y a l l  o f  these are provided by t h e  user. 

l i s t  of  30 items, 4 will i n t e r a c t  w i t h  o t h e r  I I A O ~ U ~ ~ S  t o  dete-imine t h e  

weight of  a coriqxment, such as t h e  t o r u s  s ec to r ,  o r  t o  determine t h e  

geometry of  the f a c i l i t y  layout .  'Tables 79 and 80 show snmp1.e i n p u t  

and o u t p u t  data f i l e s  respec t ive ly .  

GOVERNING EQUATIONS 

Four items have algori thms which dcpcnd upon component wei g h t s  o r  

f a c i l i t y  gcomctry. A b r i e f  d e s c r i p t i o n  f o r  each of t hese  rolloigs 

1. 

2 "  

3 .  

The s e c t o r  ..- handling I device i s  a funct ion o f  the weight of  a s e c t o r  

module and i s  s c a l d  from work done f o r  the FED design: 

where FWSWTCK = weight o f  sector ( T O N N E ) .  

The pe r i scope  systems arc  a func t ion  o f  t h e  number of hot  c e l l s ,  

assuming one f o r  each c e l l ,  and s i x  f o r  the r ~ a c t o r  bu i ld ing :  

where NWS = number of  hot cells work stati.ons ( > I O ] ,  

The sh ie ldcd  windows a r e  based on l o c a t i n g  one window f o r  every 20 m 

of  wall length:  

NRSWIN = [ 2  x REB(1)  + 2 x REB(2)]/20 

NHSWIN = NWS + 4 , 

REB(1)  = r e a c t o r  bu i ld ing  length 

R E R ( 2 )  = reactor bu i ld ing  width 

$ (K) = UCSWIN(NKSW1N f NIISWIN) . 
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* 
* 
* 
* 
* 
* 
U 

* 
* 
* 
Y 

* 
4 
* 
* 
U 

4 
a 
* 
* 
* 
* 
* 
* 
* 
* 
X 

* 
a 
* 
a 
* 
* 
* 
* 
* 
* 
* 

Table 79. Maintenance equipment input  data 
__._ 

* * * * V * * * * * * * * * ~ * * * * * * * * * * * * * Y * * * * * * * * * * ~ * * * * * * * * ~ * u * ~ * * * * * * ~ ~ ~ 4 * ~ ~ ~ 4  

* * * * *  n a i n t e n a n e  e q u i p m e n t  i n p u t  d a t a  
Phe v a r i a b l e s  f a r  t h e  different t y p e s  o f  equipment h a v e  t h e  f o r m  
n h x x x x ,  n r x x x x ,  and u c x x x x  w h e r e  x k x x  i s  t h e  4 d l g i t  P q u f p m s n t  
d e s c r i p t e r  as f o l  l o w s .  
n h  p r e f i x  = number r e q u i r e d  i n  h o t  c e l l  f a c i l i t y  
n r  p r e f i x  = number r e q u i r e d  i n  r e a c t o r  b u i l d l n y  
uc  p r e F i x  = u n l t  c o s t  I K S )  
i h  p r e f i x  = o p t i o n  c o n t r o l  f o r  c a l u l a t i o n  n f  n h x x x x  
i r  p r e f f x  = o p t i o n  c o n t r o l  f o r  c a l u l a t i o n  o f  n r x x x x  
c c t v  -- c l o s e d  c i r c u i t  t v  
c l i t  = c e l l  1 i g h t ; n g  a n d  a u d i o  rys. 
t l o c  = t r a n s f e r  l o c k  
dewa = d e c c n t a m i n a t i o n  and w a s t e  h a n d l f n g  
p c t 2  = w e l d e r - c u t t e r ;  p i p e s  < 2 I n .  
p c t 6  = w e l d e r - c u t t e r ;  p f p e s  2 - G i n .  
p c t l  = w e l d e r - c u t t e r ;  p t p e s  > 6 i n .  
e e f f  = end  z f f e c t o r s  
smhd = s e c t o r  m o d u l e  h a n d l  I n g  d e v i c e  
s c u t  = w e l d e r - c u t t e r ;  s t r u c t u r e s  and vacu11m j o i n t s  
t r a n  = t r a n s p o r t e r  
s i l hh  = subcomponent  h a n d l i n g  d e v i c e  
1 i n i i i  = 1 i m i t e r  b l a d e  h a n d l  i n g  d e v i c e  
rnovin = m o v a b l e  m a n i p u l a t o r  s y s .  
i nvm = i n - v e s s e l  m a n t p u l a t o r  s y s .  
l i f t  = l i f t i n g  f i x t u r e s ,  s l i n g s ,  e t c .  
h a i t  = hand  t o o l s  
l d s y  = l e a k  d e t e c t i o n  s y s .  
p e r s  = p e r i s c o p e ,  l i n e r ,  and s h i e l d  
s w i n  = s h i e l d e d  w lndow 
c r c c  = c r a n e s  IEfH - 5B8 toZB'0es 
cr5Ef = c r a n e s  5kT t onne3  
c r l m  = c r a n e s  l m  tonnss 
c rU5  = c r a n e s  5 t o n n e s  
c r 0 l  = c r a n e s  1 t o n n e  
powa = power a rm m a n i p u l a t o r  ( b r i d g e  mounted) 
m e c m  = m e c h a n i c a l  m s m  ( t h r u - t h e - w a l l )  
mecb = m e c h a n i c a l  m s m  ( b r i d g e  m o u n t e d )  
r o h a  = r o b o t  a rm ( f l o o r  m o u n t e d )  
s p l g  = s h i e l d  p l u g s  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * a * n f t f f * * * x ~ * ~ * * * a * * ~ * * * ~ ~ ~ ~ * * * * * * * ~ * * * * * * * *  

* & m e q  i n  1 
u c c c t v = 2 4 , 2  n r c c t v = G  n h c c t v = 1 0  
u c c l i t = 4 3 5 . 6  n r c l i t = l  n h c l i t = l  
u c t l o c - 1 4 5 2 . 0  n r t l u c = l  n h t l o c = O  
ucdew3=363,0.@ n rdewa=0  nhdewa= l  
u c p c t 2 - 6 0 . 5  n r p c t 2 = 2  nhpct,2=2 
u c p c t 6 = 9 B . 8  n r p c t 6 = 2  n h p c t 6 ~ 2  
u c p c t l = 1 5 1 . 3  n r p c t l = Z  n h p c t l = 2  
u c e e f f = 6 8 5 . 0  n r e c f f = l  n h e e f f z l  
ucsmhd=526.9 n r s m h d = l  nhsml.ld=O t r s m h d = " x "  i h s rn h d = " * " 
u c s c u t = 6 8 5 .  n r s c u t - 1  n h s c u t = O  
u c t r a n = 2 4 Z . O  n r t r a n = l  n h t r a n - 8  
ucsubh-421 .3  n r s u b h = l  nhsubh=8  
u c l i m h - 5 4 3 . 4  n r l i m h = l  n h l i r n h = 8  
ucmovm=12lfT.O nrmcJm=l  nhmovm=8 
u c i n v r n = l 2 l g . , @  n r  i n v m = l  nh invrn-8  
u c l i f t = 3 0 2 . 5  n r l l f t = 3  n h l i f t - 1  
uchan t=GB5.0  n r h a n t = l  n h h a n t = O  
uc ldsy=12 lkT .  n r l d s y = l  n h l d s y = #  
u c p e r  5 = 1 70 .6  n r p e r  s = 6 1 h p e r s = " * " 

*&andneq I n  1 
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Table 7 9  (continued) 

*hmeq 1 n2 
uc sw i n =2 9 2.8 
uccrccZl21Ef.  n r c r c c = l  n h c r c c = l  
uccr5Q=968.0 nrc r5$J=1 nhcrSU=M 
u c c r  l B =  186 I 3 
uccr%5=121,8 nrcrB5=l? nhcv!35=% 
uccrBZe54.5 nrcr4Tl=M nhcrBI*-M 
ucprswa=Sd5.8 nrpowa= 1 nhpowa= 1 
ucmecm=121 .M nrmccni=2 ihmec-="*" 
ucrnscb=937.8  nrmecb=l  nhmect=l 
uc roba= l21 .M n r r o b a = 8  n h r o t a = l  
u c ~ p l g = 6 g 5 . #  nrsplg=l n h s p l g = B  

i r sw i n= " * I' i h sw i n= " * " 

nr  c r  lS=0 i hcr- 18="*" 

*&endmeq f n 
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NRSWIN and NHSWIN must be even numbers; t he re fo re ,  round down i f  

ca l cu la t ed  va lue  i s  odd. 

4 .  The overhead crane i s  a func t ion  of  t h e  weight of t h e  heav ie s t  

device  component. The s lope  of  t h e  cos t  equat ion i s  based on 

c o s t s  used f o r  a 100-tonne and a 500-tonne system for t h e  FED 

design : 

$ ( K )  := (NRCKCC + NHCKCC) (UCCRCC) (WTCR/200 + 0 . 5 )  

whcrc W'TCR = l a r g e s t  weight (TONNE) consider ing TF c o i l ,  PF c o i l ,  

OH so lenoid ,  c r y o s t a t  dome, and t o r u s  s e c t o r ,  and NRCRCC and 

NHCRCC are t h e  number of  cranes i n  t h e  r e a c t o r  c e l l  and hot  c e l l ,  

r e s p e c t i v e l y .  UCCRCC i s  t h e  u n i t  c o s t  of t h e  crane.  

REFERENCE 

1. Beclitel Nat ional ,  Inc.  and Union Carbide Corp. - Nuclear Divis ion,  

Concep Lml Design Report Hot Experimen ca 2 Fa& I-r' ti1 Oak Ridge, 

Tennessee, ORNL/CFKP-81/4, vo l s .  2 and 5 ,  Oak Ridge Natl. Lab., 

June 1981. 
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20. COST MODULE 

The cos t  module c o l l e c t s  and sums t h e  c o s t s  c o n s i s t e n t  with a 

s tandard  code o f  accounts suggested i n  PNL-2648, Fusion L9eackor Design 

Studies - Standard Accounts j - o ~  Cost Estimates. 

accounts i s  shown i n  Table 81. 

c o s t  i tems down t o  t h e  f o u r t h  subsystem l e v e l  allowed by t h e  code of 

accounts ,  i n  which case t h e  cos t  f o r  a component i s  en tered  i n t o  t h e  

t a b l e  i n  a s l o t  a t  a h igher  system l e v e l .  Table 52 l i s t s  the  sample 

output  f o r  t h e  c o s t  module t h a t  i s  c u r r e n t l y  being used. 

T h i s  s tandard code of  

In  many cases, t h e  systems code does not  

ASSUMPTIONS AND CONSTRAINTS 

1. Cost accounts f o r  each subsystem o f  a fus ion  r e a c t o r  have been 

ass igned  an e i g h t - d i g i t  number c o n s i s t e n t  with those  included i n  

r e f .  1. I f  a d d i t i o n a l  account numbers are  needed, they  must be 

coded i n t o  t h e  f i l e  COSTACT.  Account numbers cannot be c rea t ed  by 

a u s e r  ope ra t ing  on t h e  input  d a t a  f i l e  of  t h e  systems code. 

2 .  The cos t  r o u t i n e  t r a c k s  c a p i t a l  c o s t  only;  opera t ing  c o s t s  a r e  not  

accounted f o r .  

MODULE INPUT 

Input  t o  thc  c o s t  accounts i s  generated throughout t h e  systems 

code. The d a t a  are en tered  i n t o  t h e  cos t  accounts i n  t h e  modules where 

t h e  cos t  information i s  generated.  There i s  no  d i r e c t  u se r  i npu t ;  a l l  

d a t a  flow i n  from o t h e r  p a r t s  of t h e  systems code. 

GOVERNING EQJATIONS 

This  module c o l l e c t s  c o s t  d a t a  under s tandard  account numbers, sums 

t h e  d a t a  t o  ever - increas ing  l e v e l s  of h i e ra rchy ,  and f i n a l l y  p r i n t s  t h e  

c o s t  f i l e .  

froin each module. 

The equat ion involved simply manipulates t h e  cos t  d a t a  input  
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rable 81. Standard code of  accounts 

2 2r 
2 2 r  
2 2 0  
2 2Lf 
2 2 8  
2 ?J3 
2 21" 
7 2 2  
2 2P 

l a n d  & p r f v i l e g e  a c q u i s i t i o n  
r e l o c a t i o n  o f  b ; : f ! d i n g s ,  u t i 1  i t i e s ,  h ighways .  et,:. 

l a n d  l a n d  r i g k t s  
g - n e r e l  y a r d  impr-ov 
wa .t e r f r ore t : cp t- o J e m  
t r a n s p o r t a t i o n  a c c e s s  ( o f f  s t t a ) ,  

b a s  i c t ? f ~  i 1ci 1 ng z t r u c t u r e s  
b u i 1 d i ng ze r v i c e's 
c o n t a  ir trnent s t r u c t u r e s  
h o t  ceii f a c i l i t y  

b a s i c  b u i l d l c y  s t r u c t u r e s  

s : t e  impruvemen ts  8% f a c i l  i t f e s  

r e a c t o r  b u i l d i n g  

b u i 1 d i n 3 5 et- v i c e s 
t u  r b i ne bu i 1 d ng  

i n t a k e  s t r u c t u r e s  
d ' s c h a r g a  s t r u c t L r e r ;  
i ~ i p r - e ~ ~ i r  I r e 6  i n t a k e  L J f s c h a r y e  c o n d u  Its 
r e c  i r c u 1 a t  1 ng  s7-r i i  c t u  r e5 
coo 1 i 83s tower s i '?kcrns  

cool I n g  s:y-;ter.i s t r  
t f  c o i l  elect. 
o b v i c  b e a t i n g  ard c r y a  p F  coil e 1 s c t . e q u I p .  & I d g .  
b u l k  b e a t  elect. e q u f p .  b l d q .  
m o t o r  .- (i ener at or - f 1 ywhce 1 b 1 d g  . 

b a s i c  ! : # i ~ i l d i n g  5 t r u c t u r e . s  
blJ i 1 d i P(; s c t ' v  f c:?s 

powcr  s u p p l y  R e i ^ r g y  s t o r a g e  S u i  l d i n g  
c ryn ;$en ie  re i r  i g e r a t _ ! o n  b l d g .  
t r  i t  ; u r  p r o r c z s i n g  b l d g .  
ven t .?  l a t i o n  b l d g .  

r e a c . t o r  a u x i l  i a i - i c s  b u i ! d i n g <  i n c l .  s w l t c h g e a r  b a y ?  
r a d i o a c t i v e  w2:5te b u i l d i n g  
ti- i t i u l n  p r c c r s s !  ng  b u  j ld ing  
c e n t r o l  room bL;! I 'Y ing 
d i e s e l  z r n c r a t o r  b u i l d i n g  
a d  m i II i 5 5 r a t  i on L. IJ i 1 d i ng 

s e r v i c + ?  b u i  l d i i i g  
he1 i u m  s t o r a g e  5 f ; i i l d ing  

S h O p  :+rib O O C k U p  L?ldg. 

r c s  8 b u i l d i n g  'work 

v e n t i  l a t i # T n  s t a c A  
r;f>ar e p a r " s  S I  l o w a n c c  

b l n i k n t  t f i r s t .  w 3 i  1 
F :- i l l l P  y 
5 e c  on J 3 r y 

toroids: f i e l d  m a g n e i s  '41th c a s e  
inse;t m a g n e t s  w l t h  c a z e  
1 f i e l d  r;agc,ets w i t h  c a s e  

s h . i o ! d  

i n t - e r c c :  1 s t r u c t u r e  

bean  h e ? t i n g ( : i e u t r a l ,  fon a r  electron) 
r f  hr-tin9 
l a s e r  I c a t i n s  

.- ~ 

L V ~  rl n e ++ 5 
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'Table 81 (continued) 

22820281 
2282Ef2@2 

2283818'5 
2 2 8 3  e 1 08. 

s u p p l e m e n t a l  h e a t t r i g  systems 
r sa c t o r  s t r  u c t, u r e 
c q u f p m t l t  s u p p g r t  s t r u c t u r e  

p l a s m a  chamber vacuumfincl. p u m p s / c o m p . / p i p e ~  
magnet  dewar vacuum(inc1. pumps/comp. /p ipc)  
s t ~ p p l c m e n t a l  h s a t f n g  v a c u u m (  f n c l .  p u n p s / c o n p . / p i p e )  
d f r c c l  c o n v e r t o r  vacuum( i n c l .  pumps/co i i ip . /p iyz)  
r e a c t o r  vacuu'r( s y c t e n i l  low grade) 
r e a c t o r  vacuum wall 
sh  ieldsd Q a C u ' J m  d u c t s  

h e a t  1 ng 

p r t m a r y  s t r u c t u r e  & s u p p o r t  

reactor vacuum systcms(un1ess Integral e l s e w h e r ? ? )  

c o n f  I nenen t  
c o n t r o l  s y s t e m  
c e n t r a l  e n e r g y  s t o r a g e  
o t h e r  

power s u p p l y ,  s w f t c h i n g  & ene rgy  storage 
impur I t y  c o n t r o l  

vacuun tank  
d f r e c t  c o n v e r t o r  modu 1 es 
t h e r m a l  panel..; 
power cond it i o n  1 ng e q u  Ipment 

d i r e c t  ene rgy  c o n v e r s i o n  system 

pumps f motor d r i v e s I m o d u l a r  & nonmodu le r )  
p 'p fn!3 
l ieat  e x c h a n g e r r  
t a q k s ( i n c 1 .  d u m F , ~ a k e - u p , c l e a n - u p , t r i t . , h o t  s t o r a g e )  
clean-up s j - r te rn  
t h n r m a l  fnsulatlon, p f p i n g  R equ ipmen t  
t r  i t f i l m  e x t r a c t i o n  

p r l m a r y  coolant system 
pumps R moto r  d r i ves ( rnadu1ar  t nonmndular 1 
P f P f n g  
h e a t  exchangers  
t a n k s ( i n c 1 .  d u m p , m ~ k e - u p , c l e a n - u p , t r T t . , h o t  s t o r a g e )  
c l e a n - u p  s y s t s w  
t h e r m a l  i n s u l a t i o n ,  p i p i n g  & e q u l p m e n t  
t r  i t  i u m  s x t r a t t  lor1 

r e a c t o r  equipner:t. 

intermediate c o a l a n t  system 
ma I n  h e a t  t r a n s f e r  R t r a r t s p o r t  systems 

r s f r  i g e r a t - i o n  
P i p i n g  
f l u i d  c i r c u l a t i o n  d r i v i n g  s y s t e m  
t a n k s  
p u r t f f c a t i o n  

r e f  r ;I g w  a t  1 on 
piping 
f l u i d  c l r c u l a t f o n  d r i v i n g  system 
t a n k s  
p u r i f i c a t i o n  

r e f r i g e r a t i o n  
p i p i n g  
f l u i d  c l r c u l a t l o n  d r i v i n g  s y s t e m  
t a n k s  
p u P 1 f f c at. 1 o n 

r e f r i g e r a t i o n  
p l p f n g  
f l u f d  c f r c u l a t l a n  d r i v l n g  system 
t a n k s  

megnet c o o l i n g  system 

s h i e l d  b s t r u c t u r e  c o o l  i n y  sys tem 

supp le incn ta l  heatfng sys tem cool i n g  system 
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Table 81 (continued) 

2 2 @ 3 8 d d 5  p u r  i f  i c a t i o n  
2 2 m 8 4 0 8 .  power 5upp 1 y cco 1 i ng s y s t a n i  
2 2 8 3 f l 5 0 0 ,  other- c o o l  i n g  systems 
2 2 0 3 8 8 0 0 .  a u x i l i a r y  c o o l i n g  systems 
2 2 8 d r  1 0 0  1 i q u i d  w a s t e  p r o i e s s i n g  & equipment  
2 2% 4 8: 80 gaseous wastes & o f f - g a s  p r o c e s s  Ing system 
2 2 8 . 4 8 3 0 0  s o l i d  was te  processlng e q u i p n e n t  
2 2 8 4 8 8 0 P i .  r a d i o a c t l v e  w a s t e  t r e a t m e n t  R d i s p o s a l  
2 2 8 5 0 1 0 0  t r i t i u m  p r o c e s s i n g  systems 
2 2 0 5 8 ; 1 8 8  t r i t i u m  p r o c e s s i n g  c l e a n u p  systems 
228503R10 t r i t i u m  m o n i t o r s  and c o n t r o l s  
2 2 M5Ef 4 00 t r i t i u m  p e l l e t  i n j e c t i o n  
2 2 0 5 0 5 8 8  a i r  d e t r l t i a t i o n  systems 
2 2 8 5 0 8 0 0 .  tar i t i u m  p r o c e s s i n g  a n d  s t o r a g e  systems 
2206(11181 b l a n k e t  & coil main tenance  squ lpmen t  
2 2mkiw 1 0 2  components r o t a t e d  I n t o  s e r v f c e  t o  allow m a l n t .  
2 2 0 6 0 1 8 3  o t h e r  ma in tenance  equ ipmen t  
2 2 8 6 8  I08 a main tenance  equipment  
2 2 B 6 0  2 00 s p e c i a l  h e a t i n g  s y s t e m s ( ~ t a r t - u p , t r a c s ,  etc.) 
2206B3i3iY c o o l a n t  r e c e i v i n g ,  s t o r a g e  & make-up systems 
2 2 8 6  0 4 88 gas systems 
2 2 8  6 8  5 8.0 b u i l d i n g  vacuum systems 
22R160000.  o t h e r  r e a c t o r  p l a n t  squlprnent: 
220701L10 r e a c t o r  i & c  e q u I p m e n t ( b u r n  c o n t r o l ,  d i a g n o s t t c s ,  c t c . )  
22070 '20B r a d i a t i o n  m o n i t o r  l r i g  systems 
2 2 0 7  m 3 00 i s o l a t e d  q n d i c a t i n g  & r e c o r d i n g  gauges, e t c .  
2207KaEfD. i n s t r u m e n t a t  i o n  K c o n t r o l  ( i & c )  
2 2 9 8 0 0 0 6 ,  s p a r s  p a r t s  a l l o w a n c e  
2 2 9 9 0 8 8 0 ,  c o n t i n g e n c y  a1 lowance 
2 2 0 0 0 0 B 8 .  r e a c t o r  p l a n t  equfpmcnt  
2 3 f l 1 0  I D'B t u r b  i n e - g e n e r a t o r s  & accesso r  i e s  
2 30 1 0 2 0 ' 8  f o u n d a t l o n s  
2 3if 183flD s tandby  e x c i t e r s  
2 30 104.8B l u b r  i c a t f n g  system 
2 3%' 1 H 5 0 8  gas systems 
2 3 0 1 0 6 8 6  r e h e a t e r s  
2 3 0 1 8 7 0 8  s h i e l d i n g  
2 30 I. 0880 w e a t h e r - p r o o f  h o u s t n g  
2 3 8 1 0 8 0 0 .  t u r b i n e - g e n e r a t o r s  
2 3 B 2 0 0 0 B .  m a f n  steam ( o r  o t h e r  f l u i d )  systein 
2 3 8 3 8  1 8 0  wate r  i n t a k e  common f a c t  1 I t i e s  
2 3 8 3 8 2 8 P  c i r c u l a t i n g  w a t e r  systems 
2 3 0 3 m 0 f l  c o o l  i r ig  towers  
2 3 8 3 8 4 0 0  o t h e r  systems w h i c h  r e j e c t  h e a t  to t h e  atmosphere 
2 3 0 3 8 0 0 0 ,  h e a t  r e j a c t i o n  systems 
2 3 0  4k? I f l 0  CClndenSerS 
2 3 8 4  0 2 00 condensa te  s y s t e m  
2 3 0 4  8 3  $B gas removal system 
2 3 0 4 0 4 0 8  t u r b i n e  by-pass s y s t e m s ( e x c 1 .  p i p i n g )  
2304kfh700. condens i n g  systems 
2 3850 1.0.0 r e g e n e r a t c r s  & r e c u p o r a t o r s  
2 305 ij. 2 0P pumps 
2365d3008 t a n k s  
230500H.Gr. f e e d  h e a t  I n g  system 
2 3 0 6 0  1 0 0  t u r b i n e  aux i 1 i a r  l e s  
2 3 0 6  Lf 2 00 a u x i l i a r i e s  c o o l i n g  sys te rn (sxc1 .  p f p i n g )  
23060388 make-up t r e a t m e n t  sys tem(exc1 .  p i p i n g )  
2 3 0 6 8  4 8 8  chemica l  t r e a t m e n t  & condensa te  p u r l f i c a t l o n  systems 
2 3 8 6 f l 5 0 0  c e n t r a l  l u b r i c a t i o n  s e r v l c c  sys tem(exc1 .  p i p l n g )  
2 3 0 6 0 0 8 # .  o t h e r  t u r b i n e  p l a n t  e q u l p n e n t  
2 3 8 7 0 0 0 0 ,  i n s t r u m e n t a t i o n  b c o n t r o l ( i & c )  tq lJ ipment  
23988*7flLf, spat-e p a r t s  a1 l o ' + a n i e  
2 3 9 9 D P f l 0 ,  c o n t i n g e n c y  a1 lowance 
23flk?P,"iEO. t u r b i n e  p l a n t  equipment  



Table 81 (continued) 

2 4s 10 1 BB 
2 4 8  18280 
2 4 8 1  0008. 
2 4 0 2 8  188 
2 4 8 2  iir 2 8s 
24628388 
2 4 8 2 1 4 8 8  
248285k70 
2482Bt50B 
24fl28.088 I 
2 403Ell88 
2 4B3BTBB 
2 4 0 3 0 0 8 8  
2 4 840 1 88 
2 4 8 4 8 8 0 8 .  
2 4 8 5 8 1 8 8  
2 4850208 
2485838B 
2 4 0 5 8 4 8 8  
2 4 0 W m B  
2 4 8 6 0  108 
24860288  
2 4 0 6 8 3 8 8  
248684ldB 
2 4 0 6 0 5 8 6  
24860888. 
2 4 8 7 0  1.01 
2 4 8 7 8 2 8 8  
240783B8 
2487ff4.08 
240?05BB 
2 4 8 7  W 6 88 
2 4 0 7 8 7 0 0  
24fl7B88.0, 
2 4 9 88818, 
2 4 998888,  
2 40888'8'8. 
25818 1 80 
2 5 0 1 8200 
2 58 1 B308 
251111r480 
25810588 
2 5 0 1  8888. 
25828 l RIB 
2 58282008 
2 58 2 8 3 8 8  
2 5 0 2 8 8 8 0 .  
2 5 0 3 8 1 8 0  
25.036200 
2!i838880. 
25848 18B 
2 5 f l 4 8 2 0 8  
2 5 0 4  83BB 
2 5 8 4 8 4 8 0  
2584B500 
2 5 0 4 8 6 8 0  
2584f l680 .  

25 9 9 8 0 0 8 ,  
258B8B8B. 
2 681 8 B 0 0  

2 5 9 a08m. 

26828BBB 
26130000 
26840880 other materlals 

generator c l r c u l t s  
station service 

station service d startup transformers 
low voltage unit substation & lighting transformers 
battery s y s t e m  
d fesel eng i ne generators 
gas turblne generators 
motor generator sets 

station service equipment 
m a i n  control board for electrfc system 
auxfliary power & slgnal boards 

switchboards (incl. heat tracing) 
gen. statfon grcrclndlng s y s t e m  8. cathodic protection 

protective equ Ipment 
concrete cable tunnels, trenches & envelopes 
cable t r a y s  & support 
condu it 
at her 5 t t- u c t 11 r 8 5  

generator circuits wiring 
station service power wir Ing 
control wiring 
Instrument wiring 
cuntatqment penetrstlons 

reactor b u i l d t n g  1 ighting 
turbine buildilng lightlng 
reactor auxllinrles bulldlng lightfng 
radioactive w a s t e  building lighting 
trltium p r o c c s s l n g  b u i l d i n g  lighting 
niscellansous tufldings lightfng 
yard llghtlng 

switchgear 

electrical structures & wiring containers 

power & control wfring 

electrical lighting 
spare p a r t s  allowance 
contingency allowance 

electrfc plant equipment 
cranes, holsts, monorails, b, conveyors 
r a  1 lway 
roadway equipment, 
watercraft 
vehicle maintenance equipment 

transportation & lifting equipment 
a i r  systems(exs1, plping) 
water syttems(exc1. p i p f n g )  
a u x i l i a r y  heating bollersfexcl. p l p f n g )  

afr & water service systems 
local communications systems 
signal systems 

communications equlpment 
safety equipment 
shcrp, laboratory, & test equipment 
office equipment & furnfshings 
change room equipment 
environmental monitoring equipment 
dining facilities 

furnlshlngs & fixtures 
spare p a r t s  a1 lowance 
contfngency allowance 

reactor coolant 
i ntermed f a t e  cool ant 
turbine cycle working fluids 

miscellaneous plant equlpment 
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Table 81 (continued) 

2693088~ s p a r e  p a r t s  a l l o w 3 n c a  
26998808 c o n t f n g e n c y  allowance 
26000800. special m a t e r i a l s  
90B0Pd00.total react.83r d i r e c t -  c a p i t a l  c o s t  
91010000 t e m p o r a r y  f a c i l i t i e s  
9 182fl800 c o n s t r u c t l o n  squ !pmsn t  
9 103BLfPP c o n s t r  i.ict i on s e r  v i C E S  
9100Psd00. c o n s t r u c t i o n  f a c i l i t i e s ,  e q u i p m e n t  8 servlcos ( 1 5 x 1  
920~7011~70, e n g i n e e r i n g  c o n s t . r u c t l a n  management sesrvice?s ( 1 5 % )  
93if100BM taves R f n s u r a n c e  
9 3 0 2 R O B f i  s t a f f  t r a t n f n g  & p l a n t  s t a r t u p  
930300g0 o w n e r ’ s  g&a 
930ffBCTiTi3. o t h e r  c o s t s  ( 5% 
9417flPfl.@Dcr, i n t e r e s t  d u r i n g  18 y e a r  c o n s t r u c t r o n  (18% / y r .  = 6441k) 
Y58OOPOW, e s c a l a t i o n  d u r l n g  Ila y e a r  c o n s t ~ u c t t u n  (5% i y r .  = 3 3 8 X )  
9 9 B f l P 0 0 E . t o t a l  r e a c t o r  capital c o s t  
end  

Y_.-.. qY- 
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?1020100 
21010?00 
?1010300 
?1 O ? O 4 O O  
210?0000 
?IO301 00 
?1030?00 
21030000 
21 G40180 
?2040?G3 
21G40300 
?1040400 
21 040500 
21040000 
21050101 
21 050162 
2 1 0 5 0 1 0 3  
21 050 104 
2 3 059 1 00 
?i050?00 
2B65G000 
210t0101 
21060102 
21  060103 
2106G100 

2 i u60 300 
?106040C 
21060500 
21 Oh0600 
?IOJC701 
21060700 
11060A00 
2 1 Gb0900 
210t0000 
21070000 
1 1 9 8 0000 
21 Y900OO 
21000000 

2 l?30200  

4 9 , 1 9  
0.00 
0.00 

3 4  I 5 4  

0,OO 
0,OO 

0 , 1 1  
0,OO 
0.50 
0,54 
o s 0 0  

7444 
0.30 

?h,BO 
4.31 
0. (10 
0,00 
0 , 4 i  
4 , 3 2  

15,l t i  
0,OO 
0,OO 

P 
-4 
4 

c a r i t s l  c a s t  a c c o u n t s  

OY/bi/b.l E05:141573 



Table 3 2  (continued) 

account # --------- 

b reeding h a t e r  1 a i  t i nc l  , t r1  t iuar breed i n d )  
f i r s t  u a l l  8 s t r u c t u r a l  Mater ia l  
a t t e n u a t o r s ,  r e f l e c t o r s ,  8 n u i t i p i i e r s  
u a l l  r o d i f i e r s l e o a t 2 r r ~ s r  I i n e r s r  I i l l r i t e r ~ ,  e t c , )  
o t h e r s  

p r i m a r y  
h ianbe t  L f i r s t  u a l l  

secorrdarr 

t o r a i d a l  f i e l d  sadne t s  u i t h  case  
c o w e r  i n s e r t  madnets uiCh c a b e  
rolordal f i e l d  madnets u i t h  case 
1 rl t e r c o i  1 s t rue t u r  e 

s h i e l d  

r a g n e t s  
beam h e a t i n g ( n e u t r a l r  i o n  o r  e l e c t r o n )  
r f  h e a t i n d  
l a s e r  h e a t l n s  
o t h e r  hea t  i n d  5% tears 

s UPF 1 e P en t a 1 he a t i rr 9 s Y s t e r 5 
r e a c t o r  s t r u c t u r e  
euuipment suppor t  s t r u c t u r e  

r r i m a r r  s t r u c t u r e  8 s w r o r t  
plasola c h a r t e r  vacuuk( i n c l  
magnet deuar vacu?il(  i nc l  
s w r l e u b e n t a l  h e a t ~ n $  vac!JumI i n c l ,  run~rs / comr , /p i r e )  
d i r e c t  conver tor  vacuusl(lricl ,  P U Q P S / C O ~ I ~ , / P ~ P ~ )  
r e a c t o r  vacuum s r s t e r ( l o u  grade) 
r e a c t o r  vacuum u a l l  
sh ie lded  vacuum duc t s  

re a c t o  y v ac uu(h 55 s t e RIS un 1 e f s in t e d r a 1 e 1 sew h B r e  ) 
nea t  1 os 
confinefient 
cor l t ro l  srstest  
c e n t r a l  errerar storsste 
o t h e r  

r o u e r  s u p r l r ,  s u i t r h i n g  t ener2Y s torage  
i nr r u r i t Y con t r o 1 

Y a c u ruin t a n I: 
d i r e  c t c or1 Y e r t o r I odiu 1 e s 
t h e  r u a l  parte 1 s 
rouer cond i t ion in2  eauiraent 

rumPs/comp , / r i ~ e )  
rumfs/comr , / p i r e )  

d i r e c t  enerfIy corrversxor, s v s t e r  
r e a c t o r  eauirment 

Pumps S motor drives(rodular X nonrodularf 
F 1 P ins 
heat  exchangers 
tar11 s I ncl duairr aate-urg c lean-ur  , t PI t ,  t h o  
clean-up srs ter  
thermal i n s u l a t i o n ,  r i r i r 1 4  B eeuirruent 
t r i  t iur  e x t r a c t i o n  

P P I U I ~ ~ Y  coo l sn t  s r s tem 
P U B ~ F S  & motor drivesirodular 8 nonmodular> 
P l P l f l l t  

s t o r a g e  
0.00 
0.00 
0.00 
0.00 
0.00 

0*00 
0.00 

8163 

1 3 0 * 4 4  

260.54 

7 0 a t 7  

b 354 

5Y e 50 

9 3 , 3 9  
0b00 

0.00 

0800 

629 91 
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