
E 



Printed in  the United States of America. Available f r o m  
National Technical In format ion Service 

US. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22151 

Price: Printed Cony $5.45; Microf iche $1.46 

_..l__..__...l ~ 

This report vvas prepared as an account of work  sponsored by the  Uni ted 
States Government. Neither the Uni ted States nor  the Uni ted States P.tornic 
Energy Commission, nor any of their employees, nor any of their contractors, 
subcontractors. o r  their employees, makes any warranty, express o r  implied, o r  
assumes any legal l iabi l i ty o r  responsibility f o r  the accuracy, completeness or 
usefulness of any information, apparatus, product  or process disclosed, o r  
represen1.s that  i t s  use would no t  infringe privately owned rights. 



ORNL-I'M-4 3 03 
UC- 77 - Gas Cooled R e a c t o r  Technology 

Con t rac t  No. W-7485-eng-26 

CHEMICAL TECHNOLOGY D I V I S I O N  

D I S T R I B U T I O N  AND RELEASE OF T R I T I U M  I N  HIGH-TEMPERATURE GAS-COOLED REACTORS 
AS A FLTNCTION OF DESIGN,  OPERATIONAL, AND MATERIAL PARAMETERS 

E. L .  C o m p e r e  

S .  8. Freid* 

C. W. Nestor** 

9: P r e s e n t l y  w i t h  B e c h t e l  Corpora t ion ,  L o s  A n g e l e s ,  C a l i f o r n i a .  

fcWornputer Sciences Div is ion ,  Oak R i d g e  National Laboratory.  

JUNE 1974 

NOTICE This document contains information of a preliminary nature 
and was prepared primarily for internal use at the  Oak Ridge National 
Laboratory. I t  I S  subject to revision or correction and therefore does 
not represent a final report. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge ,  T e n n e s s e e  37830 

npe ra t  ed by 
U N I O N  CARBIDE CDRPORATTON 

f o r  the  
U. S .  ATOMlC ENERGY COMMISSION 





iii 

CONTENTS 

Page 

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . SOURCES OF TRITlUM . . . . . . . . . . . . . . . . . . . . .  6 

2.1 F i s s i o n  . . . . . . . . . . . . . . . . . . . . . . . .  6 
2.2  Neutron Reac t ions  . . . . . . . . . . . . . . . . . . .  7 
2 .3  Helium-3 . . . . . . . . . . . . . . . . . . . . . . .  11 
2 .4  Organiza t ion  of Source Reac t ions  . . . . . . . . . . .  1 3  

3 . DISTRIBUTION OF TRITIUM . . . . . . . . . . . . . . . . . .  1 4  

3.1 
3 . 2  
3.3  
3.4 
3 . 5 
3.6 
3.7 
3.8 
3.9 

T r a n s f e r  Compartments . . . . . . . . . . . . . . . . .  1 4  
T r i t i u m  Bound i n  S o l i d s  . . . . . . . . . . . . . . . .  1.5 
T r i t i u m  Recoi l  from 3He Reac t ion  . . . . . . . . . . .  16 
Primary Coolant Compartment . . . . . . . . . . . . . .  1 7  
T r i t i u m  and Hydrogen . . . . . . . . . . . . . . . . . .  18 
Chemisorption . . . . . . . . . . . . . . . . . . . . .  1 9  
Coolant System Removal T e r m s  . . . . . . . . . . . . .  20 
Permeation of S team Generator  Surfaces  . . . . . . . .  21 
S t e a m  Generator  Content . . . . . . . . . . . . . . . .  23 

4 . 0  SOLUTION OF SYSTEM EQUATIONS . . . . . . . . . . . . . . . .  23 

4 .1  General S o l u t i o n  Algorithm: Funct ions  G and H . . . . .  24 
4 . 2  Code S t r u c t u r e  . . . . . . . . . . . . . . . . . . . . .  26 

4 . 2 . 1  Input  . . . . . . . . . . . . . . . . . . . . .  26 
4 . 2 . 2  H i s t o r y  - Subrout ine  HLSTRY, ADATE . . . . . . .  27 
4 . 2 . 3  Pre l iminary  Computation - Subrout ines  RECOIL.. 

CROSS. HT&Y . . . . . . . . . . . . . . . . . .  28 
4 . 2 . 4  Cases . . . . . . . . . . . . . . . . . . . . .  29 
4 . 2 . 5  Per iod  C h a r a c t e r i s t i c s  . . . . . . . . . . . . .  29 
4 . 2 . 6  Product ion  and D i s t r i b u t i o n  . . . . . . . . . .  30 

4 . 3  Code Data and Assumptions . . . . . . . . . . . . . . .  32 
4.3.1 Block Data . . . . . . . . . . . . . . . . . . .  32 
4 . 3 . 2  Data S e c t i o n  of Main Program . . . . . . . . . .  3 2  
4.3.3 Input  Data: F o r t  S t  . Vrain Reactor  Parameters  . . 33 
4 . 3 . 4  Code L i s t i n g  . . . . . . . . . . . . . . . . . .  36 

4.2.7 Output . m . .  . . 31 

5.0 RESULTS OF CALCULATION . . . . . . . . . . . . . . . . . . .  36 

5.1 Product ion  . . . . . . . . . . . . . . . . . . . . . . .  36 
5.2 Comments on Sources . . . . . . . . . . . . . . . . . .  39 
5 . 3  Comments on 1) is t r i .but ion . . . . . . . . . . . . . . .  39  
5.4  Release of T r i t i u m  t o  t h e  Environment . . . . . . . . .  4 3  



6.0 LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . 45 

7.0 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . 47 

8.0 A J I D T T T O N L  SOURCES . . . . . . . . . . . . . . . . . . . . . 4 9  

9.0 APPENDIXES . . . . . . . . . . . . . . . . . . . . . . . . . 51 

9 . 1  Appendix I: Poss ib l e  Extension of Code . . . . . . . . . 52 
9 .2  Appendix T I :  TRITGO Code L i s t i n g  . . . . . . . . . . . - 55 
9.3 Appendix 111: Output (Pa r t i a l )  . . . . . . . . . . . . * 79 

9 .3 .1  R e p l i c a  of Inp i t  . . . . . . . . . . . . . . . - 79 
9.3.2 Reactor  C h a r a c t e r i s t i c s :  Base Case . . . . . . . 85 
9.3.3 F i r s t  Year: of Reactor Operat ion . . . . . . . . . 87 
9.3.4 End of S ix th  Year of Reac tor  Operation , . . . . 89 



PREFACE 

T h i s  r e p o r t  summarizes work performed up t o  June 1 9 7 3  r e l a t i v e  

t o  t h e  d e s c r i p t i o n  of t h e  behavior of t r i t i u m  i n  a high-temperature 

gas-cooled r e a c t o r ;  t h e  main o b j e c t i v e  w a s  the development of a 

computer code w i t h  which a c c u r a t e  assessment: of t r i t i u m  d l s  t r i b u t i o n  i n  

HTGRs could  be made. The r e s u l t i n g  code, TKLTGO, i s  o p e r a t i o n a l  and, 

sub j  eet  t o  t h e  l i m i t a t i o n s  d i s c u s s e d  below, may be used f o r  de te rmining  

parameter s e n s i t i v i t y  and for  defining f u t u r e  r e s e a r c h  objectives e 

However many e.xtensions and ,ampl i f ica t ions  tha t  were e v i d e n t l y  d e s i r a b l e  

were not i nc luded .  Some of these are i n d i c a t e d  i n  t h e  t e x t .  (For example, 

t h e  s p e c i a l  r o l e  of t h e  f u e l  element purge system i n  removing t r i t i u m  

r e l e a s e d  by t h e  f u e l  i n  a r e a c t o r  such as t h e  Peach Bottom HTCR i s  no t  

f u l l y  d e s c r i b e d . )  In  a d d i t i o n ,  i t  i s  now recognized that a slow, 

temperature-dependent release of t r i t i u m  must occur  from f u e l  p a r t i c l e s  

a s  well as from g r a p h i t e  and ocher s o l i d s .  I n  t h e  p r e s e n t  v e r s i o n  of 

TRXTGO, t h i s  is  handled by a p a r t i t . i o n  f ac to r  correspondi.izg t o  immediate 

release of a s m a l l .  f r a c t i o n  and permanent r e t e n t i o n  of the remainder. 

S i m i l a r l y ,  f u e l  replacement i n  t h e  core i s  not  p r e s e n t l y  inco rpora t ed  i n  

the i l l u s t r a t i v e  c a l c u l a  t ion .  

R e p r e s e n t a t i v e  va lues  of  t h e  i n p u t  parameters  have l x e n  taken  from 

PSAR d e s c r i p t i o n s  of t h e  F o r t  S t .  Vra in  Reac tor .  The r e l a t i o n s h i p  

between code ou tpu t  and the performance of a n  HTSR remains t o  be  established 

c r i t  - i c a l l  y . 
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DISTRIRUTTON --_ AND RELEASE OF TRITIUM IN HIGH-TWERhTURE GAS-COOLE 
REACTORS AS A FUNCTION OF DESIGN,  OPERATIONAL, AND MATERIA& 

PARAMETERS 

E. I,. Compere 
S. H. F re id  
C. W. Nestor 

Tr€tium w i l l  be produced i.n high-temperature  ga s-cooled 
r e a c t o r s  n o t  on ly  by f i s s i o n ,  bu t  a l s o  t o  a s i g n i f i c a n t  e x t e n t  
by r e a c t i o n s  of neu t rons  w i t h  boron i n  burnable poison and 
c o n t r o l  rods ,  w i th  trace l i t h i u m  impur i ty ,  and wi th  3He 
o c c u r r i n g  n a t u r a l l y  i n  t h e  helium c o o l a n t  f lowing through t h e  
co re .  A p o r t i o n  of t h e  t r i t i u m  t h a t  i s  formed I n  s o l i d s  o r  
f u e l  may be r e l e a s e d  t o  the  c o o l a n t .  This t r i t i u m  mingles  
wi th  t h e  hydrogen i n  t h e  coo lan t  and w i l l ,  i n  p a r t ,  chemisorb 
on g r a p h i t e .  I n  a d d i t i o n ,  it may leak with t h e  coo lan t  froin 
t h e  r e a c t o r  v e s s e l ,  'be rernoved i n  t h e  helium p u r i f i c a t i o n  
system, o r  permeate system w a l l s  i n t o  t h e  s t e a m  g e n e r a t o r ,  
w h e r e  as a r e s u l t  of removal (bl.ondown) or  losses i t  is  
s u b j e c t  t o  release t o  t h e  environment. 

T h e  d i f f e r e n t i a l  equa t ions  d e s c r i b i n g  t h e  above behavior  
are developed. Assumption of s t eady  c o n d i t i o n s ,  i nc lud ing  
hydrogen concen t r a t ion ,  f o r  a per iod  makes it p o s s i b l e  t o  
expres s  t h e  d i s t r i b u t i o n  as w e l l  as t h e  product ion  i n  t h e  form 
of coupled sets o f  l i n e a r  f i r s t - o r d e r  o rd ina ry  d i f f e r e n t i a l  
equat ions .  A gene ra l i zed  a n a l y t i c a l  s o l u t i o n  of t h e s e  i s  
p resen ted .  

The above t r i t i u m  gene ra t ion  and d i s t r i b u t i o n  mode3 has 
been inco rpora t ed  i n  a computer code,  TRITGO. An i l l u s t r a t i v e  
c a l c u l a t i o n  us ing  parameters  taken  from the  PSAR d e s c r i p t i o n  
of t h e  P o r t  S t .  Vrain Reactor has been made. T h i s  i n d i c a t e s  
t h a t  most of t h e  t r i t i u m  emerging from t h e  p r i m a r y  coo lan t  
w i L 1  have been genera ted  by the 3He[n,p)T r z a c t i o n .  
s i g n i f i c a n t  f r a c t i o n  e n t e r s  t h e  steam gene ra to r .  T h e  t r i t i u m  
5n t h e  steam gene ra to r  blowdown, a f t e r  proper  d i l u t i o n ,  may be 
cons idered  f o r  release t o  t h e  environment. The e f f e c t s  of  va ry ing  
a number of system parameters  are cons idered .  

A 

I. 0 INTRODUCTION 

Trit ium' is  expected t o  be t h e  dominant c o n t r i b u t o r  t o  t h e  

r a d i a t i o n  dose  rece ived  by t h e  genera l  popu la t ion  as t h e  r e s u l t  o f  
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nuc lear  r e a c t o r  o p e r a t i o n .  Although fuel.  r e p r o c e s s i n g  comprises the  

major pathway t o  man, r e a c t o r  o p e r a t i o n  a l s o  has a s ig i i . i f i can t  potenti.al.. 

A r e c e n t l y  proposed r e g u l a t i o n  (10 CPR 50, Appendix I) f o r  l ight-water--  

cooled r e a c t o r s  w i l l  permi% on ly  very low c o n c e n t r a t i o n s  (5 pCi/ml) i n  

l i q u i d s  t h a t  a re  r e l e a s e d  t o  t-he environment ( u s u a l l y  t h e  t:urbine- 

condenser c o o l i n g  tower release, i n  which a p p r o p r i a t e  o t h e r  l i q u i d  

eEfl.uents are d i l u t e d )  

Tr i t ium2 ('1-1 o r  T )  i s  a r a d i o n u c l i d e  of  12,26-year h a l f - l i f e ,  

decaying w i t h  t h e  emission of a I.8-keV b e t a  p a r t i c l e .  It e n t e r s  t h e  body 

r e a d i l y ,  princ.i .pally i n  t h e  form of triti .al:ed water, by i n g e s t i o n ,  

i n h a l a t i o n ,  o r  s k i n  p e n e t r a t i o n ;  t h e  b i o l o g i c a l  h a l f - l i f e  i s  about 1 2  

days.  I n  a d d i t t o n  t o  t h e  general. whole body dose, detxixnental  effec"tis 

niay r e s u l t 2  when 3H i s  s u b s t i t u t e d  f o r  'pi i n  a ce l l ,  due t o  m a s s  

d i f f e r e n c e s  o r  i f  l o s t  by decay from a DNA o r  RAA molecule of  which i t  

w a s  a p a r t .  No p a r t i c u l a r  b i o l o g i c a l  c o n c e n t r a t i o n  processes  have been 

noted i n  man o r  t h e  envirorment.  

High-temperature gas-cool.ed r e a c t o r s  d i f f e r  from I.ight-water 

reactors3- '  i n  ways t h a t  a f f e c t  t r i t i u m  pa ths  appreciah1.y. 

c o a t i n g  d i f f e r s  from t h e  f u e l  c ladding ,  and a s m a l l  f r a c t i o n  of cracked 

p a r t i c l e s  may occur .  I n  a d d i t t o n  to  format ion  i n  f u e l  hy f i s s i o n  i n  

HTGRs, t r i t i u m  can be  produced by r e a c t i o n s  of neut rons  wi th  l i t h i u m  

i.mpuri.ties i n  t h e  g r a p h i t e ,  w i t h  added boron c o n t r o l  materials, and wi.t:h 

t h e  3He o c c u r r i n g  n a t u r a l  l y  :hi t h e  primary c o o l a n t .  

The p a r t i c l e  

T r i t i u m  t h a t  e n t e r s  o r  i s  formed i n  t h e  helium pr imary  coolan t  

mingles w i t h  t h e  hydrogen-containing s p e c i e s  found t h e r e  and can be  

chemisorbed on t h e  g r a p h i t e ,  as well as being s t e a d i l y  reumved by t h e  

c o o l a n t  p u r i f i c a t i o n  p l a n t .  However, a gaseous mixture  of hydrogen and 

t r i . t i u m  w i l l  dissol.ve i n  and d i - f f u s e  through h o t  m e t a l s  c o n t a i n i n g  i t ,  

inc luding  steam genera tor  s u r f a c e s .  

Most of t h e  hydrogen and t r i t i u m  permeating i n t o  the steam generaror  

can be assumed t o  exchange w i t h ,  and thus become a s s o c i a t e d  w i t h ,  t h e  

s t e m  genera tor  w a t e r .  

'The major subsequent t r i t i u m  pathway i s  t h e n  v ia  steam g- ner  a t o  r 

b7ater 1.eakage o r  release (blowdown) i n t o  the c o o l i n g  tower water 

t h a t  i s  expected t o  be  evapora.tcxl o r  r e t u r n e d  u l t i m a t e l y  t o  n a t u r a l  soiirce 
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waters ( s u b j e c t  t o  p o s s i b l e  r e g u l a t o r y  l i m i t a t i o n s ) .  'I'hese pathways 

are surmaarized i n  Fig.  1. 

The fo l lowing  assumptions about  t h e  d i s t r i b u t i o n s  are memxi.ngful 

to our  a n a l y s i s :  

1. The t r a n s i e n t  v a r i a t i o n  of d i f f u s i o n  p r o f i l e s  w i t h  t i m e  does not 
need t o  be  taken  i n t o  account.  T h i s  eliminates p o s i t i o n  as  a 

variable and reduces  the problem t o  one of keeping an adequate  

set of inventory  accounts  c h a r a c t e r f z i n g  t h e  amount of t r i t t u m  

o r  p r e c u r s o r  s p e c i e s  i n  a p p r o p r i a t e  l o c a t i o n s  (compartments). 

2 .  The d i s t r i b u t i o n  L s  s u c c e s s i v e ;  t h e  p a t h  of  t r i t i u m  o r  i t s  

p r e c u r s o r  atoms from any source  t o  any s i n k  f o l l o w s  a given 

sequence of downstream t r a n s f e r s  and the r a t e  does  l i n t  depend 

o n  i t e m s  excluded from t h e  sequence or  on feedback c o n s i d e r a t i o n s .  

D i s t r l b u t i o n  is l i n e a r  s o  that a branched p a t h  can be  t r e a t e d  

as  t h e  sum of p a r a l l e l  l i n e a r  pa ths .  

3 .  Many a s p e c t s  of t h e  d i s t r i b u t i o n  p a t t e r n  are e s s e n t i a l l y  f i r s t  

o r d e r  i n  terms of the  r e s i s t a n c e s  and c a p a c i t a n c e s  a s s o c i a t e d  

w t t h  t h e  system. T h i s  is  t r u e  of  leakages ,  blowdown removal, 

removal by p u r i f i c a t i o n  plant, format ion  a t  steady power by 

neut ron  r e a c t i o n ,  and r a d i o a c t i v e  decay. Although adso rp t ion ,  

t r a n s i e n t  d i f f u s i o n a l  t r a n s p o r t ,  and metal permeation a r c  n o t  

g e n e r a l l y  f i r s t  o r d e r  w i t h  r e s p e c t  t o  t r i t i u m  amounts c e r t a i n  

assumptions p e r m i t t i n g  f i r s t - o r d e r  r e p r e s e n t a t i o n  appear  t o  be 

a p p l i c a b l e  t o  HTGR systems, Consequently,  w e  t ~ i l l  j u s t i f y  and 

u s e  a f i r  s t -order  approach. 

It w i l l  be  convenient  t o  subdiv ide  t h e  r e a c t o r  i n t o  a number of source  

r e g i o n s  having d e f i n i t e  parameters  (e .g .  c o r e ,  r e f l e c t o r  boronnt:ed 

r e f l e c t o r ,  and c o n t r o l  r o d s )  EO each of which a uniform average slow and 

fas t  f u l l  power neut ron  f l u x  can  be a s s i g n e d ;  t h e  actual € l u x  i s  

p r o p o r t i o n a l  t o  t h e  s t e a d y  f r a c t i o n  of f u l l .  r e a c t o r  power that 

c h a r a c t e r i z e s  t h e  p a r t i c u l a r  p e r i o d .  Because of the a d d i t i v e  p r o p e r t y  

of t h e  liiiear d i s t r i b u t i o n ,  each f r a c t i o n  o f  t h e  t r i t i u m  e n t e r i n g  t h e  

c o o l a n t  and d i s t r i b u t e d  from i t  can he a s s o c i a t e d  w i t h  a p a r t i c u l a r  source  

reg ion .  T h i s  p e r m i t s  c a l c u l a t i o n  t o  be made r e g i o n  by r e g i o n  and c h a i n  

by cha in  (and hence compartment by compartment) f o r  b o t h  source  and 

d i s t r i b u t i o n  a s p e c t s .  
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Thus fo r  each r e g i o n  and c h a i n  w e  can  write a coupled set oE l i n e a r  

f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s  of t h e  type  

- -  dNl - Io - SINl 
d t  

WIliC L adequate ly  d e s c r i b e  t h e  t r a n s f e r  from any source  t o  any s i r  L 

compartment. In t h e s e  e q u a t i o n s ,  N is  the i n v e n t o r y  of  t r i t i u m  o r  

p r e c u r s o r  atoms i n  a g iven  compartment; S i s  t h e  overa7.1 l o s s  ra te  
( i n c l u d i n g  decay) from a g i v e n  compartment; la is t h e  t r a n s f e r  

ra te  i n t o  a compartment from a p r i o r  compartment; and Io ( i f  n o t  z e r o )  

i s  a s t e a d y  i n p u t  o r  source  rate and,  consequent ly ,  a "forcing" t e r m .  

(j-l,n> 

It  i s  necessary  t o  i d e n t i f y  t h e  r e g i o n s ,  c h a i n s ,  and t r a n s f e r  

Compartments of a g iven  r e a c t o r  and t o  develop t h e  v a r i o u s  source  

t e r m s  and f i r s t - o r d e r  t r a n s f e r  o r  l o s s  c o e f f i c i e n t s  from t h e  r e a c t o r  

parameters .  

For  a sequence of p e r i o d s ,  we m y  then  c a l c u l a t e  reg ion  by regfon 

f o r  each c h a i n  t h e  amount of t r i t i u m  o r  precursor  t h a t  e x i s t s  i n  each 

i n v e n t o r y  compartment a t  t h e  end of t h e  per iod  and was t r a n s f e r r e d  t o  i t  

under t h e  o p e r a t i n g  c o n d i t i o n s  of  t h e  per iod  from t h e  previous  inventory  

of a given  p r i o r  compartment. Summation over  a l l  t r a n s f e r  sources  g ives  

the new i n v e n t o r y  f o r  each compartment. As w i l l  be shown l a t e r ,  a g e n e r a l  

a n a l y t i c a l  s o l u t i o n  t o  t h e  coupled sets of l i n e a r  f i r s t - o r d e r  

d i f f e r e n t i a l  e q u a t i o n s  has been developed, p e r m i t t i n g  e x p l i c i t  c a l c u l a t i o n  

o r  t h e  r e s u l t s  of each source-s ink t r a n s f e r  a c r o s s  a set o f  compartments. 

The model d i s c u s s e d  above h a s  been embodied i n  t h e  computer code 

TRITGO, which c a l c u l a t e s  t h e  inventory  of source  n u c l i d e s  o r  t r i t i u m  a t  

v a r i o u s  accumulat ion p o i n t s  (compartments) f o r  a success ion  of p e r i o d s  

s u b j e c t  t o  t h e  c o n s t r a i n t  t h a t  changes i n  t h e  p e r t i n e n t  parameters  a r e  

made only between per iods .  When needed o v e r a l l  t r i t i u m  d i s t r i b u t i o n  

rates can h e  obta ined  from successive inventory  v a l u e s  i n  a s t r a i g h t f o r w a r d  

manner. 

The code can  b e  used t o  e v a l u a t e  t r i t i u m  product ion  and d i s t r i b u t i o n  

under normal o p e r a t i n g  c o n d i t i o n s ,  t o  provide  source  tern d a t a  f o r  
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p o s s i b l e  release to  the environment, and t o  assess t h e  adequacy of 

p o s s i b l e  measures of r e l i e f  if 1:hese are needed or d e s i r e d .  

2.0 SOURCES OF TKITIUX 

2.1 F i s s i o n  

7-6 T r i t i u m  i s  formed by t e r n a r y  f i s s i o n .  T r i t i u m  y i e l d s  of  0.8 x 
t o  1,2 x 10 are given f o r  t h e  therm;l~-neutron f i s s i o n  of - 4 

235U .6-11 Values f o r  237U do n o t  d i f f e r  s i g n i f i c a n t l y .  

f i s s i o n  yields'-' o f  % 2 . 2  x lo-' f o r  235U a r e  i n d i c a t e d .  

neut ron  energy spectrum we use a Eiss ion  y i e l d  of 1 . 0  x LQ wi thout  

s p e c i f l c a t i o n  of f lux  o r  f i s s i l e  p a r e n t .  Thus t h e  r a t e  of  product ion  

o f  t r i t i u m  by f i s s i o n  i n  r e g i o n  r can be expressed i n  terms of t h e  

a s s o c i a t e d  r e a c t o r  power: 

Fast-neutron 

For a n  IITGR 
-4 

where 
1 6  -1 -1 

K = fiss-lori r a te  a t  u n i t  power, 3.121 x 10 f i s s i o n s  sec MW , 
(N ) = inventory  of  t r i t i u m  atoms as produced i n  r e g i o n  T-, T r  

Pr = power produced i n  r e g i o n  r, MI$, 

t = d u r a t i o n  of p e r i o d ,  sec, 

Y = number of t r i t i u m  atoms produced per f i s s i o n ,  1 . 0  x 10 , -4 

-9  -1 
= t r i t i u m  decay c o n s t a n t ,  1 . 7 9 3  x 1 0  sec . 

The power produced i n  a given r e g i a n  c o n t a i n i n g  f u e l  i s  c a l c u l a t e d  from 

the f u e l  element volume and the f l u x  ass igned  t o  t h e  r e g i o n  r e l a t i v e  

t o  the total, t h e  f u l l  reactor power, and t h e  r e l a t i v e  power  f o r  the 

p e r i o d *  Hence 

- 
Pr - 

ur - 

where 
- 

11 = 

I =  

Br = 

volume occupjed by fiic.1 e lements  i n  r e g i o n  5,  

f r a c t i o n  of f u l l  r e a c t o r  p o w ~ r ,  

s p b o l  f o r  summation, 

neut ron  f l u x  f o r  r e g i o n .  
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Because ass igned  r eg ion  neut ron  f l u x e s  are used h e r e  t o  subdiv ide  t h e  

t o t a l  power r a t h e r  than  c a l c u l a t e  i t ,  we do not need t o  t ake  burnup i n t o  

account .  Even though i t  might a f f e c t  r e l a t i v e  r eg ion  f l u x  and power 

i n  t h e  long run ,  t h i s  is  no t  cons idered  i n  t h e  p re sen t  model. 

2 .2  Neutron Reac t ions  

Tr i t i um is  formed :in a p p r e c i a b l e  y i e l d  by r e a c t i o n s  of neu t rons  

which i s  i n t e n t i o n a l l y  p r e s e n t  as a burnable  poison  i n  1 2  wi th  boron,  

t h e  f u e l  e lements  and as c o n t r o l  rod material, and wi th  l i t h i u m ,  which is  

a t r a c e  impur i ty  i n  g r a p h i t e  and o t h e r  s o l i d s .  The r e a c t i o n s  are  

summarized i n  t h e  fo l lowing  r e a c t i o n  cha ins :  

7 "€3 (n ,a) L i  (n, na)T , 
and 

1 . 2 ~  (n,a) 9 Be(n,a) 6 L i  (n ,a )T.  

Because of t h e  large amount o f  g r a p h i t e  i n  a high-temperature  gas- 

cooled r e a c t o r ,  t h e  l a t te r  r e a c t i o n  sequence e v e n t u a l l y  contributes t o  

t r i t i u m  product ion  t o  a moderate e x t e n t  even i n  t h e  absence  of l i t h i u m  

itnput- i t  i e s  . 

f o r  12C(n,a) Be(n,a)  L i ( n , a ) T ,  

The r e a c t i o n  ra te  equa t ions  f o r  t h e s e  r e a c t i o n s  are: 
9 6 

- -  dN12 
d t  - - 'r'fasta12N12 

- -  - O N - ANT; dNT 
d t  ' s l o w  6 6 

and f o r  '*B(n,n) 7 I , i (n ,na)T and "B(n,2a)T, 

aNlo  
d t  "(@slowOIO,slow + @fast"1.0, f a s t  

.-.---= 
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0 N. _I- 

d f a s t  7 I 
dN7 
d t  ~ s l O w c I 1 O , s l O w  1.0 - N -  

where 

N = number of given k i n d s  of atoms i.n a reg ion ,  

t = t i m e ,  sec, 

A = t r i t i u m  decay c o n s t a n t ,  1 . 7 9 4  x 10 scc , 
71 = f r a c t i o n  of  f u l 1  r e a c t o r  power, 

0 = neutron cross s e c t i o n  of given nucl.ide f o r  f a s t  or s l o w  

-9 -1 

2 neut rons ,  cm , 
8 = r e g i o n  f a s t  os slow neut ron  f l u x  at: €1.11.1 power, neut rons  c m  -2  

- 1. sec . 
S u b s c r i p t s  are:  

f a s t  = f a s t  neut ron ,  

slow = S l . 0 W  nel l t ron,  

6 = l i thium-6,  

7 = 1ithi.1.m-7, 

? = beryll ium-?, 

10 = boron-1.0, 

1 2  = carbon-12, 

T = t r i t i u m .  

These c o n s t i t u t e ,  f o r  each c h a i n  i n  each r e g i o n ,  coupl.ed sets of  l i n e a r  

f i s s t - o r d e r  d i f f e r e n t i a l  equat ions .  

primary c o o l a n t .  13 Although the n a t u r a l  abundanc-e of 38e i n  hel ium :is 

given by most handbooks as 1 , 3  x 1 0  , i t  can h e  a s  low as 2 x 1 0  

i n  hel.ium obta ined  from wells,  according t o  in format ion  f i i ra ished by 

t h e  Bureau of Mi.nes t o  t h e  General Atomi-c Company (GAC). The above 

reactiion of 3He has a r e l a t i v e l y  high thermr+l--neutron c r o s s  s e c t i o n  

(?. 5300 barns  a t  2200 m / s e c >  such t h a t  the  react:i.on r a t e  a t  a f l u x  of  

6 x d3 neutrons crn i n  a high-temperature  gas-cooled reac tor  

c o r e  corresponds t o  a loss of about  1% of t h e  3He i n  t h e  c o r e  p e r  day. 

Since about 6% of t h e  helium is  i.n t h e  c o r e ,  the t r i t i u m  yie1.d i s  

appreciab1.e. T h i s  r e a c t i o n  i s  p a r t i  c u l a r l y  s i g n i - f i c a n t  because about: 

In a d d i t i o n ,  t r i t i u m  i s  formed by the 3K-1r(n,p)T r e a c t i o n  iil t h e  

-6 -7 

-2  -1 see 
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hali: of t h e  t r i t o n s  from i t  do no t  r e c o i l  i n t o  s o l i d s  b u t  remaln i n  t h e  

coo lan t  helium. The coo lan t  Is the  major d i s t r i b u t i o n  t r a n s f e r  

compartment of &he primary system. 

The rate equa t ions  f o r  product ion  of t r i t i u m  from 3 H e  w i l l  be 

cons i d  e red  l a t e r  . 
C a l c u l a t i o n  of t h e  product ion  of t r i t i u m  by neut ron  r e a c t i o n s  I s  

f a c i l i t a t e d  by the use  o f  " e f f e c t i v e "  cross s e c t i o n s  f o r  an  HTCR f l u x  

d i s t r i b u t i o n  obta ined  as f o l l o w s ,  

i n f i n i t e  homogeneous r e a c t o r  w i th  a C / 2 3 3 U  r a t i o  of 51400, at a tempera ture  

of 900'K, was obta ined*  f o r  one SQUXE: neut ron  c m  sec ., The energy 

spectrum of such an  i d e a l i z e d  r e a c t o r  i s  be l i eved  t o  correspond u s e f u l l y  

w i t h  t h a t  of actual  high-temperature  gas-cooled r e a c t o r s ,  a l though 

obvious ly  d u p l i c a t i n g  none wi th  high p r e c i s i o n .  Using 2.38 e V  as a 

The neut ron  energy spectrum o €  an 

- 3  -1. 

c u t o f f ,  t h e  Fa lcu la t ed  "slow" f l u x  w a s  157  neut rons  cn -2 sec -1 f o r  one 
I -3 -1 source  neut ron  cm 

w a s  50 neu t rons  c m  s e c  . 
see , and t h e  corresponding c a l c u l a t e d  "fast" f l u x  

-2 -1 

The v a l u e s ,  a long  wi th  t h e  power d e n s i t y  of a fue l ed  r eg ion ,  

could b e  used  t o  ca1cuLate t h e  corresponding es t imated  f a s t  or  slow f lux .  

-2  -1 
1 neut rons  cm sec source  neut ron  

source  neu t rons  cm-3 ' f i s s i o n  Est imated f l u x  = ( 

f i s s i o q  W 
( W-sec ) x  e----+. 

c m  
However, t h e  r e s u l t s  of more-refined r e a c t o r  phys i c s  ca l .cu la t ions  are 

normally a v a i l a b l e  f o r  bo th  fue l ed  and unfueled r eg ions .  I n  t h e  p r e s e n t  

code,  such e x t e r n a l l y  obtained v a l u e s  of s l o w  and  fas t  f l u x  are ass igned  

t o  t h e i r  r e s p e c t i v e  r e g i o n s  as i n p u t  in format ion .  

F o r  each r e a c t i o n  of  i n t e r e s t  t h e  r e a c t i o n  r a t e  f o r   ne source  
- 7  -1 neut ron  cm sec w a s  c a l c u l a t e d  us ing  ENDF/B c ross  s e c t i o n  - energy 

d a t a  and the above neut ron  energy spectrum, Table  1 shows t h e  v a l u e s  

ob ta ined .  Also shown are t h e  corresponding e f f e c t i v e  cross s e c t i o n s ,  a l o n g  

wi th  r e a c t i o n  rates ( p e r  day) i n  a c o r e  wi th  a slow neut ron  f l u x  of 6 . 0  

x neu t rons  c m  s ec  and a f a s t  f l u x  of 3.6 x d3 neu t rons  cm-' 

sec: ( s i m i l a r  t o  t h e  F o r t  S t .  Vra in  Reactor  c o r e ) .  The e f f e c t i v e  c r o s s  

*Courtesy of A.  M. Per ry ,  ORNL Reactor  D iv i s ion .  

-2 -1 

-1 
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s e c t i o n s  are,  of cour se ,  a p p r o p r i a t e l y  less than  t h e  conven t iona l ly  

t a b u l a t e d  thermal v a l u e s  due t o  t h e  inc reased  average  temperature  among 

o t h e r  f a c t o r s .  

T h e  e f f e c t i v e  burnout h a l f - l i f e  f o r  o r i g i n a l  'Li i n  such a r e a c t o r  

c o r e  i s  i n d i c a t e d  t o  be  about 330 days.  However, t h e  h igh  inass of g r a p h i t e  

i n  t h e  c o r e  will r e s u l t  i n  an a p p r e c i a b l e  bui ldup  of 'Be and subsequent 

format ion  of 

With an o r i g i n a l  l i t h i u m  concen t r a t ion  of 13  ppb ( C /  Li = 1 0  3 ,  

t h e  L i  c o n c e n t r a t i o n  would reach a minimum a t  f u l l  power i n  about  four  

years; a t  50 ppb of L i ,  t h e  minimum would be a t t a i x e d  i n  about f i v e  years. 

Thus, 6 L i  r e a c t i o n s  can be expected t n  be of some s i g n i f i c a n c e  be fo re  

t h e  end of f u e l  l i f e ,  even i n  t h e  i n i t i a l  absence  of l i t h i u m  i n  core  

gr  a p h l r e  . 

9 6 i n  t h e  fas t -neut ron  r e a c t i o n s  l2C(n ,a)  Be(n,a)  L i .  
1 2  6 9 

6 

Boron w i l l  be added t o  f u e l  e lements  as a burnable  c o n t r o l  material. 

I n  t h e  assumed co re ,  the  burnout h a l f - l i f e  is  about 8 2  days.  

Helium-3 has a n  even h igher  c o r e  r e a c t i o n  rate (O.Ol2 p e r  d a y ) ;  

however, o n l y  a s m a l l  F rac t ion  ( 4  t o  6%) of  t h e  pr i tmry  coo lan t  is i n  t h e  

core ,  so t h a t  t h e  n e t  removal ra te  i s  of t h e  o rde r  of 6 x 10  per day. 

To some e x t e n t ,  l eakage  makeup w i l l  tend t o  o f f s e t  t h i s  and t o  s t a b i l i z e  

t h e  r a t e  of t r i t i u m  format ion  from 3He.  

-4 

2 . 3  Helium-3 

Hel ium primary coolan t  c i r c u l a t e s  through a l l  r e a c t o r  regi.ons. I n  

o r d e r  t o  f i t  the neut ron  r e a c t i o n s  of 3He i n t o  a l i n e a r ,  region-by-region 

c a l c u l a t i o n  scheme, each reg ion  must  be assigned i t s  r e a c t i o n  - r a t h e r  

than  i t s  mass f r a c t i o n  o f  the  t o t a l ,  as shown below. 

H e l i u m  is  conta ined  i n  a11 f a b r i c a t e d  channels  o r  h o l e s ,  a n n u l i ,  

and c l e a r a n c e  t o l e r a n c e s ,  as  w e l l  as i n  t h e  pores  o f  g r a p h i t e  o r  o t h e r  

s o l i d s  i n  t h e  r e a c t o r  sys t em.  The g r a p h i t e  is  pnrous  and c r o s s  f l o w  i s  

expected.  Therefore ,  a l l  space a c c e s s i b l e  t o  helium i n  a reg ion  is  

t r e a t e d  as  a s i n g l e ,  well-mixed volume wi th  r e s p e c t  t o  t r i t i u m  gene ra t ion .  

However, t h e  f r a c t i o n  of t r i t o n s  which r e c o i l  t o  ad jacen t  s o l i d s  w i l l  

vary w i t h  d i f f e r e n t  classes of  space, and an estimate of t h e  o v e r a l l  

f r a c t i o n  r e t a i n e d  i n  each r eg ion  w i l l  be p re sen ted  l a te r .  I t  i s  assumed 

t'mt a t r i t o n  r e c o i l i n g  t o  a s o l i d  w i l l  e n t e r  and be r e t a i n e d  i n t e r -  

s t i t i a l l y .  
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F i r s t ,  cons ide r  t h e  o v e r a l l  dynamics of 3He i n  t h e  primary system. 

N~ = atoms of '+~e i n  primary coo lan t  system, 

N3 = atoms o f  3He i n  primary coo lan t  system, 

X3 = N / N  = H e  f r a c t i o n  in c o o l a n t ,  

X = abundance of 3H i n  input  helium, 

M 

FOP a n y  given t i m e ,  t :  

3 
3 4  

0 

3 
= mmkeup rate cons tan t  f o r  prlmary c o o l a n t ,  sec -I , 

= e f fecL ive  c r o s s  s e c t i o n  of 3 ~ e  f o r  t r i t i u m  product ion .  

71 = r e l a t i v e  r e a c t o r  power ( a c t u a l  power l fu l l  power), 

u 
For  each r e g i o n  r: 

Vr = r eg ion  space  a c c e s s i b l e  t o  helium, 

C = atoms of helium pe r  unit volume a t  r e g i o n  tempera ture  and r 
p r e s  su r  e , 

0, = ass igned  neu t ron  f l u x  f o r  reg ion  a t  f u l l  power, 

R e l a t i v e l y  r a p i d  mixing i n  and among a l l  p a r t s  of a l l  r eg ions  i s  

assumed. 

f u n c t i o n  o f  t i m e  i s  g iven  by: 

The change in t h e  number of  3He atoms in t h e  r e a c t o r  as a 

..---- = m 4 x ;  - m4x3 - >; (V c x 0dr). r r 3  
dN3 
d t  

Now d e f i n e  

dN3 = M N ~ X ~  - ~m xo - m Y - T X ~ Q ~ X  (F,) . d t  4 3  4' 3 

Since C(F ) = 1, t h i s  f a c t o r  may be i n s e r t e d  i n  any d e s i r e d  term. Hence r 

Since ,  by d e f i n i t i o n ,  none of t h e  terms of Q, o r  Fr i s  time-dcpendent, 

* S  1 ._-._ (N X F ) = C[MN4X;Fr - M(N4X3F,) - ( r ) ( N 4 X 3 F r ) ] .  
d t  4 3 r 

We are thus  i n t e r e s t e d  in the f r a c t i o n  of t h e  total 3 H e  r e a c t i o n s  that 

are t o  he a s s o c i a t e d  wi th  each +egion, r a t h e r  t h a n  t h e  volume f r a c t i o n  of 



3 t h e  H e  conta ined  i n  

m3>, = i \ J4X3F4;  

t h e  equa t ion  f o r  3He 
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t h e  region. Our primary v a r i a b l e  may be def ined:  

It fo l lows  also t h a t  t h e  ra te  of t r i t i u m  product ion  a s s o c i a t e d  w i t h  

r eg ion  r from 3He i s  g iven  by: 

These equa t ions  are now Linear  in each reg ion  and may be inco rpora t ed  i n  

t h e  gene ra l  set  o f  system equa t ions .  

atoms t o  b e  a s s o c i a t e d  wi th  a g iven  reg ion  is g iven  by the prnduct  of t h e  

to ta l .  number i n  t h e  primary coo lan t  system and t h e  f r a c t i o n  of  t h e  3€Ie 

r e a c t i o n s  occur r ing  i n  t h a t  reg ion .  

Consequently,  t h e  number o f  311e 

The format ion  o f  3We i n  t h e  system as  a resu l t :  of t r i t i u m  decay is 

neg lec t ed  f o r  t h e  fo l lowing  reasons .  T r i t i um e n t e r i n g  tlke primary coo lan t  

i s  removed f a i r l y  r a p i d l y  r e l a t i v e  t o  t h e  decay r a t e ,  and s o l i d s  

( e s p e c i a l l y  f u e l  par t i d e s )  r e t a j n i n g  t r i t i u m  are expected t o  a l s o  r e t a i n  

i t s  3He decay p roduc t ,  

t r i t i u m  decay t o  t h e  'He con ten t  of t h e  system would not  improve t h e  

accuracy of our  model s i g n i f i c a n t l y ,  and would unduly complicate the  

p r e s e n t  equa t ions  and t h e i r  s o l u t i o n .  

Thus, a t t e m p t s  t o  d e s c r i b e  t h e  c o n t r i b u t i o n  of 

Some modif i e a t i o n  of t h i s  approach i s  undoubtedly necessary  f o r  

r e a c t o r s  u s i n g  purged f u e l  elements such as t h e  Peach  Bottom Reactor ,  

IIowever, such changes w i l l  no t  be considered i n  d e t a i l  here. In p r i n c i p l e ,  

t h e  d i s t r i b u t i o n  remains l i n e a r  and f i r s t  o r d e r ,  w i th  an a d d t t i o n a l  p a t h  

t o  be  inc luded .  The t o t a l  p roduct ion  should not be s i g n i f i c a n t l y  changed 

i n  such a c a l c u l a t i o n ,  a l though a samewhat larger f r a c t i o n  w o u l d  be 

d i v e r t e d  t o  t h e  p u r i f i c a t i o n  system ins t ead  of following o the r  d i s t r i b u t i o n  

pa ths .  

2.4  Organiza t ion  of Source Reac t ions  

Examination o f  t h e  rate equa t ions  f o r  the i nven to ry  of t h e  n u c l i d e s  

i n  t h e  v a r i o u s  c h a i n s  i n  each r eg ion  l e a d i n g  to  t r i t i u m  p r o d u c t i o n  i n d i c a t e s  
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t h a t ,  f o r  exzch c h a i n ,  t h e s e  c o n s t i t u t e  coupled sets of l i n e a r  f i r s t - o r d e r  

d i f f e r e n t i a l  e q u a t i o n s  of t h e  form 

dN = I  - 
1 0  

d t  

where 

I =  
0 

(j-1 , j  >= 
B 

N =  

s =  
j 

j 

flxed input: ra te  f o r  p e r i o d ,  a toms/sec,  may b e  z e r o ,  

r a t e  c o n s t a n t  f o r  t r a n s f e r  from ( j - I > t h  t o  jtib compartment, 
- 1. 

S e C  

atoms i n  j t h  compartment 

r a t e  c o n s t a n t  f o r  l o s s  from j t h  compartment, sec . -1 

S u b s c r i p t s  i n d i c a t e  t h e  compartment number i n  a c h a i n  sequence o f  m 

cornpar tments.  Cornpar tments a re  t h e  s u c c e s s i v e  atom inventory  accouriLs 

For t h e  p a r t i c u l a r  cha in  and reg ion .  

We shall. next  show t h a t  t h e s e  sets of equatioiis c a n  be extended t o  

cover t r i t i u m  d i s  t s i b u t  i on .  

3 .0  DISTRIBUTION OF TRITIUM 

3 .1  Transfer  Compar tments 

A s  i n d i c a t e d  i n  F i g .  1, a l l  t h e  v a r i o u s  product ion  c h a i n s  lead t o  

e i t h e r  r e t e n t i o n  of  t r i t i u m  i n  s o l i d s  o r  e n t r y  of t r i t i u m  i n t o  t h e  primacy 

c o o l a n t  system. We shall .  assiimt? t h a t ,  i n  (:he l a t t e r  system, r a p i d  

e q u i l i b r a t i o n  occurs  between t h e  t r i t i u m  i n  t h e  c i r c u l a t i n g  primary helium 

coolant  and t h a t  chemisorbed on t h e  g r a p h i t e  I 

T r i t i u m  may l e a v e  t h e  system v i a  l e a k s  of primary system helium; 

i t  i s  also removed from t h e  stream o f  c o o l a n t  which i s  passed through t h e  

heli.um puri.f i .cation p l a n t ,  I n  add i t to i l ,  i t  may permeate t h e  meta l  walls 

of t h e  system along with hydrogen, p a r t i c u l a r l y  t o  e n t e r  the stearn 

genera tor .  'I'riti-urn e n t e r i n g  t h e  ste<m g e n e r a t o r  i s  removed i n  bI.owdown 

and l e a k a g e ,  Thus i t  i s  necessary  t o  keep a number o f  inventory  accounts  

wlth r e s p e c t  t o  t h e  d i s t r i b u t i o n  of t r i t i u m .  These d i s t r i b u t i o n  compart- 

ments i n c l u d e ,  i n  succession:  o v e r a l l  p roduct ion ,  bound i n  s o l i d s ,  

adsorbed on s o l i d s ,  primary gas ,  primary leakage ,  p u r i f i c a t i o n  p l a n t  

removal, steam g e n e r a t o r  e n t r y ,  steam g e n e r a t o r  c o n t e n t ,  and blowdo1.m 

removal and 1 . 0 ~ ~ .  



It may be seen  t h a t  t h e  i n v e n t o r y  of all. t he  s i n k s  named above may 

be  d e f i n e d  I>y s p e c i f i c a t i o n  of  o n l y  a few actual  t r a n s f e r  compartments: 

(I.) p roduct ion  o r  primary gas  c o n t e n t ,  (2) primary g a s  losses o r  steam 
g e n e r a t o r  e n t r y ,  and ( 3 )  steam g e n e r a t o r  c o n t e n t  o r  blowdown, p l u s  

a p p r o p r i a t e  p a r t i t i o n  r a t i o s  f o r  a p a r t i c u l a r  p e r i o d ,  W e  slilpll now 

c o n s i d e r  t h e s e  I n  d e t a i l .  

3 .2  T r i t i u m  Bound i n  S o l i d s  

A f t e r  formation,  t r i t o n s  n ~ z y  come t o  rest i n  s o l i d s  o r  i n  the lielium 

primary c o o l a n t  gas, F u r t h e r  d i s t r i b u t i o n  occ.urs from t h e  primary c o o l a n t  

system. I n  t h e  p r e s e n t  computat ions,  an a r b i t r a r y  f a c t o r  i s  used t o  

c a l c u l a t e  t h e  f r a c t i o n  of t r i t i u m  produced by a g iven  c h a i n  i n  a g iven  

r e g i o n  t h a t  i s  r e t a i n e d  o r  bound i n  s o l i d s ;  b y  d i f f e r e n c e ,  the f r a c t i o n  

n o t  r e t a i n e d  and thereby  e n t e r i n g  t h e  pr imary c o o l a n t  i s  o b t a i n e d ,  

Although t h e  g e n e r a l i z e d  a n a l y t i c a l  e q u a t i o n s  presented  later have 

been shown, i n  p r i n c i p l e  (bu t  w i t h  complexi ty) ,  t o  be s u s c e p t i b l e  t o  

e x t e n s i o n  to i n c l u d e  s l o w  release from s o l i d s  (see Appendix I ) ,  release 

is  l i k e l y  t o  be q u i t e  r a p i d  o r  q u i t e  s l o w .  Thus, a u s e f u l  approach i s  t o  

t reat  release as e i t h e r  being prompt o r  n o t  o c c u r r i n g  a t  a l l .  When v a l i d ,  

t h i s  approach h a s  t h e  merit of avoid ing  t h e  need t o  c o n s i d e r  a d d i t i o n a l  

compartments and t o  have cons iderably  more e q u a t i o n s  handled i n  t h e  cude .  

Furthermore,  release c o n s t a n t s  f o r  t r i t i u m  are no t  r e a d i l y  available,  If 

i t  should become d e s i r a b l e  t o  cons ider  r e l e a s e  ra tes  f r o m  s o l i d s ,  

reprogrannning t o  extend t h e  code t o  JncLude t h i s  s t e p  appears  Feas ib l e .  

Thus, we assign a s t e a d y - s t a t e  r e t e n t i o n  f r a c t i o n  f o r  each c h a i n  t h a t  

produces t r i t i u m .  In the case of f u e l ,  w e  note t ha t  t r i t . i lm  formed i n  

cracked pa r t i c l e s  o r  from contaminants  on p a r t i c l e s  may be  assumed t o  

escape r e a d i l y ,  wIiile t h a t  formed w i t h i n  i n t a c t  TkISO (and probably a l s o  

H I S O )  p a r t i c l e s  is  s t r o n g l y  r e t a i n e d .  F u r t h e r ,  t h e  f r a c t i o n  of cracked 

p a r t i c l e s  should  be below 1 4  o r i g i r i a l l y  and should not g r e a t l y  exceed IX 

a f t e r  extended o p e r a t i o n ,  Consequently,  an a r b i t r a r y  r e t e n t i o n  f r a c t i o n  

i n  f u e l  p a r t i c l e s  of 0-99 is used. 

The c h a i n s  t h a t  invo lve r e a c t i o n  of n u c l i d e s  i n  the so l id  phase t o  

produce t r i t i u m  depend on t h e  c o n t e n t  and l o c a t i o n  of p o s s i b l e  boron and 

l i t h i u m  I m p u r i t i e s  i n  g r a p h i t e ,  which are poor ly  known, and of  boron i n  
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burnable  poison. rods.  The release rate  of t r i t i u m  which i s  bound 

i n t e r s t i t i a l l y  i n  g r a p h i t e  is obscure  but d o u b t l e s s  q u i t e  slow s i n c e  a 

temperature  a t  least  several hundred d e g r e e s  h i g h e r  than  r e a c t o r  

o p e r a t i n g  temperature  i s  r e q u i r e d  t o  d r i v e  o u t  r e s i d u a l  hydrogen from 

g r a p h i t e . 1 7  

and n o t  unconserva t ive ,  

f a c t o r s  f o r  d i f f e r e n t  cha ins .  

The use of a r e t e n t i o n  f r a c t i o n  of 0.99 appears  reasonable  

'There i s  no p r e s e n t  reason  t o  use d i f f e r e n t  

The boron burnout poison r o d s  are t r e a t e d  as i f  the boron were 

d i s p e r s e d  uniformly throughout t h e  c o r e .  Such t rea tment  may cause  the 

average r e a c t i o n  ra te  f o r  t h i s  boron t o  be  too high. 

I n  t h e  case of c o n t r o l  r o d s ,  t h e  major l i t h i u m  c o n t e n t  is  i.n t h e  

metal; t r i t i u m  formed from t h i s  source  might escape more r e a d i l y  t h a n  

t r i t i u m  that had been formed and r e t a i n e d  i n  g r a p h i t e .  The boron 

f r a c t i o n  i s  obtalned by c a l c u l a t i n g  t h e  total boron TMSS and d i v i d i n g  

by t h e  t o t a l  c o n t r o l  rod mass. 

The c o n t r o l  r o d s  w i l l ,  of C O U K S ~ ,  not b e  fu l . l y  i-nserted. A n  

i n s e r t i o n  f r a c t i o n  of  about 11.2 i s  f r e q u e n t l y  c i . t ed .  The r e l a t i o n s h i p  

befween e x t r a  g a s  space under r o d s ,  degree  of rod inserlLion, e t c .  has n o t  

been t r e a t e d  as a v a r i a b l e .  OE t h e  g r o s s  rod mass, llZ i s  assumed t o  be  

i n  t.he c o r e  and t h u s  s u b j e c t  t o  r e a c t i o n .  The introduct:ion of add i t iona l .  

1-engths of  rod because of d e p l e t i o n  of t h e  e x i s t i n g  i n s e r t i o n  has nut 

been included i n  t h e  c a l c u l a t i o n s  s i n c e  the d e p l e t i o n  i s  not  g r e a t .  

3 3 . 3  Tri t ium Recoi l  f rom We React ion 

T r i t o n s  from the 'He(n,p)T r e a c t i o n  i n  t h e  prirrary c o o l a n t  w i l l  come 

t o  res t  i n  s o l i d s  i n  f r a c t i o n s  which v a r y  from r e g i o n  t o  region because 

of the v a r y i n g  p r o p o r t i o n  o f  space a s s o c i a t e d  w i t h  channels  and f a b r i c a t e d  

h o l e s  , c l e a r a n c e  a n n u l i  , 2nd pores  W e  w i l l  now c o n s i d e r  t h e  ca l cu la t ion  

of t:he average. f r a c t i o n  of such t r i t i u m .  

The r e c o i l  energy of a t :r i ton i s  about 0 . 2  M e V ~ ~  l e a d i n g  t o  an estimated 
1 4 

range of 0.05 cTfl (500 U) i n  hellurn at: 47.6 a t m  and 600'C. 
Because pores general.3.y are smaller than  0.05 cn, t h e  frriclxion bound is 

taken as unit?r .  
-a__ ...___I 

 personal communication from Davi.d Koeher, ORNL Nuclear Data Group. 
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Clearance  a n n u l i  are t h e  t o l e r a n c e s  between f u e l  element blocks 

and bctween t h e  f u e l  rods  and t h e  b locks  t h a t  c o n t a i n  t l m n ;  f o r  s i m p l i c i t y ,  

w e  u s e  a p l ana r  appraximatlon.  I f  t h e  width exceeds t h e  ~ 2 1 n g c 1 ,  

F r a c t i o n  bound 2: r ange / (2  x wid th ) ,  where range C width.  

If t h e  wid th  i f i  less than t h e  range ,  the r e l a t i o n s h i p  is:  

F r a c t i o n  bound = (range - wid th /2 ) / r ange ,  where range  ? width.  

For  l a r g e  c y l i n d r l c a l  channels ,  o r  ho le s :  

F r a c t i o n  bound = r a n g d d i a m e t e r  of channel .  

The average  F rac t ion  of r e t a i n e d  r e c o i l  t r i t i u m  f o r  a g iven  reg ion  

i s  c a l c u l a t e d  as fo l lows:  

Avg. f r a c t i o n  = C(vol x f r a c t i o n  bound)/>: (vol)  

where t h e  summation is  made Over t h e  v a r i o u s  spaces  of  t he  r eg ion  i n  which 

helium and t r i t i u m  may be found ( i e e . s  pores ,  channels  and o t h e r  ho le s ,  

i n t e r n a l  and e x t e r n a l  a n n u l i ) .  I f  t h e  c l i a r a c t x r i s t i c s  of t h e  f u e l  o r  
r e f l e c t o r  b locks  compris ing a region are g iven  and t h e  mass and dens i ty  

of a r e g i o n  are  known, t h e  d e s i r e d  f r a c t i o n s  may be c a l c u l a t e d .  

The  p r e s e n t  c a l c u l a t i o n s  wi th  r e s p e c t  t o  t h e  c o n t r i b u t i o n  of t he  'He 

r e a c t i o n s  are  based on t h e  volume and spac ing  and o t h e r  c h r a c t e r i s t i c s  

of a s i n g l e  fue l ed  element ,  w i th  ex tens ion  t o  a p a r t i c u l a r  region being  

based on t h e  mass of t h e  reg ion .  An al lowance €o r  t h e  one element out of 

seven t h a t  c o n t a i n s  con t ro l  rod passages i s  inc:luded, While the i n s e r t e d  

p a r t  of t h e  rod ( taken  as 11% of t h e  p o s s i b l e  f u l l  i n s e r t i o n )  is t r e a t e d  

s e p a r a t e l y  a s  a n  i n d i v i d u a l  r eg ion ,  t h e  vo5d i n  the remainder of the 

element i s  assumed t o  be  p a r t  of t h e  a r r a y  of  core f u e l  e lements .  It 

a p p e a r s  p o s s i b l e  t h a t  a f u t u r e  r e v i s i o n  cou ld  t a k e  i n t o  account  t h e  special  

c h a r a c t e r i s t i c s  of  t h e  c o n t r o l  rod channels  wi thout  undue d i f , f i c+u l ty ,  

With va lues  of t r i t o n  r e c o i l  r e t e n t i o n  f o r  t h e  s e v e r a l  chains a v a i l a b l e  

f o r  t h e  v a r i o u s  r eg ions ,  the a m u n t s  r e t a i n e d  i n  a given reg ion  as 

'tbound i n  s o l i d s "  can  he  cnl cula ted  f rom product ion  va lues .  The presen t  

c a l c u l a t i o n s  do not  cons ide r  release af this bound tritium, 

3 , 4  Primary C o o l a ~ t  Compartment 

The amount of t r i t i u m  n o t  bound i n  s o l i d s  i s  d i r e c t l y  c a l c u l a b l e  as 

t h e  supplemental  f r a c t i o n  of p roduct ion .  This  m a t e r i a l  i s  cons idered  t o  

immediately e n t e r  t h e  pr imary c-oolant compartment which c o n s i s t s  of the 

t r i t i u m  p resen t  i n  any form i n  the  he1 i u m  c o o l a n t ,  a s  w e l l  as the 



-1.8- 

c o n s i d e r a b l y  l a r g e r  amount chemisorbed on t h e  carbon s u r f a c e s  of the 

system. T r i t i u m  is l o s t  from t h i s  compartment by f o u r  mechanisms: 

primary c o o l a n t  leakage ,  removal i n  t.he pur i f  ica  t i o n  p l a n t ,  permea t i o n  

of containment s u r f a c e s  ( i n  par t - i cu la r ,  t h e  s t e a m  genera tor  t u b i n g ) ,  

and decay. 

3.5 Tr i t ium and Hydrogen 

T r i t i u m  e n t e r i n g  t h e  primary coolant: compartment becomes e q u i l i b r a t e d  

w i t h  t h e  r e l a t i v e l y  l a r g e  amslant of n a t u r a l  hydrogen i n  t h i s  p a r t  of  t h e  

sysicern, and i t s  chemical  behavi-or then  becomes i n d i s t i n g u i s h a b l e  from 

that of  t h e  hydrogen. Consequently,  we sha l l .  determine t h e  ra te  behavior  

f o r  hydrogen, express ing  it. i n  " f i r s t - o r d e r "  ra te  terns (ratcjamunt  

p r e s e n t ) ,  and assume t h a t  t r i t i u m  acts  s i m i l a r l y  i n  p r o p o r t i o n  t o  i t s  

amount and consequent ly  h a s  t h e  same rate  constant. 

i s  v a l i d  as l o n g  as  t h e  hydrogen c o n c e n t r a t i o n  f o r  a p a r t i c u l a r  per iod  is 

known and remains s t eady .  The f i r s t - o r d e r  l o s s  ra'ie t e r m s  al-low t h e  

e q u a t i o n  f o r  t r i t i u m  accumulation i n  t h e  primary coolan t  compartment 

(he re ,  index i> t o  assume t h e  u s u a l  form:  

This approach 

where 3. i.s t h e  rate. of t r a n s f e r  int:o t h e  c o o l a n t ,  S i s  t h e  o v e r a l l  l o s s  

and removal ra te  from the c o o l a n t ,  N .  i s  t h e  number o f  atoms o f  tritir.un 

i n  the c o o l a n t ,  and N i s  t h e  number of atoms i n  t h e  inventory  

compartment p r i o r  t o  t h e  primary c o o l a n t  compartment. This express ion  

t h u s  c o n t i n u e s  i n t o  t h e  f i r s t  C i s  t r i b u t i o n  compartment t h e  coupled set: 

of l i n e a r  f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  equailions previousl-y obta ined  

f o r t r i t iuiil genera t ion . 

3. 

1 

i-1 

Ilydrogeri c o n c e n t r a t i o n s  i n  the primary c o o l a n t  are i npu t  da ta  f o r  

each per iod and are assumed t o  remai-n c o n s t a n t  w i t h i n  t h e  p e r i o d ,  The 

source  of t h i s  hydrogen i s  no t  c-onsidered. Leve1.s of 1 0  t o  30 ppm 

are a n t i c i p a t e d  f o r  a reactor similar t o  t h e  P o r t  S t .  V r a i n  Rpactor.  
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3 . 6  Chemisorption 

Hydrogen i s  chemisorbed by nuc.l.r:..ar-E;rade 

e q u i l i b r i u m  be ing  essentially compl.ete. i n  the. 

g r a p h i t e ,  t:be 

order of l t o  2 hour s .  l a  
S ince  w e  do n o t  c o n s i d e r  such s h o r t  t i m e  p e r i o d s  h e r e ,  i t  i s  adequatP t o  

regard  hydrogen t h a t  i s  p r e s e n t  on t h e  s u r f a c e s  as be ing  in adsorptive 

and i s o t o p i c  e q u i l i b r i u m  w i t h  hydrogen i n  t h e  gas.  

of hydrogen on g r a p h i t e  Is i n d i c a t e d  t o  f o l l o w  a T a k i n  i so therm i n  t h a t ,  

a t  i n t e r m e d i a t e  v a l u e s  of 8 ,  t h e  amount adsorbed 1s lineG:ir w i t h  t h e  

logar i thm of p r e s s u r e .  

The chmi s o r p t i o n  

1 9  The Temkin i so therm i s  as  toll-ows: 

where 
-1 a = a d s o r p t i o n  c o n s t a n t ,  a t . m  , 

p = g a s  p r e s s u r e ,  atm, 

q = h e a t  of adsorpti-on a t  Z ~ X O  c.overage, cak/rmle,  
-1 -4. R = gas  c o n s t a n t ,  1.987 cal. mole deg , 

T = O K ,  

a = f a c t o r  f a r  change i n  hea t  of a d s o r p t i o n  w i t h  coverage,  

63 = f r a c t i o n  of a v a i l a b l e  sites on w h i c h  chemisorbed atom:; are found,  

I t  i s  necessary  t o  use t h e  fu:LI. e x p r e s s i o n  i n  o r d e r  t o  cor is ider  

a d s o r p t i o n  a t  lower p r e s s u r e s .  The expressi.on above f i t s  L i t e r a t u r e  d a t a  

s a t i s f a c t o r i l y  w i t h  r e s p e c t  t o  p r e s s u r e ,  b u t  no s a t i s f a c t o r y  v a l u e s  o f  q 

and c1 could b e  e x t r a c t e d  t o  show temperature  dependence. As data fronl 

several sources  had about: t h e  same 8-vs-p behavior  a t  a given ternperaturi?., 

a n  e x p r e s s i o n  independent of temperature  was obta ined .  7'hi.s F m p l i c i t l y  

e x p r e s s e s  t h e  amount of hydrogen, A, i n  crn (STP)/n ~ chemisorbed on a 

unit. (R.E.T. )  sur face  of graph:Lte as a f u n c t i o n  of Inydrogen partial 

p r e s s u r e  ( p ,  tors) and a n  assumed mo11olaye.r s a t u r a t i o n  v a l u e ,  h (where 

3 3 

0 

e = A / A ~ ) :  

A = (Ao/17,97) In [ 1 6 . 5 4  pcAo - h ) / A f .  

This  e x p r e s s i o n  nay he so lved  i t e r a t i v e l y  wltliout d i f  fi.cuLt:y. 

The r a t i o  between numbers of adsorbed and gasborne hydrogen atoms :Is 

t h e n  calcul.ated us ing  system carbon masses, B.E.T. s u r f a . c e ,  and hydrogen 

p a r t i a l  p r e s s u r e  i n  t h e  t o t a l  quant-i.ty s f  pr imary c o o l a n t  g a s .  T h i s  
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assumes reasonably  r a p i d  i n t e r c h a n g e  of coolant  gas  wish all. pore  gas 

and a t  l eas t  s i m i l a r l y  r ap id  a d s o r p t i o n  o r  exchange p r o c e s s e s  

Although p l a u s i b l e ,  t h e  v a l i - d i t y  of t h i s  assumption i s  n o t  e s t a b l i s h e d ,  

I.n part-icu'lar, the e x t e n t  of hydrogen aid t r i t i u m  p e n e t r a t i o n  i n t o  t h e  

o u t e r  r e f l e c t o r  b l o c k s ,  which have nuich more g r a p h i t e  between s u r f a c e s  

i n  c o n t a c t  with flow.ing gas  than do f u e l  e lements ,  may be  somewhat lower 

than  assumed. Adjustment could be made f o r  t h i s  p o s s i b l e  d iscrepancy  

i n  t h e  p r e s e n t  c a l c u l a t i o n  scheme by i n t r o d u c i n g  an ad hoc r e d u c t i o n  i n  

t h e  t o t a l  B.E.T. s u r f a c e  of a r e g i o n  i f  access t o  it i s  r e s t r i c t e d .  

I n  any e v e n t ,  L h e  r a t i o  of adsorbed/gasborne hydrogen f o r  t h e  e n t i r e  

p r i m r y  c o o l a n t  system i s  assumed t o  hold f o r  tritium throughout a given 

p e r i o d .  I n  a new t i m e  p e r i o d ,  t h e  adsorbed and gasborne t r i t i u m  would be  

r e d i s t r i b u t e d  Q T ~  t h e  b a s i s  of t h e  p o s s i b l y  new hydrogen c o n c e n t r a t i o n  

b e f o r e  o t h e r  items are considered.  

In  a r e a c t o r  similar to t h e  F o r t  S t ,  Vra in  which c o n t a i n s  61.40 l b  

of hel.iura a t  4 7 . 6  a t m  as the  primary c o o l a n t  and R t o t a l  of 1,400,000 l b  

of g r a p h i t e  ( co re ,  r e f l e c t o r ,  and boronated r e f l e c t o r )  w i . t h  a B. E . T .  

s u r f a c e  area of 0.2 m 30 ppm of hydrogen in t h e  gas  w i l l  r e s u l t  i n  

about 25 t i m e s  a s  much hydrogen be ing  adsorbed as i s  gasborne.  I f  

e x c e p t i o n a l  temperature  excurs ions  should occur  c o n s i d e r a b l e  desorpt i -on 

of t r i t i u m  and hydrogen could r e s u l t ,  bu t  t h e  Ilemperature range involved 

and t h e  e x t e n t  o f  d e s o r p t i o n  t o  be  expected are n o t  a t  all clear  from t he  

r a t h e r  l i m i t e d  informat ion  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Laboratory 

i n v e s t i g a t i o n  i n  t h i s  regard  shou1.d be o f  value .  

2 

Chemisorption t h u s  ac t s  as a coupled c a p a c i t a n c e  t e r m  f o r  t h e  

hydrogen and t r i t i u m  i n  t h e  coolan t  system. Correspondingly,  t h e  remo-Val 

t e r m s  f r o m  the cool.ant system a re  conductances i n  p a r a l l e l  and may b e  

lumped where appr opr i a  t e .  

3 . 7  Coolant S y s t m  Removal T e r m s  

Hydrogen and tr i t ium are  removed from t h e  primary c o o l a n t  system 

v i a  ( I )  l eakage  of coo lan t ,  (2)  passage through t h e  p u r i f i c a t i o n  p l a n t ,  

and (3) permeation through v a r i o u s  walls of t h e  s y s t m  ( i n  p a r t i c u l a r ,  

t h e  h e a t  t r a n s f e r  s u r f a c e s  o f  the steam g e n e r a t o r ) .  By regard ing  t h e  

leakage ,  p u r i f i c a t i o n  p l a n t  removal? and steam genera tor  e n t r y  a s  f i n a l  
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accumulat ion s i n k  compartments ( s u b j e c t  on ly  t o  decay of t r i t i u m ) ,  w e  

can  o b t a i n  t h e i r  t o t a l  con ten t  f o r  any d e s i r e d  t i m e .  Each of t h e  removal 

rate c o e f f i c i e n t s  from t h e  pr imary coo lan t  system i s  expressed  as a 

f r a c t i o n  oE t h e  c o n t e n t  of pr imary coo lan t  gas  l o s t  per  u n i t  t i m e ,  

s i n c e  l o s s  v a l u e s  i n  t h e  v a r i o u s  p a t h s  are most d i r e c t l y  r e l a t e d  i n  t h i s  

manner t o  parameters  and mechanisms determined independent ly ,  

Only 7 5  to 80% of t h e  t o t a l  pr imary system helium i s  i n  active 

c i r c u l a t i o n .  It appea r s  unnecessary,  even though it  i s  p o s s i b l e  i n  

p r i n c i p l e ,  to account  f o r  t h i s  cons ide r ing  t h e  n o n c i r c u l a t i n g  and 

c i r c u l a t i n g  p a r t s  t o  b e  s e p a r a t e  segments w i t h  a de f ined  turnover  rate.  

W e  w i l l  t a k e  t h e  mass of a c t i v e l y  C i r c u l a t i n g  hel ium to  be  t h e  inven to ry  

b a s i s ,  t he reby  t r e a t i n g  turnover  as  zero .  T h i s  will g i v e  p r o p e r  

answers  f o r  t r i t i u m  g e n e r a t i o n  and removal. Leakage (or  makeup) i s  
a c t u a l l y  a f i x e d  mass p e r  day. I n  t h e  case where turnover  between 

n o n c i r c u l a t i n g  and c i r c u l a t i n g  helium is more r a p i d  than  makeup o r  

burnup, t h e  use  of t h e  c i r c u l a t i n g  i n s t e a d  of t h e  t o t a l  helium 

inven to ry  w i l l  simply modify t h e  t j l m e  r equ i r ed  t o  r each  a burnout-vs- 

makeup s t e a d y  s ta te ,  r a t h e r  t h a n  a f f e c t i n g  t h e  u l t i m a t e  3He 

concen t r a t ion ,  This i s  thought  t o  be t o l e r a b l e .  

Leakage from t h e  primary system is  assumed to be equal  to t h e  average 

expected helium makeup rate.  The leakage  r a t e  c o e f f i c i e n t  is t h e n  

ob ta ined  by d i v i d i n g  t h e  makeup ra te  by t h e  c i r c u l a t i n g  hel ium con ten t  

of t h e  pr imary system. 

The rate c o e f f i c i e n t  f o r  p u r i E i c a t i o n  plant; removal of hydrogen i s  

g iven  a5 t h e  product  of t h e  f low rate  of pr imary system coo lan t  g a s  t o  

t h e  p u r i f i c a t l o n  p l a n t  and a removal e f f i c i e n c y  f a c t o r ,  d iv ided  by t h e  

amount of hel ium c i r c u l a t i n g  i n  t h e  pr imary system. 

3.8 Permeation of S t e a m  Generator  Surfaces  

T r i t i u m  w i l l  a l s o  d i f f u s e  through the w a l l s  o f  the va r ious  components 

of t h e  s t e a m  g e n e r a t o r  system. (Moreover, a l t hough  some d i f f u s i o n  w i l l  

occur  through a l l  m e t a l l i c  components, t h e i r  combined s u r f a c e  area, 

d iv ided  by t h i c k n e s s ,  is  n e g l i g i b l e  compared wi th  t h a t  o f  t h e  steam 

gene ra to r  system; t h u s  t h i s  mode of t r a n s p o r t  i s  ignored . )  



Mydrogen d i s s o l v e s  -En m e t a l  i n  p r o p o r t i o n  t u  LIE square  r o o t  of i t s  

p a r t i a l  p r e s s u r e ,  accord ing  t o  Sieverts law- I f  t h e  a c t i v i t y  of  hydrogen 

d i f f e r s  between two p o i n t s  w i t h i n  t h e  rnetal, d i f f u s i o n  will occur  down t h e  

a c t i v i t y  g r a d i e n t  i n  accord w i t h  Fick's f i r s t  law, These e f f e c t s  are 

combined ( f o r  c o n s t a n t  temperature)  so t h a t  ?'ne hydrogen permeation ra te  

f o r  a s teady  g r a d i e n t  is g iven  by: 20 p 21 

-EJRT x c x e dD area 
d t th i -chess  x (P, - P 2  -- = 

Y 

3 where D i s  the amount oE hydrogen [ i n  c m  (STP)] permeating through m e t a l  of 

a gi.ven area (cm ) and t:kickness (mm) w i t h  a netal  permeat ion pre- 2 

e x p o n e n t i a l  t e r m  c and a c t i v a t i o n  energy E (tal mole-L) ,  a t  a temperature  

T ( O K ) .  Upstream 2nd dormstream hydrogen p a r t i a l  p r e s s u r e s  ( i n  

atmospheres) are 

1 .987  c a l  mole-' 

A t  p r e s e n t ,  

t o  be n e g l t g i b l e  

i n d i c a t e d  by p1 and p , r e s p e c t i v e l y .  

deg . 
The v a l u e  o f  R i s  

2 -1 

we assunie t h e  downstream hydrogen p a r t i a l  p r e s s u r e  (p ) 

and t h e  upstream p r e s s u r e  of hydrogen to remain t h e  same 
2 

throughout t h e  system. Conceivably,  the dswnstrearn hydrogen p r e s s u r e  i n  

t h e  steam g e n e r a t o r  cou1.d be more than  t r i v i a l ,  as 2 r e s u l t  of w2ter 

c o r r o s i o n ,  hydraz ine  decomposition, o r  o t h e r  processes .  However, I t  i.s 

p o s s i b l e  to  show t h a t  t:ritium permeati.on would n o t  be  s t r o n g l y  a f f e c t e d  

by t h e  downstream hydrogen p r e s s u r e  2s long as t h e  downstream t r i t i u m  

p a r t i a l .  p r e s s u r e  w a s  n e g l i g i b l e .  

The amount of  t r i t i u m  d i s s o l v e d  i n  metal i n  t h e  presence  of a dominant 

excess  o f  hydrogen w i l l .  be  p r o p o r t i o n a l  t o  t h e  square r o o t  of  t h e  p a r t i a l  

p r e s s u r e  of  t o t a l  hydrogen ( i n c l u d i n g  t r i t i u m ) ,  2nd t o  t h e  atom f r a c t i o n  

o f  t r i t i u m  i n  t h e  t o t a l  hydrogen. Thus, s i n c e  hydrogen and t r i t i u m  have 

s imi l a r  c h e m i k t r i e s ,  t h e  f r a c t i o n a l  l o s s  ra te  of hydrogen ( t h e  amount 

permeating i n  a u n i t  t i m e ,  d i v i d e d  by t h e  amount in the primary coolant 

system) should hold f o r  t r i t i u m .  The permeation ra te  of t r i t i u m  

i s  a c t u a l l y  about 60% of that  f o r  hydrogen ( fo r  s ta i -dess  steel., and 

d o u b t l e s s  f o r  t h e s e  metn ls  a l s o ) .  

20 

Thus ~ a t  a r e f e r e n c e  hydrogen p r e s s u r e ,  t h e  hydrogen permeation ra tes  

f o r  t h e  d i f f e r e n t  steam g e n e r a t o r  components (economizer e v a p o r a t o r s ,  

s u p e r h e a t e r s ,  r e h e a t e r s ,   et:^.) can be  summed i f  w e  know t h e  r e s p e c t i v e  

a r e a s ,  t h i c k n e s s e s ,  average temperatures ,  and permeation c h a r a c t e r i s t i c s  
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of t h e  metals. 

i s  d iv ided  by t h e  amount of hydrogen i n  t h e  primary system gas  t a  o b t a i n  

t h e  f r a c t i o n  o f  hydrogen i n  primary system gas permeating i n  u n i t  t i m e .  

This  f r a c t i o n  i s  then  c o r r e c t e d  (60%) t o  apply  t o  t r i t i u m .  The v a l u e  may 

be a d j u s t e d  t o  o t h e r  system hydrogen p r e s s u r e s  by mul t ip ly ing  by t h e  

r a t i o  of t h e  square  r o o t s  of r e f e r e n c e  and a c t u a l  hydrogen p r e s s u r e s .  

The t o t a l  hydrogen permeat ion ra te  f o r  a l l  components 

F r a c t i o n a l  l o s s  rates by decay and by leakage ,  p u r i f i c a t i o n ,  o r  

permeat ion,  a l l  now " f i r s t  o r d e r ? "  can then  be summed t o  provide  t h e  

o v e r a l l  removal rate €or t h e  primary c o o l a n t  compartment. 

3 . 9  Steam Generator  Content 

The steam gene ra to r  c o n t e n t  i s  t h e  nex t  compartment i n  sequence. It 

is  t h e  f i n a l  compartment: which w e  cons ide r ,  s i n c e  i t s  ou tpu t  (blowdown 

and l o s s )  can  be  obta ined  as  t h e  d i f f e r e n c e  between t h e  amount: of t r i t i u m  

e n t e r l n g  the s t e a m  gene ra to r  and i t s  t r i t i u m  con ten t  and need n o t  b e  

t r e a t e d  a s  a n  a d d i t i o n a l  compartment. The removal r a t e  i s  t h e  r a t i o  of 

water makeup rate t o  w a t e r  con ten t  of t he  steam gene ra to r .  

The d e s c r i p t i o n  o f  t h e  pa ths  by which t r i t i u m  i s  d i s t r i b u t e d  i n  t h e  

r e a c t o r  system i s  now complete.  

4.0  SOLUTION OF SYSTEM EQUATIONS 

The v a r i o u s  coupled d i f f e r e n t i a l  equa t ions  a p p r o p r i a t e  t o  t h e  system 

are set up and solved as shown below. 

be e s t a b l i s h e d  b e f o r e  t h e  s o l u t i o n s  are desc r ibed :  

However, several p o i n t s  need t o  

We d e a l  w i th  a success ion  of t i m e  pe r iods ,  throughout  each of which 

all r a t e  t e r m s ,  p a r t i t i o n  f r a c t i o n s ,  and o t h e r  c o e f E i c i e n t s  are assumed 

t o  be  cons t an t .  The r e a c t o r  i s  t r e a t e d  as a set  of  r e g i o n s  (core  o r  

c o r e  segments, r e f l e c t o r ,  rods ,  e t c . )  i n  each of which an average f a s t  

neut ron  f l u x  and a n  average s l o w  neut ron  f l u x  c h a r a c t e r i s t i c  of t h e  

r e g i o n  apply .  Moreover, t h e  f l u x e s  are p r o p o r t i o n a l  t o  t h e  r e l a t i v e  

r e a c t o r  power. Each r e g i o n  has c h a r a c t e r i s  t i c  mass dimensions,  subs tances ,  

and p h y s l c a l  c o n d i t i o n s .  

The r e g i o n s  c o n t a i n  similar sets of source  and sink. compartments, 

each g e n e r a l l y  c h a r a c t e r i z e d  by t h e  number of atoms of a p a r t - i c u l a r  

source  n u c l i d e  o r  t r i t i u m .  The Loss from a given compartment, o r  t h e  
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t r a n s f e r  1.0 a n o t h e r ,  i s  given by the product  of t h e  f i r s t  power of 

t h e  amount p r e s e n t  an a p p r o p r h t e  " E  Lrst order ' '  reiinoval o r  t r a n s f e r  

r a t e  f a c t o r ,  and p o s s i b l y  a p a r t i t i o n  f r a c t i o n .  

The system of equat ions  t h a t  emerges i s  a coupled set  of l i n e a r  f i rs t -  

o r d e r  o r d i n a r y  d i f f e r e n t i a l  equat ions  w i t h  c o n s t a n t  c o e E f i c i e n t s .  Such 

sets may 19e solved niimer i -cal ly  us ing  Kimge-Kutta o r  o t h e r  techniques  i f  

t h e  c o e f f i c i e n t  v a l u e s  are n o t  unduly d i s p a r a t e .  A n a l y t i c a l  s o l u t i o n s  

us ing  Laplace t ransform techniques  are l i k e w i s e  p o s s i b l e .  

equa t ion  system, f o r  decay and t ransmuta t ion  c h a i n s  involv ing  a rriimber 

of s t e p s ,  i s  a c l a s s i c  case of such a method of s o l u t i o n . )  A n a l y t i c a l  

s o l u t i o n s  o r d i n a r i l y  r e s u l t  i n  f a s t e r  computation t i m e s  and are,  of  course ,  

i n h e r e n t l y  more a c c u r a t e .  

(The Bateman 

4 . 1  General S o l u t i o n  Algorithm: Ftinctions G and H 

A s o l u t i o n  a lgor i thm w a s  developed which g i v e s  t h e  same r e s u l t s  as  

o t h e r  acialyti-cal  soI.utions when den1.i.n.g h i t h  a l i n e a r  system of c-ompart- 

ments w i t h  o n l y  downstream t r a n s f e r  and ha5 t h e  advantage of being more 

a d a p t a b l e  t o  automatic  computation. 'The c o n t e n t s  of  a g iven  compartment 

a t  t h e  end o f  a per iod  m u s t  have been F n  some upstream compartment: a t  

t h e  beginning of  t h e  per iod ,  i f  t h e  compartment i t s e l f  aid the system 

i n p u t  t o  t h e  c h a i n  are incl.uded, Connsequently, t h e  inventory  of .the s i n k  

compartment a t  t h e  end o f  t h e  per iod may be  ca.lcul.ated as t h e  s u m a t i o n  

of t h e  p o s s i b l e  source--sink traizsf ers ,  based only  on per iod  t r a n s f e r  

c o n d i t i o n s  and t h e  i n v e n t o r i e s  a t  t h e  beginning of Lhe pe r iod .  'She 

ca1culat i .on of an i n d i v i d u a l  source-s ink t r a n s f e r  is  f a c i l i t a t e d  by use  of 

one o r  t h e  o t h e r  of two s p e c i a l  f u n c t i o n s .  Fuinctlion G i s  used if t h e  

source  compartment invent:ory is  s i b  ject  to  depletj.orr o n l y  (no i n p u t )  , 
whi le  funct:Fon H a p p l i e s  i f  t h e  source  i s  a s t e a d y  nonzero system i n p u t .  

It  was e s t a b l i s h e d  ear l ier  t h a t ,  f o r  t h e  HTGR system, t r a n s f e r s  i n  a set 

of cha in  compartments may be d e s c r i b e d  w i t h  a set  of l i n e a r  f i r s t - o r d e r  

d i f f e r e n t i a l  equat ions  of t:he t y p e  

dN, 

w i t h  t h e  a d d i t i o n ,  where a p p r o p r i a t e ,  of  an equat ion  d e s c r i b i n g  system 

input  t o  [.he f i r s t  cornpar talent : 
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where 

N .  = i nven to ry  of compartment, number of atoms, 

-1 

J 
B = f i r s t - o r d e r  t r a n s f e r  rate c o e f f i c i e n t  from compartment j-1 t o  
(j-1 ,j 1 

compartment j , sec 
-1 

S = o v e r a l l  l o s s  r a t e  c o e f f i c i e n t  of  compartment, sec 

Io = system inpu t  rate t o  f i r s t  compartment, a toms/sec.  

The s o l u t i o n  t o  t h e s e  equa t ions  is: 

j 

x B  x ( . . . I  I - 
ANsourc e- s i n k  compartment 

(sink-1 , s i n k )  

zsourc e (sour ce , sour  ce-bl) 

x B  x G ( t ,  s ,  4) 
and 

where 

AN = t h e  inven to ry  c o n t r i b u t i o n  t o  t h e  s i n k  compartment from given  

source ,  atoms, 

Z = i nven to ry  of t h e  source  compartment a t  t h e  beginning of  t h e  

pe r iod ,  atoms, 

B - t r a n s f e r  rate c o e f f i c i e n t  f r o m  preceding compartment t o  j t h  
-1 (j-1, j >- 

compartment, sec  , 
-1 1 = system inpu t  rate,  atoms/sec 

0 

and 

G ( t ,  S ,  q)  and H ( t ,  S ,  q )  are  f u n c t i o n s  def ined  below, f o r  a pe r iod  

of d u r a t i o n  t ,  f o r  a c h a i n  span of q compartments w i th  o v e r a l l  

compartment l o s s  rate c o e f f i c i e n t s  S (sec ). 

One o r  t h e  o t h e r  of  t h e  equa t ions  €or AN is  a p p l i c a b l e  t o  each 

-1 

source-s ink t r a n s f e r  t o  a p a r t i c u l a r  compartment. The f u n c t i o n  G ( t ,  S ,  q )  
i s  de f ined  as: 

i+ j 
and H ( t ,  S ,  q )  i s  de f ined  as: 

i# j 



where 
-1 S = l o s s  rate c o e f f i c i e n t s ,  sec , 

'19 j 
q = number of compartments i n  t r a n s f e r  c h a i n ,  

t = d u r a t i o n  of p e r i o d ,  sec.  

Because a d i f f e r e n c e  of  l o s s  terms ( S  -- S . )  occurs  i n  t h e  
i J  

denominator,  no p a i r  of l o s s  teruis i n  a given cha-ln should b e  e x a c t l y  

t h e  s a m e  s i n c e  such a s i t u . a t i o n  would r e s u l t  i n  d i v l s i o n  by zero.  

For any c h a i n  i n  any reg ion  we w i l l  cons ider  a 557s tem input: ra te  

and a success ion  of atom inventory  compartments of t r i t i u m  p r e c u r s o r s ,  

wi th  t r a n s f e r  by neutron r e a c t i o n ,  followed by t h r e e  tritium compartments: 

(1) product ion  and c o o l a n t ;  ( 2 )  coolant: losses ,  steam genera tor  e n t r y ;  

and ( 3 )  steiirn genera tor  c o n t e n t .  The t r a n s f e r  c o e f f i c i e n t s  are c a l c u l a t e d  

from r e a c t o r  parameters  and operatlrrg c o n d i t t o n s  a s  d e s c r i b e d  above. 

Compartment i n v e n t o r i e s  a r e  c a l c u l a t e d  chain by cha in  and r e g i o n  by r e g i o n  

for a given per iod .  The r e s u l t s  are completely addi . t ive 3ecause a l l  

s t e p s  are l i n e a r  and f i r s t  o r d e r .  The fu1.l set of  inventory  v a l u e s ,  

per iod by p e r i o d ,  i s  t h e  Eundarnental ou tput  of t h e  program. 

4 . 2  Code S t r u c t u r e  

The code proper c o n t a i n s  s ta tements  t h a t  d e f i n e  and g i v e  t h e  u n i t s  

of  a l l  i n p u t  and output  v a r i a b l e s  and major i n t e r - in  o r  i n t e r n a l  v a r i a b l e s .  

Furthermore,  as t h e  i n p u t  i s  read i n ,  a verbat i ra  l a b e l e d  copy i n  the 

i n p u t  format [Appendix I I I ( a ) ]  i s  w r i t t e n  as o u t p u t ,  A s  t h i s  should be  

s u f f i c i e n t ,  t h e  d e t a i l s  of t h e  d e f i n i t i o n  of vnr:l.ab.les o r  input  d a t a  

format a re  omi t ted .  With few except ions ,  i n t e g e r s  are i n p u t  w i t h  a five- 

c h a r a c t e r  format and real. numbers are  b p u t  w i t h  a t en-charac te r  format ,  

Double p r r c l s i o n  computation i.s used throughout I 

4 . 2 . 1  Jnput 

The sequence of d a t a  i n p u t  is as fo l lows ,  :She number of cases t o  

be  c a l c u l a t e d  f o r  each and the  ilumerical sequence of cases are  g iven ,  

followed by a t i t l e  l i n e  g i v i n g  the  name of t h e  r e a c t o r .  The r e a c t o r  

power and c o r e  power d e n s i t y  are  fol.l.owed by t h e  c o o l a n t  parameters ,  

which i n c l u d e  helium weight,  p r e s s u r e ,  temperature ,  3He abundance, makeup 

r a t e ,  and ra te  of i n p u t  i n t o  t h e  p u r i f i c a t i o n  p l a n t .  The mass of water 

i n  t h e  stc?aru. g e n e r a t o r s  and t h e  water makeup ratx axe then gf.ven and t h e  

f r a c t i o n  rep laced  p e r  second i s  c a l c u l a t e d .  
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We t hen  i n d i c a t e  t h e  number of r e g i o n s  i n  which t r i t i u m  can  be  

produced. For each r e g i o n  w e  read  i n  the mss, d e n s i t y $  B.E,T.  s u r f a c e  

area, tempera ture ,  and a s s igned  r e t e n t i o n  f r a c t i o n  f o r  t r i t i u m  formed 

i n  t h e  s o l i d s .  The . f r ac t ion  of the s o l i d s  having coo lan t  and c o n t r o l  

rod channels  and t h e  wid th  of i n t e r n a l  and e x t e r n a l  a n n u l i  are read i n  

n e x t ,  fol lowed by a f u e l  presence  f l a g ,  t h e  f r a c t i o n  carbon i n  t h e  s o l i d s ,  

and the c o n c e n t r a t i o n s  (ppm) of L i ,  B,  and B e .  A s ta tement  of t h e  ass igned  

f a s t -  and slow-neutron f l u x  a t  f u l l  power completes t h e  inpu t  parameters 

of a reg ion .  

average  r eg ion  boron c o n c e n t r a t i o n  is c a l c u l a t e d  p r i o r  t o  i n p u t ,  w i th  t h e  

assumption t h a t  each f u e l  element c o n t a i n s  s ix  boron burnable  poison  

r o d s  and each c o n t r o l  element c o n t a i n s  f o u r .  

A t  presen t  w e  use a composi te  s i n g l e  r e g i o n  co re .  The 

Only a s l i g h t  mod i f i ca t ion  of t h e  code should be r equ i r ed  f o r  a 
m u l t i r e g i o n  case, o r  one i n  which parts of  t h e  c o r e  are rep laced  a t  
p a r t i c u l a r  t i m e s .  Response t o  an event  f l a g  i n  t h e  h i s t o r y  l i s t  

(descr ibed  l a t e r )  could  be used t o  s imula t e  t h e  e f f e c t  ox fuel removal 

o r  a d d i t i o n .  

The r e f l e c t o r  i s  a second r eg ion ;  t h i s  i n c l u d e s  bo th  the  permanent 

and t h e  r e p l a c e a b l e  r e f l e c t o r  up t o  the boronated r e f l e c t o r  r e g i o n ,  w i th  

coo lan t  and rod h o l e s  above and below t h e  core .  The boronated r e f l e c t o r  

i s  a t h i r d  r eg ion ,  and c o n t r o l  rods  a f o u r t h ,  Under norinal c o n d i t i o n s ,  

t h e  c o n t r o l  r o d s  occupy about  11% of  t h e i r  f u l l  i n s e r t i o n ,  and t h e  

i n p u t  mass i s  t h i s  f r a c t i o n  of t h e  rod t o t a l  mass. 

A t  t h i s  p o i n t ,  t h e  mass of carbon and t h e  number o f  atoms of  t h e  

v a r i o u s  source  n u c l i d e s  are c a l c u l a t e d  f o r  each region. 

i s  given a v a l u e  of 1 .0 .  Helium-3 is calculated la ter .  

Fuel ,  i f  p re sen t  

We next provide  input  t o  d e s c r i b e  t h e  p r o p e r t i e s  of t h e  major h e a t  

t r a n s f e r  s u r f a c e s  and t h e i r  hydrogen permeat ion characteristics. 
c a s e ,  w e  supply t h e  name, area, t h i c k n e s s ,  mean s u r f a c e  tempera ture ,  

and t h e  p reexponen t i a l  and energy term i n  t h e  permeation rate equat ion .  

This  completes t h e  d e s c r i p t i o n  of r e a c t o r  p r o p e r t i e s .  

I n  each 

4 . 2 . 2  His to ry  - Subrout ine  NISTRY, ADATE 

W e  nex t  i n p u t  t h r e e  l i s ts  of d a t e s  and a s s o c i a t e d  r e a c t o r  ope ra t ion  

parameters ;  t h e s e  should be  o f  p a r t i c u l a r  va lue  when t h e  code is  t o  be 

v a l i d a t e d  by comparison wi th  a c t u a l  o p e r a t i o n  of a p a r t i c u l a r  r e a c t o r .  
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Mock d a t e s  may b e  used if a c t u a l  d a t e s  are no t  a p p r o p r i a t e .  Each 

d a t e  i s  expressed i n t e r n a l l y  a f t e r  e n t r y  as t i m e  i n  days i n  order  t o  p u t  

i t  on a cont inuous scale ( In  s u b r o u t i n e  ADATE, t h e  scale begins  ar1i.L- 

t r a r i l y  1-1-67).  The first l i s t  shows t h e  f r a c t i o n  of f u l l  r e a c t o r  

power dur ing  t h e  petr-bod follow%ng t h e  d a t e .  The second I.i.st shows the. 

hydrogen c o n c e n t r a t i o n  and t h e  p u r i f i c a t i o n  p l a n t  e f f i c i e n c y .  A f t e r  

t h e  f : trst  e n t r y  i n  t h e s e  l ists ,  o n l y  changes need t o  be shown, A n  

i n t e g e r  1, r a t h e r  than  a b lank ,  i n  t h e  f irst  column of a record  i n d i c a t e s  

t h a t  t h e  h i s t  ends wi th  that r e c o r d ,  A t h i r d  l i s t  c o n t a i n s  e v e n t  f l a g s .  

A zero causes  t h e  p r i n t o u t  for t h e  ensui.tig p e r i o d  t o  be  omi t ted ,  and o t h e r  

v a l u e s  might be  ass igned ,  f o r  example, to  i n i t i a t e  c a l c u l a t i o n  t o  account  

f o r  f u e l  replacement.. The d a t e s  at whi.ch t h e  computation i s  t o  start 

and s t o p  complete t h e  lists. These l i s t s  a re  merged i n t o  a s i n g l e  

sequence of o p e r a t i n g  p e r i o d s ,  f o r  u s e  i n  c a l c u l a t i o n s ,  by s u b r o u t i n e  

HISTRY. A t  t h i s  p o i n t  t h e  d a t a  i n p u t  i s  complete.  

4.2.3 Pre l iminary  Computation I.._ - -I-- Subrout incs  RECOIL,  CROSS ....... -9- HTEX 

A d e s c r i p t i o n  of t h e  coiiiputation sequence f o l l o w s ,  Pre l iminary  

c a l c u l a t i o n s  r e l a t e d  t o  t h e  o r i g i n a l  amount of  3tie ass igned  t o  var:i.ous 

r e g i o n s  and t o  t h e  f r a c t i o n  of  t r i t o n  r e c o i l s  s t r i k i n g  a d j a c e n t  s o l i d s  

( subrout ine  R E C O I L )  are followed by branching i n t o  s e v e r a l  cases i n  whixh 

o p e r a t i n g  parameters are v a r i e d ,  

any sequence, as g iven  by t h e  a p p r o p r i a t e  i n p u t  d a t a .  Reactor parameters  

are  o u t p u t ,  and t h e  stean g e n e r a t o r  c o e f f i c i e n t  is  c a l c u l a t e d  ( subrout ine  

HTEX) w i t h  d e s c r i p t i v e  output:. A d e s c r t p t i o n  of each r e g i o n  is o u t p u t ,  

i n c l u d i n g  amounts and s tandard  r e a c t i o n  raI:es f o r  t h e  v a r i o u s  source  

nucl-ides (subrouti-ne CROSS) and t h e  f a s t  and slow neut ron  f l u x  f o r  the. 

reg ion .  Tr i t ium carryEorward f o r  each  source ,  s i n k ,  and n u c l i d e  i s  

i n i t i a l l y  set ti:, zero. 

Any number o f  cases imy be executed i n  

A t  t h i s  p o i n t  t h e  c a l c u l a t i o n s  f o r  t h e  sequence of p e r i o d s  covered 

by t h e  computation span begin.  A f t e r  t h e  computation f o r  a11 r e g i o n s  

has been completed f o r  a given p e r i o d ,  the  r e s u l t s  showing t h e  s t a t u s  

a t  t h e  end of  thai: per iod  are output .  The computation i s  tcrminateil  on 

completion o f  t h e  c a l c u l a t i o n s  f o r  a l l  p e r i o d s ,  
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4 . 2 . 4  Cases 

The cases p r e s e n t l y  programmed inc lude :  (1) base  case, wi th  a n t i c i p a t e d  

r e a c t o r  parameters ;  (2)  low hydrogen concen t r a t ion  ( 3  ppm) i n  c o o l a n t ;  

( 3 )  h igh  hydrogen concen t r a t ion  (300 ppm) i n  c o o l a n t ;  ( 4 )  a11 t r i t i u m  

from H e  r e t a i n e d  i n  gas  and none r e t a i n e d  i n  s o l i d s ;  (5) p u r i f i c a t i o n  

p l a n t  e f f i c i e n c y  set a t  50%; ( 6 )  a l l  t r i t i u m  formed I n  s o l i d s  i r r e v e r s i b l y  

bound; (7)  h e a t  exchanger permeation reduced*l  by a f a c t o r  of 1/10;  

and (8) a n  i n c r e a s e  of c o o l a n t  Leakage by a f a c t o r  of  10. P o s s i b l e  

m o d i f i c a t i o n  t o  t h e  p r e s e n t  code would inc lude  t h e  handl ing of case 

parameters  i n  a subrou t ine  r a t h e r  t han  i n  t h e  main program. None of t h e  

cases is  t o  b e  taken  as n e c e s s a r i l y  r e p r e s e n t i n g  a case that i s  p rope r ly  

c o n s e r v a t i v e  f o r  l i c e n s i n g  purposes.  

3 

4.2 .5  Period C h a r a c t e r i s t i c s  

The t a s k s  f o r  a g iven  case p r i o r  t o  ca l .cu la t ion  of Inventory  changes 

f o r  a pe r iod  are cons idered  nex t .  The l e n g t h  of t h e  per iod  is c a l c u l a t e d .  

The t o t a l  number of t r l t i u m  atoms i n  a s i n k ,  to be  summed la ter ,  is set  

equal  t o  zero.  The t o t a l  B.E.T. s u r f a c e  area f o r  a l l  of t h e  r e a c t o r  

g r a p h i t e  i s  c a l c u l a t e d ,  and a (volume. f l u x .  f u e l  presence)  sum f o r  a l l  
r e g i o n s  i s  taken  f o r  subsequent. use  i n  appor t ion ing  r e a c t o r  power among 

t h e  v a r i o u s  r e g i o n s .  (This  i s  a c t u a l l y  needed on ly  if more than  one 

c o r e  r eg ion  is used.) A t  t h i s  p o i n t ,  we begin  c a l c u l a t i o n  f a r  each 

r e g i o n  i n  success ion .  

The neut ron  r e a c t i o n  rate terms f o r  t h e  v a r i o u s  sou rce  n u c l i d e s ,  

i nc lud ing  f u e l ,  are a d j u s t e d  f o r  t h e  relative power of t h e  per iod .  

For He, t h e  r a t e  term is simply the  overall. r e a c t i o n  rate a d j u s t e d  f o r  
t h e  r e l a t i v e  power f o r  t h e  p e r i o d ,  d iv ided  by t h e  amount of coo lan t  

helium. The rate a t  which f i s s i o n  t r i t i u m  is  produced is  based on t h e  

t o t a l  r e a c t o r  power for the per iod ,  t h e  r eg ion  f r a c t i o n  (based on r eg ion  

volume and f l u x ) ,  t h e  f i s s i o n  rate a t  u n i t  power, and the y i e l d  of 

t r i t i u m  from f i s s i o n .  

3 

The p u r i f i c a t i o n  p l a n t  removal rate and steam gene ra to r  e n t r y  rates 
are a d j u s t e d  so as t o  comply wi th  cond i t ions  f o r  t h e  pe r iod .  The 

chemisorp t ion  of hydrogen i s  next  c a l c u l a t e d  as a f u n c t i o n  of p r e s s u r e ,  

and t h e  p a r t i t i o n  r a t i o  between adsorbed and gasborne hydrogen i s  obta ined .  



-30- 

The d i s t r : i . bu t ion  of carryforward t r i t i u m  (from t h e  p r i o r  per iod)  

between adsorbed and g a s  phase i n  the  primary c o o l a n t  compartment i s  

adj i is ted f o r  t h e  c u r r e n t  p a r t i t l n n  raitio f o r  each source i n  each 

r e g  i o  11, 

4 .2 .6  Product ion  and D i s t r i b u t i o n  
____l__l____l_ 

The c a l c u l a t i o n  of t r i t i u m  product ion and d i s t r i b u t i o n  f o r  the. p e r i o d  

is considered next: C a l c u l a t i o n s  f o r  t o t a l  t r i t i u m  product ion  and t h e  

amount of tritium i n  t h e  coolan t  gas f o l l o w  s i m i l a r  p a t t e r n s  except  f o r  

branching f r a c t l a n s ,  p a r t i t i o n  r a t i o s ,  and Elnal. compartment Loss terms. 

By a l t e r i n g  t h e s e  a p p r o p r i a t e l y  on a second p a s s  down t h e  l i s t  o f  

sources ,  t h e  amounts produced from each source  t o  these sink compartments 

i n  each r e g l o n  are c a l c u l a t e d .  

For a l l  Lhe s o u ~ c e s ,  a major f r a c t i o n  of t h e  tritii.im w i l l  recoi .1  i n t o  

t h e  s o l i d s  and i s  t r e a t e d  as being r e t a i -ned ,  Thus t h e  ''bound i n  sol.€ds" 

s i n k  i s  a f i x e d  f r a c t i o n  of product ion  f o r  each source ,  

S i m i l a r l y ,  "adsorbed on so l id s"  i s  i n  a f i x e d  r a t i o  to t h e  t r i t i . i .m 

i n  tilie primary coolan t  gas ,  depending cm t h e  hydrogen c o n c e n t r a t i o n  i n  

the. gas  f o r  the  per iod .  

The next  sequence. of calcul.ations i s  s i m i l a r ,  except  t h a t  i t  i n c l u d e s  

an a d d i t i o n a l  compartment; the c o o l a n t  gas  i s  now t h e  nex t - - to - l a s t  

compartnient. A f i n a l  compartment of  "emerged from g a s  system" o r  " r e t a i n e d  

i n  steam generator ' '  is  used. From t h e s e  w e  c a l c u l a t e  t h e  accumulat ion 

i n  the p u r i f i c a t i o n  p l a n t  remaval, i n  t h e  t o t a l  gas  leakage ,  and i n  t h e  

steam g e n e r a t o r  e n t r y  and c o n t e n t s ;  by d i f f e r e n c e ,  we o b t a i n  the 

accumulation i n  steam g e n e r a t o r  blcnadntm and l o s s .  

Following t h i s ,  t h e  new h v e n t o r y  of t h e  respect: i-ve d e p l e t a b l e  soiirce 

atoms a s s o c i a t e d  w i t h  t h e  r e g i o n  is  c a l c u l a t e d .  Carryforward t r i t i i i m  

i s  c a l c u l a t e d  f u r  each source ,  s i n k ,  and reg ion .  

The above c a l c u l a t i o n s  are repea ted  f o r  each reg ion .  T h i s  completes 

t h e  c a l c u l a t i o n s  f o r  t.he new atom i n v e n t o r i e s  from a1.l sources  t o  a l l  

s i n k s  f o r  t h e  per iod .  I n  t i l e  case of the f i n a l  p e r i o d ,  t h e  t o t a l  

d i s t r i b u t e d  t r i t i u m  f o r  each r e g i o n  i s  compared w i t h  product ion.  Agreement 

between t h e s e  two v a l u e s  h a s  zlways been exac t  t o  a t  l eas t  1 9  s i g n i f i c a n t  

f i g u r e s  ( u s u a l l y  15), confirming t h a t  t h e  inventory  accounts  are i n  good 

ba lance .  
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4 . 2 . 7  Output 

Output i s  organized  as fo l lows .  The d a t e s  covered by t h e  p e r i o d ,  

t h e  r e l a t i v e  power, t h e  p u r i f i c a t i o n  p l a n t  e f f i c i e n c y ,  and t h e  hydrogen 

c o n c e n t r a t i o n  a p p l i c a b l e  t o  t h e  per iod  are s t a t e d ,  a long  w i t h  t h e  o v e r a l l  

s t e a m  genera tor  permeation r a t e  f a c t a r  and t h e  r a t i o  of adsorbed to  gas- 

phase hydrogen i n  t h e  c o o l a n t ,  

3He(n,p)T r e a c t i o n  i s  s t a t e d ,  followed by a l i s t i n g  of t h e  number of atoms 

of each source  n u c l i d e  and t h e  number of atoms in each s i n k  of t h e  r eg ion  

t h a t  have accumulated as  a r e s u l t  of t r a n s f e r  du r ing  each success ive  

per iod  from t h e  sou rce  nuc l ide .  

Then, f o r  each r eg ion ,  t h e  c a l c u l a t e d  r e c a i l  f r a c t i o n  from t h e  

The numbers of t r i t i u m  atoms i n  each s i n k  are t o t a l e d  f o r  t h e  

r eg ion  and l i s t e d .  A f t e r  v a l u e s  f o r  a l l  r e g i o n s  a re  complete ,  t h e  overall .  

r e a c t o r  t o t a l  of t r i t i u m  atoms i n  each u n i t  is  obta ined  and p r i n t e d .  

T r i t i um i n v e n t o r i e s  are expressed as c u r i e s .  Furthermore,  c o n c e n t r a t i o n s  

are c a l c u l a t e d  €or  those  r eg ions  ( s inks )  corresponding t o  t r i t i u m  

remaining i n  t h e  r e a c t o r ,  (1) "'bound i n  s o l i d s "  inc lud ing  f u e l ,  (2)  

"adsorbed", (3 )  I n  primary coo lan t  gas1, and ( 4 )  i n  steam gene ra to r  water. 

I n  p a r t i c u l a r ,  t h e  c o n c e n t r a t i o n  i n  e f f l u e n t  f l u i d s  may be compared wi th  

a p p l i c a b l e  r e g u l a t o r y  emission llrnits. 

The c a l c u l a t i o n  scheme o u t l i n e d  above is  conta ined  in code TRITGD, 

a c u r r e n t  v e r s i o n  of which i s  presented  i n  Appendix 11; an output  copy 

of a n  inpu t  d a t a  f i l e  f o r  a r e a c t o r  w i th  parameters  similar t o  those  of  

t h e  F o r t  St. Vrain Reactor  i s  given i n  Appendix I I I ( a ) .  

The code is w r i t t e n  i n  IBX FORTRAN TV, and w a s  r u n  on an IBN 360/91 

computer a t  t h e  Oak Ridge Na t iona l  T A a b r a t o r y .  Compilation and 

computat ion f o r  e i g h t  c a s e s  f o r  one r e a c t o r ,  ove r  s i x  t i m e  pe r iods ,  

r e q u i r e d  a t o t a l  of 16 cpu sec and used a maximum of 2 7 0 K  c o r e  space.  

For convenience,  t h e  program and d a t a  f i l e s  were prepared on t h e  

URNL-DEC-PDP-10 t ime-sharing computer and submit ted from i.t t o  the  

360/91 s y s t e m .  



4.3 Code Dat.a and Assumptions 

4 .3 .1  Block D a t a  --. 

In  t h e  b lock  d a t a  s e c t i o n ,  t h e  number of source neut rons  produced 

per  megawatt second, a s  w e l l  a s  the neut ron  r e a c t i o n  ra te  c o n s t a n t s  

f o r  one source  neutron per c1n3 p e r  second, are  l i s t e d  f o r  t h e  va r io i i s  

r e a c t i o n s  cons idered ,  These v a l u e s  were obta ined  as  a summation of f lux-  

c c c ~ s s  s e c t i o n  products  over  a neut ron  energy spectrum c h a r a c t e r i s t i c  

o f  an HTGK. Th.e c ross  sect:i.ons as a f u n c t i o n  of energy  ere obta ined  

f r o m  ENDF/B compi la t ions .  

energy was obtai.ned from a s e p a r a t e  tal-culation f o r  an i n f i n i t e  

homogeneous r e a c t o r  w i t h  a C / 2 3 3 U  r a t i o  of 5000, a t  a temperature  of 

900°K. Though t h e s e  assi.mpti.ons do n o t  p r e c i s e l y  f i t  t h e  For t  S t .  Vra:i.n 

o r  any o t h e r  p a r t i c u l a r  r e a c t o r ,  i t  i.s be l ieved  t h a t  r e l i a b l e  r e s u l t s  

c a n  be obta ined  u s i n g  d a t a  f r o m  t h i s  base  without  p a r t i c u l a r  inodif i c a t i o n .  

R e s u l t s  were expressed i n  terms of a r e a c t i o n  r a t e  c o n s t a n t  per S O U P C ~  

neut ron  e m  sec . The ca l c i i l a t io i i  a1.m showed a slow f l u x  of 1.57 

neut rons  c m  sec per  soixc-ce neutron c m  ser , and a f a s t  flux. of 

The f l u x  per  source  neutron as a f u n c t i o n  of 

-3 -1 
-.3 -1 -2 -1 L 

-2 -1 -3 - 7. 50 neut rons  crii sec p e r  source  neut ron  cm sec  . 
4 . 3 . 2  D a t a .  S e c t i o n  of  -- Main Program --.- 

.-9 -1 The decay c o n s t a n t  f o r  t r i t i u m ,  1 . 7 9 2  x 1 0  sec  , corresponds t o  

a h a l f - l i f e  of 1.2.26 y e a r s .  

The value of t h e  r e t e n t i o n  f r a c t i o n  of t r i t i u m  i.n f u e l  (F'CKAP) 

was a r b i t r a r i l y  set_ a s  0.99. It is  based on t h e  p o s t u l a t e  t h a t  i.nt:act 

f u e l  pa r t i c l e s  r e t a i n  t r i t i u m  p e r f e c t l y ,  cracked partJi:I.es permit  i t s  

release qui.i:e r e a d i l y ,  and t h a t  t h e  fracti .on of p a r t i c l e s  cracked f o r  

a long-term r u n  i s  of t h e  o r d e r  of 1%, much of which was crac.ked b e f o r e  

t h e  f u e l  use Iiegan. None of t h e s e  assua1pt:ions i s  preci .se ,  but  a l l  a r e  

thought t o  be reasonable ,  Modi f ica t ion  t o  t a k e  i n t o  account experimental  

f-indings may be necessary.  

Three coef E i c i e n t s  a s s o c i a t e d  w i . t l i  t h e  e m p i r i c a l  Ternkin isot:herm 

f o r  the  c h e i a i s o ~ p t i o n  o f  hydrogen oil carbon a r e  given i n  t h e  d a t a  

s ta tements .  

0 .2  cm3 (STP) of H2  p e r  m o f  B.E;T. s u i f a c e .  

l i t e r a t u r e  v a l u e s  a r e  avail.ahl..e; RedncJnd aid W a l l i ~ r ' ~  found 0 . 2 7  

The f i r s t  i s  the monolayer s a t u r a t i o n  v a l u e ,  Ao, taken as  
2 We n o t e  that a d y  two 

ciii 3 (STP) /m' and Thornas'.' c i t e d  v a l u e s  corresponding t o  0.07 
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3 2 3 c m  (STP)/m Chemisorption cor responding  t o  0.045 c m  QSTP)/m2 a t  I t o r r  
3 and 0.065 c m  (STP)/m2 a t  I 0  t o r r  p e r m i t s  e v a l u a t i o n  of t h e  o t h e r  two 

c o n s t a n t s  i n  t h e  empirlcal  Temkin equat ion: :  

A = (A0/17 .94)  I n  (16.54 p(Ao - AJA)). 

This  equa t ion  is  solved i t e r a t i v e l y  f o r  A in t h e  program. 

Handbook v a l u e s  (Handbook of Chemistry and -- Phys ics ,  49 th  e d . ,  1.968) 

were used f o r  t h e  n a t u r a l  abundance of l i t h i u m ,  boron, beryl-l ium, and 

carbon i s o t o p e s  and the respective atomic weights  f o r  t h e  elements .  

For 12.26-year t r i t i u m ,  t h e  number of c u r i e s  i s  equa l  t o  the number 
-20 of  t r i t i u m  atoms m u l t i p l i e d  by 4.84 x 10  . 

I n  sub rou t ine  RECOIL, we u s e  a t r i t i u m  r e c o i l  energy of 0.2 MeV 

i n  t h e  r e a c t i o n  'He(n,p)T.* 

average  mass and space  r e l a t i o n s h i p s  of g r a p h i t e  e lements  w i th  c o o l a n t  

and c o n t r o l  rod channels ,  Fuel rod a n n u l i ,  and e x t e r n a l  c l e a r a n c e  

a n n u l i .  The number and s i z e s  of c o o l a n t  and c o n t r o l  rod holes ,  and t h e  

r e l a t i v e  number of each type  of eleinent; a r e  t h o s e  c h a r a c t e r i s t i c  of  the 

F o r t  St, Vrain Reactor .  However, they  are used as r a t i o s  t o  t o t a l  

carbon volume and t h u s  shou ld  be a p p l i c a b l e  t o  o t h e r  similar r e a c t o r s .  

I n  t h i s  sub rou t ine  w e  a l s o  cons ide r  t h e  

/ Except f o r  t h e  c o e f f i c i e n t s  of the Pade approximants used i n  t h e  

e v a l u a t i o n  of f u n c t i o n  H,  and of  accepted o r d i n a r y  u n i t  convers ion  

t e r m s  and s c i e n t i f i k  c o n s t a n t s ,  t h e s e  are t h e  t o t a l  of a r b i t r a r y  

c o n s t a n t s  and d a t a  conta ined  i n  t h e  code. 

4 .3 .3  Input  Data: F o r t  S t .  Vrain Reactor Parameters 

Data based on parameters  of t h e  F o r t  S t .  Vrain Reactor  have been 

used i n  t h e  i l l u s t r a t i v e  c a l c u l a t i o n .  These d a t a  were g e n e r a l l y  taken  

from t h e  PSAR and FSAR documentation (Docket 50-267). 

The weight of  helium i s  requ i r ed  i n  account ing f o r  3Hr, hydrogen, 

and t r i t i u m .  About 6170 Ib i s  found i n  t h e  primary coo lan t  p rope r ,  and 

about  8040 l b  if t h a t  i n  t h e  p u r i f i c a t i o n  p l a n t  holdup (680 l b )  and i n  

t h e  PCRV p e n e t r a t i o n  are  inc luded .  A s i n g l e  v a l u e ,  6 l 7 0  I b ,  has been 

used he re .  It i s  s u i t a b l e  f o r  hydrogen and,  as d i scussed  earlier,  will 

on ly  a l t e r  t h e  burnout and l o s s  t i m e  f a c t o r s  f o r  3He t o  a moderate extent .  

"David Kocher ORNL Nuclear Data Group, pe r sona l  communication. 



H d i l i i n  p r e s s u r e  1s always g iven  as 47.6 a t m  (700 p s l a )  even though 

i t  i s  a c t u a l l y  somewhat lower when t h e  r e a c t o r  I s  at less than  f u l l  

power, The average  gas  temperature i s  taken  as t h e  mean of c o r e  o u t l e t  

and steam gene ra to r  r e t u r n  gas  tempera tures  a t  f u l l  power 
.- 7 The abundance of i n  t h e  inpu t  helium is  g iven  as 2 x 10  , 

a s  i t  i s  expected t h a t  t h i s  will be a purchase  s p e c i f i c a t i o n .  

The helium makeup ra te  i s  set  a t  1% p e r  y e a r .  It i s  regarded  a s  

u n l i k e l y  that :i.t would r i se  as h igh  as IlrXlyear, but 1% is n o t  thought 

s u r p r i s i n g ,  based on PSAR c o n s i d e r a t i o n s ,  

cons idered  as case 8. 
A v a l u e  of 10% pe r  yea r  i s  

The p u r i f i c a t i o n  p l a n t  rate coimstani: i s  based on a throughput of 

935 l b / h r  and a c i r c u l a t i n g  gas  m a s s  of 61.70 l b .  

The mass of w a t e r  i n  each  of two of six-module steam g e n e r a t o r s  

i s  g iven  as  4400 l b ,  f o r  a total steam gene ra to r  c o n t e n t  of  8800 l b .  

The makeup ra te  i s  g iven  as 20 gpm o r  240,000 l b /day .  

Helium i s  conta ined  i n  channels  i n t e r n a l  and e x t e r n a l  a n n u l i ,  

and pores.  The d e s c r i p t i o n  of coolant: arid c o n t r o l  rod channel. vo1.umes i s  

conta ined  i n  sub rou t ine  RECOIL; i t  is s u f f i c i e n t  t u  f u r n i s h  as laput 

t h e  f r a c t i o n  of f u e l  o r  ref lector  element mass having sucl-i channe l s  

as opposed t o  none: 1 . 0  f o r  c o r e ,  0.17 f o r  mixed ref1.ector elements 

( inc lud ing  elements w i t h  such holes  above and below t h e  c o r e ,  and t h o s e  

wi thout  1iol.e~ around t h e  core) and 0.0 f o r  t h e  boronated r e f l e c t o r  

and t h e  controL rod r eg ions .  Then t h e  wid th ,  i n  i n c h e s ,  f o r  i n t e r n a l  

( f u e l  o r  poison rod)  amid f o r  ex terna l .  (between e lements )  a n n u l i  i s  also 

i n p u t .  Pore volume, which i s  not  i n p u t ,  i s  es t ima ted  from d e n s i t y  and 

mass. Modi.fi.cat:ions ~ i i l d  he r e q u i r e d  for nonprism e lements ,  i n  

p a r t i c u l a r  f o r  Teach Bottom d e m e n t s .  

V a l u e s  of  t h e  average  c o n c e n t r a t i o n s  of l i t h i u m ,  boron,  and 

are expressed  as p a r t s  pe r  m i l l i o n .  be ry l l i um i n  a g iven  r e g i o n  

c o r e  and r e f l e c t o r s ,  the d e t e c t i o n  limit, f r e q u e n t l y  s t a t e d  as 0.05 

ppm of  l i t h i u m ,  i s  used. 

h i g h e s t  sou rce  of t r i t i u m  p roduc t ion ;  however, s i n c e  mos t  i s  r e t a i n e d  

by s o l i d s ,  t h e  l a r g e s t  f jractlon o f  d i s t r i b u t e d  t r i t i u m  comes from 3He 

r e a c t i o n .  (Note t h a t  recent1.y ob ta ined  v a l u e s  s f  0.01-0 ppm of lithium 

on a specimen of "Peach :Bottu?n" g r a p h i t e  and < 0.005 ppm f o r  l i t h i u m  on 

a specimen of  H-327 g r a p h i t e  i n d i c a t e  %ha t  the 0.050 ppm v a l u e  cited 

above may be unduly h igh . )  

For 

This  s t i l l  r e s u l t s  i n  'Li be ing  t h e  second 
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Lithium i s  known t o  be  p r e s e n t  i n  t h e  c o n t r o l  rod metal cans. 

T h i s  c o n c e n t r a t i o n  va lue ,  averaging  0.27 ppm of t h e  t o t a l  c o n t r o l  rod  

m a s s ,  i s  e v i d e n t l y  real r a t h e r  t h a n  a d e t e c t i o n  l i m i t .  Boron has  been 

assumed t o  be p re sen t  i n  t h e  co re  i n  a l l  s i x  corner  p o s i t i o n s  of each 

r e g u l a r  f u e l  e lement ,  and i n  four  f o r  c o n t r o l  e lements .  The t o t a l  

amount i s  expressed a s  p a r t s  p e r  m i l l i o n  of t h e  c o r e  m a s s .  

The d e t e c t i o n  l i m i t  f o r  boron (1 ppm) is  used f o r  t h e  r e f l e c t o r  

proper .  The boron con ten t  ol: t h e  boronated r e f l e c t o r  was c a l c u l a t e d  t o  

b e  equ iva len t  t o  6000 ppm. The boron concen t r a t ion  of t h e  c o n t r o l  

rods  w a s  ob ta ined  by d i v i d i n g  t h e  t o t a l  weight  of boron i n  the rods  

by t h e  t o t a l  weight of t h e  rods .  

No be ry l l i um i s  assumed t o  be  o r i g i n a l l y  p r e s e n t  i n  any r eg ion ;  
however, i t  does "grow in"  from the r e a c t i o n  12C(n,o,) 9 R e  and i s  t h u s  

inc luded  i n  t h e  inpu t  as 0.0. 
For each r eg ion  t h e  average slow and f a s t  neut ron  f l u x  for f u l l -  

power o p e r a t i o n  i s  given.  Some of t h e  d a t a  are from General Atomic 

Company as  suppl ied  i n  t h e  PSAR, and o t h e r  c o n s i s t e n t  v a l u e s  were F r o m  

i n t e r n a l  documents suppl ied  by GRC as  a pe r sona l  communication, 

The six components of  t h e  steam gene ra to r  are: economizers evapora to r s  

I and 11, s u p e r h e a t e r s  I and IT., and r e h e a t e r .  Lumped va lues  f u r  the two 

steam gene ra to r  l oops  are used f o r  each component. 

t h i c k n e s s  (mm) o f  t h e  t r a n s f e r  s u r f a c e s  of each are followed by t h e  

average  gas  s i d e  temperature  ( ' 6 )  and t h e  p reexpanen t i a l  and energy 

terms of t h e  s t anda rd  hydrogen permeation c o e f f i c i e n t  f o r  t h e  m e t a l .  

The hydrogen permeation c o e f f i c i e n t  for  t h e  Croloys  used i n  t h e  

The area (cm 2 ) and 

2 1  f i r s t  fou r  of t h e  steam genera tor  components i s :  
3 -2 -1 -112 ~ 144 e - 9 100 1 RT c m  (SCP) tI,.mm c m  h r  a t m  

45 

The c o e f f i c i e n t  f o r  t h e  Incoloy 800 used i n  Superheater  II and t h e  

r e h e a t e r  i s :  2 1  

- 3  -1 -112 -17 500/KT = 1210 e 3 c m  (STP) H2*mm cm h r  a t m  

An ass igned  f r a c t i o n a l  e f f i c i e n c y  (assumed t o  be  1.0) of t h e  p u r i f i c a t i o n  

p l a n t  f o r  hydrogen removal i s  used. The hydrogen concen t r a t ion  i n  t h e  

c i r c u l a t i n g  helium i s  l i k e l y  t o  fall i n  the range  10 t o  30 pprn; w e  have 

assumed 30 ppm. Hydrogen c o n c e n t r a t i o n s  of 3 and 300 ppm and a 
p u r i f i c a t i o n  p l a n t  e f f i c i e n c y  of  0.5 are used as a l t e r n a t i v e  parameter 

v a l u e s  (I 
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4 . 3 . 4  Code L i s t i a  

A copy of t h e  code as descri-bed above i s  given in Appendix :[I. 

The output  l i s t i n g  of  t h e  i n p u t  d a t a  used,  based on t h e  F o r t  S t .  

Vra in  Reactor, i s  g iven  i n  Appendix l:l:.i: (a> Calcula ted  r e a c t o r  

c h a r a c t e r i s t l c s  are given i n  Appendix I11 (b) , Eo1I.owed by the o u t p u t  

f o r  t h e  f i r s t  [Appendix I:r.I(c)] and s i x t h  [Appentllx III($)] y e a r s  of  t h e  

base  case," where t h e  source  i n v e n t o r i e s  of a r e g i o n  a t  t h e  end of t h e  

per iod  are given along with t h e  t r i t i u m  i n  each s i n k  r e s u l t i n g  f r o m  a l l  

d i r e c t  t r a n s f e r s  w i t h i n  a r e g i o n  between t h a t  p a r t i c u l a r  source  and s i n k ,  

cumulated f o r  t h e  s u c c e s s i v e  perl.ods. The sum over all source  members o f  

t h e  c h a i n  to  a given s i n k  as of a part . icular  t i m e ,  a l t h o u g h  not s p e c i f i -  

c a l l y  p r i n t e d ,  w i l l  be i n v a r f a n t  wi th  r e s p e c t  t o  how t h e  per iod  mlght be 

subdivided;  however t h e  c s n t r i b u t  i.on of i n d i v i d u a l  s o u r c e s  of s i n k  

segments w i l l  s h i f t ,  depending on the s u b d i v i s i o n  of t h e  per iod .  

11 

5.0 RESULTS OE' CA;LCULATION 

Table 2 p r e s e n t s  a l i s t i n g  of t h e  source  atom i n v e n t o r i e s  f o r  the 

r e s p e c t i v e  c h a i n s  i n  t h e  v a r i o u s  r e g i o n s  and f o r  t r i t i u m  product ion from 

each c h a i n ,  a t  t h e  end of s i x  s u c c e s , ~ i ~ v e  y e a r s ,  as  c a l c u l a t e d  Eor the  

base  case, bas& on F o r t  S t .  Vrain  Reactor parameters .  

A l l .  v a l u e s  f o r  t r i t i u m  inventory  are c o r r e c t e d  f o r  decay. To 

estimate a decay-cor rec ted  producti.on d u r i n g  a gi.ven i n t e r v a l ,  the p r i o r  

inventory  should b e  decay-corrected (a f a c t o r  of 0 .945  per  y e a r ) .  
3 The He v a l u e s  i.n t h e  t a b l e  are based on primary c o o l a n t  leakage  

and makeup ra tes  of 1% p e r  y e a r ,  It i s  p o s s i b l e  t h a t  h igher  makeup 

rates (case  8) would tend t o  o f f s e t  3He burnup more completely.  

Product ion of t r i t i u m  i s  h i g h e s t  i n  t h e  c o r e ,  w i t h  the  fuel. b e i n g  

t h e  p r i n c i p a l  source.  Most of t h i s  t r i t i u m  will be formed i n  i n t a c t  

f u e l  p a r t i c l e s  and  ill t h e r e f o r e  be r e t a i n e d .  'I'he next-highest  c e r t a i n  

y i e l d  i n  t h e  c o r e  is  from %e; only  about half r e c o i l s  t o  s o l i d s ,  t h e  

remainder remaining i n  t h e  primary coolan t .  

t o  b e  i n  graphi. te a t  the a r b i t r a r i l y  ass igned  1ith:Lum content  o.E 50 ppb 

alko comprise a t r i t i u m  source  s i m i l a r  i n  magnitude t o  t h e  y i e l d  from 

The [:races of 6 L i  thought 



Table 2. Calculated Inventory ot Atoms of Source Rucl!.de Chains and T r i t i u m  Production by Given Chain a t  End of 

Conditions: base case. 80% service factor ,  For t  S t .  Vrain raactor parmeters  
Six Years of Reactor Operation 

C U I N :  Fission 3He(n,p)T 1°B(n, 2a)T "3 (n , a) 7Li (n,na)T ' 'c (n,a)'Be (n,t%) 'LI (n. t%)T T c t a l  
Atoms T Atoms 3He Atoms T Atoms 'OBa Atoms T Atoms 7Li Atoms T Atoms 12C Atoms 'Be Atoms 6Li Atoms T Atoms T 

Reglon: Core 
6.54E26 0.3  7.52E7'i 0 0.0 

1 6.45E22 
2 1.25E23 
3 1.83E23 
4 2.33323 
5 2.89E23 
5 3 .37E23  

0 0 .0  
1 0.0 
2 0.0 
3 0. 0 
4 0.0 
5 0. '3 
6 0.0 

0 0.0 
0.0 

2 0.0 
3 0.0 
4 0.0 
5 0.0 
0 0.0 

0 0.0 
1 0.0 
2 0.0 
3 0.0 
4 0.0 
5 0.0 
6 0.0 

0 0.0 
1 6.45E22 
2 1.25En 
3 1.83E23 
i ?. 38E23 
5 2.89E23 
b 3.37E23 

7.89E22 
6.62E22 
5.56E22 
4.69E22 
3.96822 
3.36322 
2.86EZ2 

5.18E21 
4.35E21 
3.65E21 
3.08E21 
2.60E21 
2.21E21 
1.68E21 

1.17EZO 
9,63E19 
6.27E19 
6.961'19 
5.89B19 
4.99E19 
4.25E19 

1.51E16 
I. 26B16 
1.06E18 
8,95017 
7.56E17 
6.41El'l 
5.46E1: 

0.00 
I. 24322 
2.21E22 
2.97322 
3.55822 
3.98E22 
4.29E22 

0. 0 
8.14E20 
I. 45E21 
1.95E2i 
2.33E21 
2.6iE21 
2.82E21 

0.0 
1.84E19 
3.29E19 
4.41E19 
5.27319 
5.91E19 
6.37E19 

0.0 
2.37E17 
4.23El7 
5.67E17 
6.77E17 
7.59E17 
7.19B17 

0.0 
1.32E.Z 
2.36E22 
3.17E22 
3.79E22 
4.25622 
4.58E22 

_ - ~ _ _  
5.54225 2.87E21 6.00E2b 
4.70E24 2.95E21 6.50E2b 
3.95323 2.81E21 6.55E26 
3.35E22 2.66E21 6.55E26 
2.84E21 2.51E21 6.55E2b 
2,40E20 2.37E21 6.55E26 

2.99E24 3.0 l.lOE24 
2.62E24 1.39Ei7 1.47E24 
2.30E24 2.54E17 1.79E24 
2.01E24 3.4?E1? 2,07E24 
I. 76E24 4.2fE17 2.32E24 
1.55E24 4.8OE17 2.43824 
1.36E24 5.26E17 2.73E24 

1.23E28 0.0 7.57E23 
1.23E28 7.35E17 6,15E25 
1.22E28 1.50E18 1.22326 
1.22E28 2.19E18 1.82E26 
1.21C28 ?.83E18 2.42Eih 
1.20528 3.44E16 3.02E26 
1.20F.28 4.01E18 3.61E2b 

Region : Reflect or 

Region: Boronated Retlector 

Region: Control  Rods 
7.6LE26 O.F 1.04E22 
7.44E26 3.49E21 1.70E.25 
7.27E26 6.72E21 3.37E25 
7.llEL6 9.69E21 5.00E25 
6.95E26 1.24E22 6.59E25 
6.79E26 1.49822 8.14E25 
6.64E26 1.72E22 9.66E25 

0.0 
2.63B21 
6. SlE21 
1,03622 
1.39E22 
1.73E22 
2.05E22 

0.0 
3.40316 
7.6SEl6 
1.22EL7 
1.74El7 
2.28Eli 
2.8SEli 

0.0 
1.06'135 
4.0735 
8,96315 
1, 56E16 
2.39E16 
3.36E16 

0.0 
2.13E19 
8.29619 
1.82E2G 
3.15E.20 
4.80E20 
6.73E20 

Sum Over A l l  Regions tc End of Per iod  
0.0  0.0 
6.36E21 
9.67E21 
1.25E22 
1.51E22 
1.74E22 
i.96E22 

2.66E21 
6.59E21 
1.05E22 
1.42E22 
1.78E22 
2 .  1lE22 

9.28E3C 
9.28E30 
9.28130 
9.28E30 
9.28E30 
9.28E30 
9.28E30 

I. 36E31 
I. 36E31 
1.36E31 
1.36E31 
1.36E31 
1.36E31 
1.36E31 

9.34'130 
9.34E30 
9.34E30 
9.34230 
9.34E30 
9,34E30 
9.34E30 

2.38628 
2.36E28 
2.38E25 
2.38E28 
2.38E28 
2.38325 
2.38E28 

c. 0 
1.24E24 
2.48324 
3.72E24 
4.96E24 
6.19E24 
7.43E24 

0.0 
7.54E21 
1.51222 
2,26322 
3.02322 
3.77E22 
4.52EX 

0.0 
6.51118 
1.31E19 
1.97E19 
2.6331 9 
3.29E19 
3.94E19 

0.0 
1.24E21 
2.47E.21 
3.71E21 
4.95E21 
6.18E21 
7.42E21 

6.03EZZ 
3.25322 
1.76E22 
9.50E.21 
5.18E21 
2.86E2L 
1 6ZE21 

8.81E22 
8.53E22 
8.25E22 
7.98E22 
7.72E22 
7.47122 
7.23E22 

6. G6E22 
6.06222 
6.05E22 
6.04E22 
6.03E22 
6,03E22 
6.02E22 

8. 36E20 
8.31E20 
8.26E20 
8.2ZE20 
6.liEZO 
8.12220 
E. O8E20 

0.0 
2.69E22 
4.00E22 
4.56322 
4.74322 
4.7 2E22 
4 . 5 9 E 2 2  

0.945 
2.77321 

7.61E21 
9.?lE21 
1.16E?? 
1,33822 

0.0 
7. ??E19 
I. 41E20 
2.06E20 
2.67E20 
3.25E20 
3.79E20 

0.0 
4. Sa18 
8.89E16 
1.29E14 
1.67819 
2.03E19 
2.36E19 

0 . 3  
2.97E22 
4 a 55822 
5 a 34E22 
5.74E22 
5.91322 
5.96322 

5.30mzi 

0.0 
1.09823 
1.97E28 
2.71E23 
3.37323 
3.96E23 
4.49123 

0.0 
3.58E2i 
6.75121 
9.56E21 
1.10E22 
I .  B2E22 
1.61E22 

0.0  
9.19f?.l9 
1.75E20 
2,52E20 
3.22E20 
3.88E20 
4 ,  &;E20 

0.0 

6. BlE21 
9.79E21 
1.27E22 
1.54E22 
1.79E22 

0.0 
1.16823 
2.10E23 
? ,91E23  
3.63F23 
4. ?6E?3 
4 . 8 3 1 2 3  

3.51~21 

"Includes b o t h  "B(n,ZojT and 10B(n>d)7Li. 



-38- 

3He, 

w i t h  f a s t  n e u t r o n s ,  and i n  the r e f l e c t o r  Erom assumed 6 L i  i m p u r i t i e s  

(L i  Q 50 ppb) ,  are about 4% of t h a t  from t h e  c o r e .  Helium-3 y i e l d s  

i n  t h e  r e f l e c t o r  are a l s o  lower but  remain significant. The l i t h i u m  

impur i ty  i n  t h e  c o n t r o l  rod c a n s  i s  o n l y  a minor c o n t r i b u t o r  (0.1%) 

t o  the tritium y i e l d  from t h i s  r eg ion  because of the r e l a t i v e l y  l o w  

thermal  f l u x  and  he c o n s i d e r a b l y  h igher  amounts of 'Of3 source  material. 

T h e  boronated r e f l e c t o r  has a g ross  t r i t i u m  y i e l d  of about 0.1% o f  thc 

c o r e ;  a g a l n ,  t h e  assumed l i t h i u m  impur i ty  provides  t h e  major source.  

Tritium y i e l d s  i n  t h e  control.  rods  from t h e  r e a c t i o n  of 'OB 

Table  3 shows t h e  product ion  of  t r i t i u m  by c h a i n s  and r e g i o n s  ove r  

t h e  s ix-year  term. 

Table 3.  Six-Year T r i t i u m  Product ion by Chains and Regions 

- _I_ --_ 
T r i t i u m  Product-lon -- _. -- 

Tota l  Number C i  oE 
- Source --. -- - O f  T atoms --- T r i t i u m  Fsac t i o n  

Chain 

Fue 1 3.37E23 16,335 0.698 

I 0 B  4.07E22 1 , 9 7 3  0.084 

--I 

3He 4.58E22 2 216 0.095 

12c (%i) 5.96E22. 2,882 0.123 

To t a l  4 a 836E23 27,406 1.000 

Regii.0:: 
Cor e 4.491E23 2 1  $ 7 3 6  

R e  Elector  1.614E22 751 

Boronated r e f l e c t o r  4.472320 22 

Cont ro l  r o d s  1.793E22 86 7 

To t a l  4 e 836E23 23,406 

0.929 

0.033 

0.001 

0.037 

1.000 
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5.2 Comments on Sources 

IJtiarnbiguously t h e  fuel is  t h e  dominant source .  Our fn fo  rmation about  

t h e  release of t r i t i u m  from t h e  f u e l  is  n o t  well developed. I n  t h e  absence 

of o t h e r  i n fo rma t ion  we would, o f  c o u r s e ,  expec t  i t  t o  be r e l e a s e d  i n  a 

f a s h i o n  similar t o  t h a t  of a rare gas  w i t h  a comparable ha l f - l i f e  - 
e s p e c i a l l y  85Kr .  

d a t e .  Because 05 t h e  low f r a c t i o n  p r e s e n t l y  assumed t o  be  r e l e a s e d ,  

and t h e  l i n e a r i t y  of our expres s ions ,  t h e  amounts i n  v a r i o u s  s i n k s  from 

f u e l  w i l l  be  e s s e n t i a l l y  p r o p o r t i o n a l  to t h e  f r a c t i o n  of  t r i t i u m  r e l e a s e d  

from the f u e l .  

T h i s ,  however, r e m i n s  t o  be cons idered  a t  a f u t u r e  

Helium-3 is  p o s s i b l y  t h e  next most impor tan t  c o n t r i b u t o r  t o  t r i t i u m  

p roduc t ion  (about 10% of t h e  t o t a l ) ,  and very  l i k e l y  the major c o n t r i b u t o r  

t o  t h e  t r i t i u m  that e n t e r s  t h e  c o o l a n t  and i s  the reby  s u b j e c t  t o  

d i s t r i b u t i o n .  T h e  t r i t i u m  y i e l d  Irom 3He  is ,  of course ,  proportional.  t o  

the abundance of 3He i n  the i n p u t  and makeup helium. 

v a l u e s  d i f f e r e n t  from t h e  ass igned  ( 2  x abundance would be a p p r o p r i a t e ,  

Because w e  se t  makeup a t  a nLinimum ( l % / y e a r ) ,  burnup losses are g r e a t e r  

than  l eakage .  Higher makeup (and l eakage )  rates would r e s u l t  i n  somewhat 

h ighe r  t r i t i u m  product ion ,  even t.1iough t h i s  i s  no t  a dominant e f fec t .  

Conceivably, 

Boron inc luded  i n  t h e  c o r e  g r a p h i t e  as a bu rnab le  poison and used a s  

c o n t r o l  rod material  i s  a l s o  an a p p r e c i a b l e  c o n t r i b u t o r .  Use O E  s u b s t i t u t e  

absorb ing  materials, aLthough n o t  proposed o r  expected would remove this 

source .  
6 We f i n d  t h a t  about 1 2 %  of t h e  t r i t i u m  comes from t h e  12C-’Be- Li cha in .  

Almost a l l  of t h i s  y i e l d  r e s u l t s  from t h e  a r b i t r a r i l y  a s s igned  l i t h i u m  

impur i ty  of 50 ppb. Consequently,  v e r i f i c a t i o n  of t h e  l i t h i u m  

c o n c e n t r a t i o n  of c o r e  g r a p h i t e  i s  impor tan t  because t h e  t r i t i u m  y i e l d  

from t h i s  sou rce  i s  of s i g n i f i c a n t  magnitude and t h e  c u r r e n t l y  a s s igned  

v a l u e  i s  a r b i t r a r y .  As mentioned earlier,  lower va lues  m y  be i n  o r d e r .  

5 . 3  Comments on D i s t r i b u t i o n  

Table  4 shows t h e  d i s t r i b u t i o n  of t h e  accumuLated inventory  of 

t r i t i u m  ( i n  c u r i e s )  a f t e r  s i x  y e a r s  of o p e r a t i o n  a t  a 80% s e r v t c e  f a c t o r ,  

as  c a l c u l a t e d  f o r  a r e a c t o r  w i th  F o r t  S t .  ’drain c h a r a c t e r i s t i c s ,  These 

v a l u e s  w i l l  average  somewhat Lower p e r  yea r  t han  f i r s t - y e a r  values  
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because of va r ious  burnout e f f e c t s ,  etc. Poss ib ly ,  release rates from 

f u e l  o r  from s o l i d s  could become higher  as exposure w a s  prolonged; 

however, as noted earlier,  t h i s  cons ide ra t ion  has not  been included i n  

t h e  p re sen t  code. 

It i s  evident  that most ( 5 3 % )  of t h e  d i s t r i b u t e d  t r i t i u m  (i .e.$ 

that not r e t a i n e d  "'pern%mently'* by s o l i d s  inc luding  f u e l ,  comes from t h e  
311e(n,p)T cha in ;  less i s  r e t a i n e d  by s o l i d s  i n  comparison wi th  o t h e r  

sources  

It i s  f u r t h e r  evident  that of t h e  g ross  t r i t i u m  produced i n  the 

r e a c t o r  over  a six-year per tod (23,406 C i  contained and d i s t r i b u t e d ) ,  

most (22,111 C i )  is bound i n  s o l i d s  and is  presumably s r i scept ib le  t o  

release o n l y  a t  much h igher  temperacures, 

t o  be  d i s t r i b u t e d  throughout t h e  system. About 2 .3  C i  i s  contained i n  

t h e  primary coolan t  system, l a r g e l y  adsorbed on g raph i t e .  (The 
concen t r a t ion  i n  the primary and secondary coo lan t s  i s  d iscussed  l a t e r . )  

Major d i s t r i b u t i o n  s i n k s  inc lude  t h e  p u r i f i c a t i o n  p l a n t  (908 C i >  and 

t h e  steam genera tor  blowdown (and l o s s )  (384 Ci) .  

As may be seen from the  d i scuss ion  o f  parameter v a r i a t i o n  t o  f o l l o w ,  

A t o t a l  of I 2 9 5  C i  remains 

some modi f ica t ion  of t h e  steam genera tor  concent ra t ion  and blowdown 

amounts i s  poss ib l e ;  on the o the r  hand, complete e l imina t ion  of  e n t r y  

of s i g n i f i c a n t  l e v e l s  of t r i t i u m  i n t o  t h e  steam genera tor  cannot reasonably 

be  expected. 

Table 5 shows the e f f e c t s  of vary ing  a number of opera t ing  parameters 

on t h e  t r i t i u m  Inven to r i e s  and concent ra t ions .  The ma jo r  e f f e c t s  (as 

compared wi th  t h e  base case )  are descr ibed below. 

A t en fo ld  inc rease  i n  hydrogen concen t r a t ion ( t0  300 ppm) i n  t h e  

primary coolan t  results i n  a reduct ion  of t h e  amount go ing  t o  t h e  steam 
genera tor  by a f a c t o r  of  2.5,  and a reduct ion  i n  the  amount o f  t r i t i u m  

t h a t  is adsorbed. P u r i f i c a t i o n  p l an t  removal i s  consequently inc reased ,  

Conversely,  r educ t ion  of hydrogen concent ra t ion  by a f a c t o r  of  10  

( t o  3 ppm) inc reases  t h e  amount going t o  the  steam generator  approximately 

twofold  diminishes  the  amount going t o  t h e  p u r i f i c a t i o n  p l a n t ,  and 

i n c r e a s e s  t h e  amount of  adsorbed t r i t i u m .  

I f  a l l  t h e  t r i t i u m  produced by t h e  %((n,p)T r e a c t i o n  were re t a ined  

by t h e  coo lan t ,  t h e  amounts Lost: t o  t h e  steam gene ra to r ,  t o  the p u r i f i c a t i o n  

p l a n t ,  and t o  adsorp t ion  processes  wou1cl be almost doubled. 



Tab le  5. E f f e c t  o f  O p e r a t i n g  Pa rame te r  V a r i a t i o n s  on T r i t i u m  D i s t r i b u t i o n  and I n v e n t o r y  ( i n  Ci) A f t e r  One P e a r  and S i x  Years of  
R e a c t o r  O p e r a t i o n  a t  60% S e r v i c e  F a c t o r a . b  

Case 
-411 T Forned  Steam 
in G r a p h i t e  Gen. 

Base High 32 LOW Fi2 All 3He(n ,p)T P u r i f .  P l z .  Pe rmanen t ly  ?ern.  We Fkxeup, 
(H2, 30 P P ~ )  (300 ppm) (3 P P ~ )  t o  Gas E f f .  = 0.5 Bound Coef f .  = 1 0 %  lO;L/year 

To ta l  produced .  C i  5637.37 5637.37 5637.37 5637.37 5637.37 5637.37 5637.37 5639,04 
(23,406.6)  

Removed o r  Released 
Pr imary  l eakage ,  C i  0.032 

P b r i f i c a t i o n  p l a n t ,  C i  251.5 

Blowdown and l e a k a g e , C i  106.45 

Contained 
Bound i n  s o l i d s ,  C i  5274.49 

hdsorbeu, C i  i+. 70 

In pr imary  H e ,  Ci 0.19 

( 0 . 3 0 7 )  

(958. 3) 

(384.3) 

(22,111.9) 

(2.273 

(0. 09) 
Conc. i n  He, 
t .Ci /s td  c c ,  1 y e a r  0.000012 
I n  steam gen. H20, C i  0.010 

Conc. i n  Steam 
(0.005) 

Gen.,  ~ C i / g ,  1 y e a r  0.00255j 

(23,406.63 

3.002 
(0.009) 
319.1 
(1141.4) 
42.7 
(152.8) 

5 2 7 ~ . 4 9  
(22,111.9) 
0.65 
(0.41) 
0.23 
(0 .11 )  

0.00015 

0.004 
(E. 002) 

0.W1016 

(23,406.6) 

0.001 
(3.004) 

( 5 59 . 1 1 
197.8 
(736.3:) 

5274.49 
(22,111. 9 j  
17.06 
(8.21) 
0.11 
(0. 05) 

0.000007 

0.020 
(0.039) 

147.8 

0.004953 

(23,406.6)  

0.004 
(0.013) 

(1703.2) 
202.6 
(720.9) 

4946.85 
(20,978.2)  
3.55 
(4.15)  
0.35 
(0.16)  

0.000023 

0.019 

478.6 

(0.00") 

0.304876 

(23,406.6) 

0.003 
( 0 . 3 1 l j  
192.4 
(699.2) 
162.9 
(591.9) 

5274.49 
(22,111.9) 
7.26 
(3.49)  
3 .29 
(0.14) 

0.000018 

0.016 
(0.038 j 

0.003954 

(23,406.6)  

0.002 
(0.007) 
238.5 
(873.9) 
100.9 
(36 .9 )  

5293.26 
(22,160.48)  
4.49 
(2.19)  
0 .18 
(0.09)  

0.000011 

0.010 
(0.005) 

0.002499 

(23,406.6) 

0.033 
(0.310) 
341.7 
(1239.0) 
1 4 . 5  
(52.4)  

5274.49 
(22,111.9) 
6.42 
(3.09)  
0.25 
(0. i2) 

0.000016 

0.0014 
(O.OOO7) 

0.000350 

(23,603.4) 

0.019 
(0.075) 
252. I 
(975.1) 
106.7 
(It l2.7) 

5275.34 
(22,212.6) 
4 .73 
(2.843 
0.14 
(0.11) 

0.300012 

3.010 
(0 .  006) 

3.302580 
~ ~ ~~~ 

aReac to r  characteristics are assumed t o  be t h o s e  of t h e  F o r t  S t .  Vrair; Reactor. %slues f o r  six y e a r s  o f  o p e r a t i o n  are  glven i n  p a r e n t h e s e s .  The r e m i n i i i g  v a l u e s  are f o r  one  y e a r  of o p e r a t i o n .  
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I f  t h e  p u r i f i c a t i o n  p l a n t  e f f i c i e n c y  is reduced by 50%, t h e  

p u r i f i c a t i o n  p l an t  removal i s  about 75% of t h e  base  case s ince  primary 

coo lan t  concent ra t ions  increase .  This  a l s o  r e s u l t s  i n  t h e  permeation 

of about  50% more t r i t i u m  i n t o  t h e  steam genera tor .  

1oB-7Li and 12C-9Be- LI chains ,  r a t h e r  than t h e  base va lue  of 0.99 
r e t e n t i o n ,  i s  r e l a t i v e l y  t r i v i a l .  U s e  a f  a helium makeup rate of 10% 

per  yea r ,  r a t h e r  than  t h e  base va lue  of 1% p e r  yea r ,  results i n  somewhat 

h igher  v a l u e s  a f t e r  extended exposure (s ix  yea r s )  due t o  t h e  more r a p i d  

replacement of %e burnup. 

increase i n  the  r e l a t i v e l y  t r i v i a l  leakage t e r m .  

The e f f e c t  of permanent r e t e n t i o n  of dl t r i t i u m  formed from t h e  
6 

Also, of course ,  t h e r e  i s  a corresponding 

The case i n  which steam generator  permeation c o e f f i c i e n t s  were 

reduced t o  10% of the  base va lue  i s  s i g n i f i c a n t ,  i n  t h a t  Losses to  t he  

steam genera tor  appear t o  be reduced about sevenfold relatlve t o  t h e  

base  case. T h i s  case may be c l o s e r  t o  r e a l i t y  than  the  base  case i n  

which permeation c o e f f i c i e n t s  f o r  t he  pure  metals have been used. It 

has been shown2' t h a t ,  under some cond i t ions ,  ox ide  f i l m s  formed on 

metal s u r f a c e s  can  s i g n i f i c a n t l y  i n h i b i t  hydrogen and t r i t i u m  permeation. 

However, whether t h e  type of f i l m s  formed on steam genera tor  su r faces  

w i l l  provide any s i g n i f i c a n t  and assured  r e s i s t a n c e  t o  hydrogen and 

t r i t i u m  permeation i s  not  e s t ab l l shed  a t  p re sen t .  

5.4 Release of T r i t i u m  t o  t h e  Environment 

The t r i t i u m  i n  t h e  steam genera tor  blowdown, a f t e r  proper d i l u t i o n ,  

may be  considered €or release t o  t h e  environment. The concent ra t ion  

of any such relc<ase would of  course  depend on system f a c t o r s  a f f e c t i n g  

concent ra t ion  i n  t h e  blowdown stream as w e l l  as the  amount of water 
used t o  d i l u t e  t h e  blowdown p r i o r  t o  release. 

The major system f a c t o r  t h a t  could make release higher  i s  the  

assumption of  a release ra te  from g r a p h i t e  o r  from f u e l  p a r t i c l e s  g r e a t e r  

than the  1% used i n  t h e  present  c a l c u l a t i o n ,  o r  lack of r e t e n t i o n  of 

t h e  t r i t o n s  t h a t  r e c o i l  from the  3He(n,p)'r r eac t ion .  

removal by t h e  p u r i f i c a t i o n  p l a n t  would a l s o  be unfavorable  because a 

h igher  f r a c t i o n  of t h e  t r i t i u m  would e n t e r  t h e  steam generator. 

Inadequate t r i t i u m  



-44- 

The p r i n c i p a l  system f a c t o r  t h a t  could diminish release from 

t h e  s t e a m  gene ra to r  i s  a lower o v e r a l l  permeation eoef f i c i e n t  as  

t h i s  would reduce e n t r y  of  t r i t i u m  i n t o  t h e  steam genera tor  i n  a lmost  

d i r e c t  proport io-n.  The base case used permeation va lues  f o r  c lean  

metal ; consequent ly ,  somewhat lower permeation c o e f f i c i e n t s  cou ld  

reasonably be expected under more r ea l i s t i c  cond i t ions .  

It may be p o s s i b l e  t o  release a l l  blowdown t r i t i u m  t o  the  cool ing  

tower water, which is  t h e  major emergent l i q u i d  stream. As an 

a l t e r n a t i v e ,  s o m e  or  all of  i t  can be evaporated i n t o  a major emergent 

gas  stream. Ten ta t ive  ca l cu la t io .ns  sugges t  that i n c l u s i o n  of a l l  

blowdown t r i t i u m  i n  the  main s t a c k  gas shou1.d r e s u l t  i n  d l scharge  

concen t r a t ions  w e l l  below l i m i t s  f o r  gasborne emissions.  
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6.0 LIST  OF SYNBOLS 

2 Quan t i ty  adsorbed, c m 3  (STP) /m 

R a t e  cons t an t  f o r  t r a n s f e r  t o  given compartment, sec 

Atoms pe r  u n i t  volume a t  reg lon  temperature  and p res su re  
3 Quanti ty  of hydrogen permeating a given s u r f a c e ,  cm (STP) 

Ac t iva t ion  energy f o r  permeation, cal  mole 

React ion f r a c t i o n  of 3He ( i n  reg ion)  

-1 

-1 

Transfer  func t ion  from d e p l e t a b l e  source  through t o  s ink ,  

f o r  t i m e  i n t e r v a l  t ,  wi th  l o s s  t e r m  S f o r  q compartments 

( inc luding  source and s i n k )  

Transfer  func t ion  from cons tan t  source through t o  s i n k ,  

f o r  t i m e  i n t e r v a l  t ,  wi th  loss t e r m  S f o r  q compartments 

( inc luding  s i n k )  

Steady system input  ra te ,a t loms sec 

Rate of f i s s i o n  a t  u n i t  power, 3.121 x 

Loss ra te  of t r i t i u m  from compartment, s e c  

Primary coolan t  makeup o r  l o s s  rate as f r a c t i o n  of  c i r c u l a t i n g  

-1 

sec-' I4W-l 
-1 

-1 gas ,  sec 

Number of atoms of a species i n  o r  ass igned t o  a compartment 

of a reg ion  

Neutron 

Region (or  t o t a l )  power, IvIW 

Pa r t i a l  presbure ,  a t m  ( f o r  chemisorption, t o r r )  

3He r e a c t i o n  rate f a c t o r  i n  reg ion  a t  f u l l  power, a t  u n i t  

3He concent ra t ion  

Number of compartments i n  c a l c u l a t i o n  span 

C a s  cons t an t ,  1.987 caL mole deg 

Overall l o s s  r a t e  from compartment, inc luding  decay, s e c  

Temperature, O K  

Durat ion of pe r iod ,  sec 

Volume occupied by f u e l  elements i n  region r 

Volume of reg ion  i n  which r e a c t i o n  can  occur 

-1 -1 
-1 

H o l e  f r a c t i o n  ( ' ~ e  i n  H e )  

F r a c t i o n a l  f i s s i o n  y i e l d  
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Sub scr i p  t s 

i o r  j 

r 

--- 

s 

T 

3 

4 

6 

7 

9 
so 
1 2  

f a s t  

s low 

Amount (atoms) i n  compartment a t  s tar t  of per iod 

F rac t ion  of adso rp t ion  s i t e s  occupied by  adsorbed atonis 

Decay c o n s t a n t ,  s ec  

Mathematical symbol f o r  product 

Ke la t ive  r e a c t o r  power (vs " f u l l "  power)  

Mathematical. symbol f o r  summation 

Cross s e c t i o n ,  cm2 ( e f f e c t i v e )  

Neutron flnx, cm sec 

-1 

-2  -1 

Compartment index 

Region index 

To ta l :  t hus  Q s  = >:Qr 

T r i t i u m  

Helium- 3 

IIeliurn-4 

T, i. th  ium- 6 

Lithium- 7 

B e r y l 1  ium- 9 

Bo ron-10 

C ar bo n-12 

Region of neutron f l u x  above 2.38 eV 

Region of neutron f l u x  below 2.38 e V  
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9 . 1  Appendix I: P o s s i b l e  Extens lon  of Code 

The assumption of a f i x e d  prompt release r a t i o  f o r  Lr:i.t:!.um formed 

i n  f u e l  p a r t i c l e s  as  a f i s s i o n  product  (and no s l h ~  r e l e a s e ) ,  which we 

have used i n  t h e  p r e s e n t  v e r s i o n  of  the 'TKLGO code: i s  adequate  for 

normal c o n d i t i o n s  but  would n o t  gi.ve a c c e p t a b l e  r e s u l t s  for abnormal. 

c o n d i t i o n s .  However, t h e  l i n e a r  at:l:ack we have used i n  t h e  p r e s e n t  code 

a p p e a r s  t o  b e  c a p a b l e  of e x t e n s i o n  t o  slow re.l.ease, which would permi t  

c o n s i d e r a t i o n  of r e a c t o r  c o r e s  w i t h  d i f f e r e n t  t e m p e r a t u r e  zones release 

rates t h a t  v a r y  w i t h  tempera ture  and f r a c t i o n  of f u e l  p a r t i c l e s  c racked ,  

and f r a c t i o n s  of crac-ked p a r t i c l e s  which are beli.eved t o  v a r y  w i t h  t i m e ,  

tempera ture and butnup. 

In  seeking  t o  extend t h e  code,  w e  f i r s t  n o t e  t h a t  the  g e n e r a l  

approach has been t o  use f i r s t - o r d e r  t r a n s f e r  rates between c o m p a r t m n t s  

o r  i .nventory accounts .  

We now wish t o  add to t h e  fuel- a c c o u n t s  (pr-Lor t o  e n t r y  t o  t h e  c o o l a n t ) ,  

i n v e n t o r y  a c c o u n t s  f o r  t h e  f r a c t i o n  of  i n t a c t  p a r t i c l e s ,  a p a r t i . t i o n  

f r a c t i o n  of t r i t i u m  i n  whole p a r t i c l e s  between fue l  ke rne l  and gas  phase 

(two accounts  h e r e ) ,  and a n  accoutit f o r  t h e  t r i t lm  i n  k e r n e l s  of cracked 

p a r t i c l e s .  A f t e r  i t s  release from f u e l  p a r t i c l e s ,  t h e  tritium t h e n  

undergoes t h e  same d i s t r i b u t i o n  p a t t e r n  as b e f o r e .  

In  t h i s  way, p r o p e r l y  o p e r a t i n g  p o r t i o n s  o f  programs f o r  t r i t i u m  

product ion  f rom f u e l  have been w r i t t e n  but  have n o t  been coupled w-i t11 t h e  

c o o l a n t  d i s t r i b u t i o n  p r o c e s s e s .  N i t h  t h e  p r e s e n t  code,  t h i s  wnul-d r e q u i r e  , 

a n  accommodation of t h e  code t o  e x t r a  c h a i n s  and a c c o u n t s ,  as weLb as  a 

r e s t a t e m e n t  of t h e  eqi ia t ions p e r t a i n i n g  t o  t h e  f u e l  c h a i n .  If: t h e s e  

provis : ions w e r e  added, f a i l u r e  ratr:3 and release rates f o r  each  p e r i o d  

could b e  set  by t h e  IIerriperature and o t h e r  f a c t o r s  a s s o c i a t e d  with the 

p e r i o d .  Since c o n d i t i o n s  are regarded  3s c o n s t a n t  w i t h i n  a p e r i o d ,  

e x p r e s s i o n s  would be r e q u i r e d  f o r  t r a n s i e n t s  r e l a t i n g  t-i .me s t e p  and 

tempera ture .  Such e x p r e s s i o n s  coul..d he used ,  i f  needed, t o  control-  t h e  

l e n g t h  of  t h e  t i m e  s t e p  as w e l l  as t h e  system responses  t o  t h e  t r a n s i e n t  

and t h u s  keep t h e  r e s p o n s e s  reasonably  l i n e a r  from s t e p  t o  sl:e:p. 

The q u e s t i o n  o f  p e n e t r a t i o n  of t r i t i u m  i n t o  pores  of thi-ck graphi - te  

material ,  such as r e f l . e c t o r  b l o c k s ,  and i t s  movement i n t o  such imter ia l s  

a p p e a r s  t o  r e q u i r e  a d i s t r i b u t e d  system a t t a c k  t h a t  i s  d i f f e r e n t  f r o m  t h a t  



-53- 

used f o r  t h e  p re sen t  code. However, some approaches t o  t h i s  ques t ion  

appear t o  o f  f e r  u s e f u l  approximations wi th in  t h e  p re sen t  code s t r i l c t u r e ,  

and these  should be  examined. 

I n  o rde r  t o  f a c i l i t a t e  t h e  a d d i t i o n  of e i t h e r  sources  o r  d l s t r i b u t i o n  

compartments i n  p a r t i c u l a r  cha ins  without  r a d i c a l  reprogramming, t h e  

o rgan iza t ion  of t r a n s f e r  terns i n t o  a n  a r r a y  which w i l l  SUPPLY t h e  needed 

va lues  t o  t h e  c a l c u l a t i o n  s t e p s  i s  suggested.  I f  t h i s  could be done, 

t h e  E l e x i b i l i t y  of t h i s  code f o r  a v a r i e t y  o f  u s e s  would be cons iderably  

enhanced. 
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9.2.  Appendix 11: TRITGO Code L i s t i n g  



c 
c 

c 
c 
c 

C 

c 

c 

c 

c 
C 

C 
c 

C 
C 
c 

C 
r 

c 
c 
c 
" 
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T SN 
T SN 
T S N  
I: SN 

T SN 
T S N  
r_ SU 
T S N  

T S N  
T S N  
1 SN 
TSW 

T I S N  
I SN 
T sw 
I SN 

T SN 

T SN 
ISN 
I SN 
TSF 
r SN 
ISW 

TSN 
I SEI 
T SN 
T SN 

001n 
0019 
0020 
0021 

0022 
00'27 
0 0 2 4  
0 0 2 5  

0 0 2 6  
0 0 2 7  
0 0 2 %  
0 0 2 0  

0030 
0031 
0032 
0033 

00311 

0 0 3 5  
0 0 3 6  
0 0 3 7  
0 0 3 9  
0 0 3 9  
ooun 
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TSW 007' 



60 

T S N  0 0 8 9  
T S N  0 0 9 0  

T S N  0007 
T S N  0097 
TSN 0 0 9 7  
r S Y  0 0 9 4  

T S N  0 0 9 6  
ISN 0097 

TSN 0099 

TSW 0099 
TSN 0 1 0 0  

TSN 0 1 0 1  
I S N  0 1 0 3  
ISN 9 1 0 3  
T S N  0 1 0 9  

ISN 0 1 0 8  

T S N  0 1 1 1  

T S Y  0 1 1 6  



r
)
 

n
 

n
 '3

 
rd

 
5
 

13
 

n
n

 
n
o
n
 n
 

U
 

0
 

w
 

J
 

73
 

:e
- 

ll 0
 

'3
 

3
 

h
, 

N
 

0
 

u
 

n
 

0
 
3
 

a
 

w
 

r:
 

II 4
 

d
 

W
 

G
) 

n P
 

io
 

-?J n
 

! 

m
 

4
 

-?
J 
0
 

e
 

. 



62 

TSY O?OIG 
TSN 0 2 0 5  

D n  1 1  r = 1 , e  
nn 1 1  N = l , N R E G  
SA ( T  ,N) =%O {T , N )  

1 1  C O P T  TN U E 
YCC=TC ( I C A S F )  
GO TO ( 3 0  I ,  202,207, 7 0 u , 2 0 t , ? 0 6 ,  2 C 7 )  , T C C  

W R T T E  ( 5 , 2 0  1 1 1 )  
2 0 1  CONTINU':  

2 0 1  1 1  n O R 4 A T  ( B H l  , ' E A S E  e k S E * )  
GO T O  1 2  

2 0 2  CONTTMOE 
DO 2 3 2 1  T-S,NFNU 
D P R 9 2  (Tl)  = 3 ,  

,7071 COPJTINUF 

2 0 2 2  FORliAT(IHI,*CASE = LOW HYDROGFS') 
G Q  TO 1 2  

2 0 3  CnNTTNUF 

W R T T E  ( 5 , 2 0 2 2 )  

DO 7 0 3 1  I=i,srtiD 
P P w H 2 ( 1 )  = 3 0 0 .  

203 I CONTPWUF 
WRITF(5,2032) 

2 0 3 2  FORWAT (lH1,'CASE = H I G H  9 I Y C P O G E N ' )  
GO TO 1 2  

2OU CONTTNIIF: 
DO 2 0 1 1  T=?,YPND 
PPRH2 ( I )  =3C. 

DO 2OU7 N=l,NFFG 
Y P X Y  (N) = H F R F C I  ( V )  
Y F R V C L  ( N )  - C .  

Id9 i T E  (q, 2 3  u2)  

2 0 4 1  CONTINUF 

2r)U 3 COPJTYNUP 

20'12 P ~ ~ ~ A T ( ~ H ~ , ' C A S E  = ~ L T  T P ~ T T U V  F F C Y  I $ " Z T U R - ~  ? F T A T N P D  TR'  as, 
E N O N E  TC' S C L I D 5 ' )  
<O T O  1 2  

2 0 5  CnNTTNIIv  
n n  2 0 ~ 3  U-?,NRFG 
H C Q F C L  (N)=PFXX ( 7 )  

0 0  ? O q 1  T=I,NFND 
GP Y Y  =. 

2 0 5 1  CONTLNUF 
7 R T l ' p ( K , 2 ? c ? )  G A M M ( 1 )  

2 0 5 2  FOFVAT(IH1, 'CASE = PUFITICATION ELPNT EPFTCIENCY S F T  l'C ' , F 5 . 3 )  
G O  T O  1 2  

2 0 6  C O N T I N U F  
DO 2 0 6 1  Y=l,NFEG 
P R A P Y  (N) = I  . C  

D O  7 0 6 2  W = ? , I J E N D  
G 4 Y M  (N) =1 .  C 

W P T T E  f c , 2 C ) f 3 )  

205 7 P O W T I N  U E  

2 0 6 1  C O F T I W U F  

2 0 5 2  CONTINUF 

2 0 6 3  vOPPIAT (1HI,*CASE - A L L  T E I T T U P  F C E p l F ' n  I N  S r L T D S  T Q 3 Z V E P S I R L Y  
F, ~ O I I U D ' )  

GO TO 1 2  
307 C O V T I N U F  
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TSN l)??c 
I S N  0 2 2 "  

I T ? !  0 2 2 7  
T S N  937R 
TSN 0 2 2 9  
TSN 0 2 3 0  
ISW 0 2 3 1  
I S V  0 3 3 ?  
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T S N  O L U ?  

TSN 0 2 4 3  
T S N  0 2 4 0  

ISN 02115 

T S Y  0 2 5 5  

I S N  0 2 5 6  

TSN 0 2 6 0  
ISN 0 2 6 1  
TSN 0262 
ISN 0 2 6 3  
T S N  02F '*  

T S N  02hc 
T S N  0 2 6 6  
TSN 0 2 6 7  
ISN 0 2 6 Q  
ISN 0 2 6 q  
TSN 0 2 7 0  
ISN 0 2 7 2  

I S Y  0 2 7 5  

T S Y  3.277 

DO 1 3  K-1,9 
( Y - ? T O M S  TRTTIUIVI F R C F  S O U R C E  T J N  S T b K  K , R F G l C U  N ,  c A Q R T u D  
c F P R W A Q D  F R O \  F R P O E  F E R I O C .  H F R E  1 N I T r A r I - i  Y F F O  

Y ( T , R , N ) = O . O  
1 3  C O N T  TNUF 

C q F Q T  R E G T N  C A t C U L W Z r O W S  T O R  I Q D T V T E U A L  P F H T C D S  
c 
C TNDEX I, T N n I C A T E S  P A R T T C U Z A F  F F E T C C  

C C A L C U L A T F  P E R I C D  L E N G T H  TN S F C O N F S  

c 

O n  1 4  L = ? , N E N D l  

P = R .  f i U C U *  (CT ( t + l )  - n T  t i , ) )  
TSAREA=O.O 

VFFSUM -0 .  
00 1 4 7  N-l,NREG 
T S A R F A = T S A R E A + W T C I X  ( W )  *f ib?? .h*SET ( N )  
VFPSUM=VFFSUPlcV (N) *FSZFd ( M )  * F U E L  ( b ' )  

C V F F S U M  I S  VOL"FLOX*F!JEL S U R  V C R  R E A C T O R  

1 4 1  C O N T I Y U F  
C 
C I N D E X  F I N D I C A T E S  P A R T I C U L A R  I R I T I U I "  S I N K  

1q r4TOM (K) =O.DC 
C 
C I N D F X  N 3 N D T C A T F S  R P G I O W  F O R  WHICH CWTCOLBTICN ?$ S E L N G  F 9 D E  

DO 15 K-.1,8 

no 1 6  N = I , N P E C  
c 

C ADSrJST S O U R C E  F t A C T I O Y  R A T E  F C F  F E R I C D  FEI9TIVE POWFR 
15  STG ( I )  = SAG (1,N) *PWP ( L )  

r)O 19 T = l , 6  

SIC, ( 7 )  = P W R  (1) + R T / A T H E  
F I S = S T G F L  ( a )  * P W R  ( L )  * T R W * ~ .  1 2 1 r ) r , 1 ~ * u  (N) W F S L U  ( w p  * F U F L  (NU) / V F F S U *  

C 
PUR=GAMM (1,) * C P U R  
CHANGE=FFb1!:2 ( 1 ) / F F M H 2  ( 2 )  
Y F AT X = C  9 T X * DS Q RT (C ti AhTG P b 
A T G A S = 9 T N r * P F V 8 2  (I) *l.C-E 
P M M I F F ~ S S ~ ~ F G . * P T M ~ ? ( L )  a t . E - 6  

C 
C T T € t 1 4 " I V C  SOLUTTQN T O  T E P ' F F R A T U R P  NCN-PFtFNfENr T F M Y I N  T S O T H F F Y  
C F O P  H Y D q O G E N  C F F M I S C R P T T O I I  O N  G R A F H T T E  

YY=. 1 
U Y = O  

# X = N X +  1 
YY=SCr/l)/SCc(3) * n L O G ( S C C ( 2 )  * P Y f l 4 ( S C C ( l )  - X X ? ) / X X O )  
T F ( ( ( D A B S (  ( X X - X X O ) / ( % Y * X X O ) ) )  . G I . . O C 0 2 )  .ANC. ( Y X . L T . 2 0 ) )  GC, T O  1 9 "  
SCCSOM L Y X  

1 8 F  Y X O = X X  

r 
4 D A T O 3  = T S A R  
S A D = A C A T 7 8 /" A 1 G A S 

A*SCCSQ I * 5 . 3 7  3 t 1 0 

A O S =  1 . 0  t S A  II 
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r su 
I sw 
T sw 
ISN 

r5'J 0 3 ? 6  
I S N  0.327 
TSW 0 3 2 8  
ISN 0 3 2 "  
ISEJ 9 3 3 1  

20 

2 1  
r 
c 
c 

c 

P 

THrjr)UC;f l  STRT"MFNT 2 3 , J  I S  A N  T N D F Y  X Y D T C A T I N G  W(IFTAF:i, W T  r k 1 , C l J i P " ' ~ '  
T R I T I l l Y  R E M A I N I N G  IN=l CR F f l F R G I N G  FP,CM=2 A G T V S N  57MK NOnF:  

30 19 J = l , i  
TF(J.FC.7) GC: TO 70 
A A = 1 . 0  
si3=q.o 
T T = D S X F  ( - I )CA Y*T) 
VV=l.O 
FFrl.0 
S ( 1 )  = D C R Y  
GO TO 2 1  
R ? = A V S  
OB-l l  . O - T R R F X  (M) 
TT = D E X P (-C T. A Y * I) 
VV=l.O-HERFCL (N) 
P = l . O - F T R A F  
s (1) =CLAM 
IF ( 1; . F C .  1 ) I T= C - 0  

Y=&TOy:> T h T T I U f l  F R C U  S O U R C E  1 , T N  S T N K  K O F  R F G T O Y  '8 A T  E N 8  
OF C I J R X F N T  P E R T C D  

S ( 7 )  =?TS ( 1 )  
T Y P ( l , J ) = ( P P / F R )  * S I G ( l ) * S A  (1,N) * G ( ' I r S , ? )  
I F  I J .  FQ. 1)  X ( 1 , l  , N )  =TF* ( 1 ,  J) + Y  ( 1 , l  N )  *'IT 
TF(,J.FC.7) X I I , u , F I \ = T M P ( l , J \ + Y  ( I , U , N I  *TT 

s ( 7 )  =SI(; ( 3 )  
T P "  (2,nJ) = [ F F / A A )  *SLG (2) *SA (2,N) * G  {T,S, 2)  
T F  (J . F C .  1 )  W ( ? , I  ,EJt = T Y ?  (2, J) + Y  ( i , 1 , " )  *'IT 
T u  ( J .  FO. 7) X ( 2 ,  4 ,N1 =TMP ( 2 ,  J)  + Y  (2 ,11 , Y I  *?T 
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T S N  0 7 6 0  
ISN 0 3 6 1  
I S N  0 3 6 7  
I S N  0 3 6 7  
TSN 0 3 6 U  

TSN 0 3 6 C  
T S N  0 3 6 6  
T S Y  0368 
TSN (336s 
T S N  0370  

TSN 0 3 7 2  
ISN 0371 

L 

TYP ( 6 , J )  = ( F P / A A )  * S I G  ( 1 )  * S T G ( h )  * Y A  ( 6 , P )  +r; ( T , S , 3 )  

TF(.J."(1.2) X ( 6 , 4 , N ) = T F P ( 6 , J )  t Y  (6,U,N) *T'C 
I F ( J . F C .  1) X (6,l,W) z T f l P ( 6 , J )  C Y  (6,l,N) *TT 

r 
5 ( 2 )  = G S O U T + S T C ;  (7 )  
T V P ( 7 , J ) = ( V V / A A )  * S I G ( 7 ) *  [ S A (  7 , N )  + ( ; ( T , S , 3 ~ + c , S O l J T " , i c O R I T : +  

t; F R ( N ) * R ( T , S , 2 ) )  
TF  (J. FQ. 1) X (7,1,N1 =TYP (7, J )  t Y  ( 7 , l  , N )  *TT 
T F ( J - F Q . 2 )  Xf7,'JIN)=T~P(-P,,I!tY ( 7 , U , N )  *IT 

C 
DO 2 2  T=l,& 

I F  ( I . L E .  6 ;  4F!=TQAPX (N) 
'IF ( I . F C .  7 )  F F = H E R F r I .  (N) 
T F I . I . E C . 8 )  R E = F T R A P  
X ( T , % , N )  = X  ( T , l , N ) * P u  

x ( - I ,  3 , N )  = x  ( T  , u , N) * S  A D 

22 CONTINUF 
C 
C C A L C  R E L A T E D  TC L O S S E S  P H O Y  G A S  SYSTFM ANT: LAT1'4'7 SYSTEY 

S (2j - C L A M  
AA=ADI '  
n.il=l .@-TRP F X  (F') 
VV=l.O-HER E C L  (N) 
'F=% .O-F 'TRqP  

C 
90 23 . J = 1 , 2  
I F ( , J . F C . Z )  G C  'ro 2 ~ ;  
s ( 1 )  = r c q y  

2 u  S ( 1 )  = D C A Y + ' Z C S S  
GC T O  2c 

2 c  G K = G  ( T , S , 7 )  
IP(L.FC.l) G K z O . 0  



c
i
 
c
 

c
 

It' 22 
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isw O 4 & ?  
TSN 9 U U U  
T S N  0 4 u 5  
ISN OUUF, 

ISY 0 U 6 3  

C 

20816 F O R V i A T ( l d O , l O P 4 , '  PHAC'1'1ON O F  H E ? ( M , P ) T  R F r O T T S  S O U N D  r t4  SOLIDS', 
WSTTE ( 5 , 2 O P U )  ( R N W Y E  [J ,N)  , J - I , l O )  , H F R F C I .  (N) 

5 1 = I  

r; m . 5 )  
r)o 30 1 - 1 , a  
I F  ( J F L A G  (I  , N )  . EQ.0) G C  T O  30 

C OVESALL SUI.! O F  TRTTSUM CT1Hlt.S F O R  T H F  V A R I O U S  S T Y K S  

3 1  
C 

DO 3 1  K-l,€! 
TAT0'4 ( K )  -TATrPq  ( K )  + X  (I,K,N\ 

IF ( ( S A  (8, N )  . r U . 0 . ) .  AND. ( I F  (I) . FQ . A ) )  G C  T C  3 0  
WSITF(5,20E7) A N A U F ( I E ( 1 ) )  , S 4  ( I F ( 1 )  ,N) , ( X ( I P ( T )  ,K,N) ,P=1,9) 

2 0 3 l  FORMAT ( 1 H  , A P ,  l F C 1 2 . 4 , C F ~ ~ 1 3 . ~ )  
30  CONT IN U F 
C DO SUR O F  T R I l I U N  C U S I t S  FOR 'IHP V A r i P U S  C T N K S  t Q u  ' ; I V F N  P 7 b I O N  

DO 3 2  r(=l,P 
ST I K )  =O. 
DO 3 2  T=1,A 
S r ( l c ) = S T  (Y) +X(I,K,N) 
C 0 N T T N TJ F 
W Q T T E ( c , 2 0 P f ? )  ( S ' I ( k )  , Y = I , E )  

TF(L.NE.NFWC1) GC TO 1 6  
COVT I N u F 

7 2  

3068  F O R V A T  (Ih0,'PFGTCN T O T A L S  I ,  O F  13.6) 

= 3  
C TP=SUN OF TPL1'1UM O I S T P T i B U T F C  T N  R E C T C N ,  TO C Y ? C K  A G A T V S I  D B O D U C " I O Y  

l l n = o .  
r)n 7 4  K = ~ # F )  
r D = T D + S T  ( K )  

W r ' i r E  ( ' , 7 0 ~ 9 )  S T  ( I )  , T L )  
34 C O Y T  I Y U F  

7 0 9 9  F O P M A ' l ' ( l d  , " 1 9 I T T U V  F R O C U C E D  I N  F F G T O N  ' ,3Y, 1PD27. IC;,1?X, 
1" r0 ' JTIEJ U F 
C YFQF C9Y"LFTFC C U T P U T  FO'1 < I V p R l  D E G I C N  PCL CU3SP'J ' I  P 7 ' O I P r J .  
r O U T P U T  TCTILS F C R  F A C W  S T N K  A ' I  I . N r  C F  F E Q T C r  
c 

b l R I T 7  ( r , 2 0 0 0 )  
7 J 3 0  P 9 R Y A I  ('!YO,'T@TAL C D a l E S P  ,PY,QF1'.6) 

QO 3 ;  K = l , E  
1 5  C 4 T O M  ( R )  = T A T C "  ( K )  

7 ' T R I T I t I M  C I S ' T R I P O T E C  I N  R E Y T O N  ',C22. I C \  

( 'TAT9M ( K )  , L i t  8) 
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TSW 
T SN 
T SN 
T SH 
I SN 
T SN 

T SN 

1 SN 
T SW 

0 47'. 
0 4 7 h  
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C 
C S U B P O U r I N F  H I S T R Y  MFRGES T H F  S C V F R A L  T N P U T  T R B L E S  7 F  F I N E  R N D  
C (1) Q E L A T T V F  PCWFR, (7) F I Y D P r G F N  CONCENTPATTON AN3 P U P T F T C A T T O N  OLAN r 
C E F F I C I F W C Y , A N C  ( 3 )  P A R T I C U L A R  F V E N T S ,  A N D  S T T F U L A ' L ' F D  S P I N  OF 
C C 0 T D U T R T T O W  I N T O  A S T N G L F  T A B L E .  IT d 1 L L  R E C F l V P  50 PPRTr) ' lS T N  A Y Y  
C TNnUT TAE36P P E O V I D E D  THE O U T P U T  T A B L E  r O F 5  bC'L E X C E E D  100 P F R Y O D S  

rsrJ O O O ?  SUbROUTINF i - l ISTPY 
T S Y  3 0 0 3  C Y P L I C I T  R E A C * e  (A-H,O-2)  

1 sw 

T Shl 

TSN 
T S Y  
T SN 
TSN 
I SN 
-r 5N 
T SB 
T S N  
I SN 
I SN 
T SN 
I SN 
T cN 
ISN 
T SN 
1 SN 
T S N  
I SN 
I SN 
T SN 
ISN 
I SN 
T SN 
T S N  
T S N  
I SN 
I S Y  
T S N  
i SN 
r S Y  
1 SN 
'I SN 

ISN 
r s a 

1 SN 

000'1 

O 00+ 

OOOh 
ooo'p 
OOOR 
000n 

0 0 1 2  
0 0 1 U  
0 0  15  
0 0 1 6  
001' 
O C 1 9  
0 0 2 1  
0027  
0 0 2 7  
0 0 2 4  
0 0 2 5  
0 0 2 8  
0024 
0 0  30 
0 0 3 1  
003? 

09-39 
0 0 3 5  
0036 

0 0 3 5  
0 0 4 1  
0 0 4 3  
O n b 5  

00'46 
0 0 4 7  

r)OUP, 
O O U Q  

o o i n  

o PI 37 

on  3 7  

0 0 5 0  

C 
C o M M O N / i l t S ? / D S T A ~ ' P ( ~ O )  , T H 2  ( T O )  , C C D E ( q O )  , G f i W ( ? 0 )  , P M 2 ( 5 0 )  , T F V ( y O ) ,  

5 9 S L P i J R  (KO) , J 7 , T ' Z , K Z  
c 

COMMOP/S/PFMHZ j lO0)  ,P~ES',CEB?X,STC,GAMr ( 1 0 9 )  , n T ( l o o )  , 
G P W R  ( 1 0 0 )  ,EVNT(lOO) ,TeND,TeEGIN,W~HE,TERP,NEYD 

I- 

J B = O  
T U = O  

K Y = O  
DC! 2 0  ,1=1,JZ 
I F  JDSTART (3) .CT. TBFGIN) GO TO 2 0  
TF(JS.NF.O)GC TO 20 
J R -3 

DO 40 I = l , I Z  
20  C O N T I N U P  

T F  ( T H ?  (T) . I.T.Tf4EGIV) GO TC U O  

IF (I?. NF.0) GC TO 40  
i8=T 

no 5 0  K = l , K Z  
T F  (T9V ( K )  . I T . T B E G T N )  GO T O  6 0  
I F ( K T 3 . N v . O ) G C  TO 6 0  
Y 9 = K  

,J=J? 
-r=.rr3 
K = K B  
x1=0. 
x2=9. 
X?=0 .  
Xk.3. 
T F  (JB.GT.1) X 1 = 3 F L P U R ( J E - 1 )  
IC(IE.GT.1) X 2 = F Y ?  ( I P - 1 )  
I C  (IB. GT. 7 )  
I F  (KB.GT. 1) X 4 = C C C E  ( K B - 1 )  
N = O  
TX=TBEG IY 

4 0  CONTINUP 

6 0  co N'r  IN u F 

X 3 = G A M  ( T E -  1) 

3 1 1  N = N + 1  
C D T = T T M F  A ?  S T A F ' I  O F  C I I Q R E N T  F E F I C C  

DT ( N )  = C i Y I N l  ( C S T A R Y ( J )  ,TH2 (T) ,'l'FV ( K )  ,TX) 
T Y = T E N r 

c P N Y = F E L B T T V F  F C W P R  FOP C U R R E N T  F E F I C D  
P 4 "  ( Y )  = x 1  

C D P Y R 2 = H Y 3 R C G p N  CONCExlT9ATION (VOL F F V )  IN P F I S A Q Y  C o O L A N ' T , F O F  
c C U R R E N T  PEFIOC 
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F D f l H 2  (N) = X 2  

G A M Y  (N) = X 7  

F V N T  (N) = X U  
IF ( D S T A P T  (J) .NF. DT(w) 1 G C  TO 3 0 2  
P V R  ( W )  =TIFLtFWR (J) 

i' ( : A f Y q = P U R T F T C R ' I T O N  PLANT F F P T C T F N C Y  FOE C I J Z R F N T  P"r?Tr>h  

!- F V N T = r V F P T  F L b G  V A L D P  FOX T l l ~ r E N T  P F R T n n  

x l=RFZ.PWH (J) 
*J=J + 1 

3 0 7  T F  (TH7 ( T ) .  N F . D T ( W ) )  GO TO 303 
P P M H 2  (N) =PmZ (T) 
X ? = P N ?  (T) 

X 1 = G A A  (1) 
I = T +  1 

EVNT (N) = C O P E  ( P )  
X l l r C O D F  (K) 
K = K + 1  

30Q CONTINUP 
T F ( D T ( N )  . L T . T F N D )  G O  TO 3 0 1  

2 Q 0  NPWr)=N 
RFTURN 
FNP 

G P M Y ( N ) = G P . f l ( I )  

703 TF(TEV(R).NE.DT(N)) 6 C  TP ?Oh 
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D A T A  D 80/0. ,  ? 1 . ,S9. ,9 0. ,12 0. , 1 5  I . ,  1 R 1 . ,2  1 2 . ,  211 3., 27 3. , 3 0 a .  , 3  ? u .  , 
5 3 6 C . /  

10  

2 0  

2 1  

U 

2 2  

G 

3 

6 
7 

I F ( I P J , A G . E C . Z )  G C  TU 2 0  
DAYS=- 7 6'. 
DO 10 1=6?,4Y 
D A Y S = D \ Y S + ? € ? .  
T F  ( ( 4 "  41/41)  .EQ.I') D R Y S = C A Y S + l .  
CON T I N  U F  
T F  ( T V .  L E .  2. A N T .  ( 4 *  ( T Y / I I )  ) . EQ. 1 Y )  
D 4 Y S = D A Y S + C f l C ( I N ) + T D  
P E T U Q N  
IY=6.7 
r ) 4 Y = D A Y S  
I F  ( U *  ( T Y / ' l )  . N F . I Y )  GO T O  2 7  
X = l .  
T F ( D A Y - 3 6 6 . )  3,3,4 
D A Y z D A Y - 3 6 6 .  
IY=IY+ 1 
GO TO 2 1  
X20 .. 
I F ( D R Y - 3 6 c . )  3 , 3 , 5  
D A Y = D A Y - 3 h C .  
IY =IY+ 1 
GO TO 21  
no 6 - r = i , 1 2  
DX=r)MO (1+1) 
I F  ( 1 . G T .  2 )  D X = D K + X  
I F ( D A Y . L E . C R )  G C  TO 7 
C 9 Y T I N  UF 
i e ( T . I T . 3 )  X = O .  
I Y = I  
T Q = Q A Y - C ' l O  ( I ) - X  
Q V T  '1 9 N 
F?JD 

C A Y S = E s l  Y 5 - 1  
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T S Y  

T SN 

r SN 
T SN 
ISN 
TSN 
r SN 

c-orrTLSR C F T T O N S  - N A F F =  M A T N , O F T = Q O , L T N F C N T = ~ ~ , ~ T ~ F = ~ ~ ~ ~ K ,  
S O U F C F ,  F F C D T C ,  N O L T S T ,  N O O E C K  , L O  PD, ~ A P , N O ? D T T  , N O T D ,  N O X R F : F  

c 
r SUt3HOlJTTNP R F C O T I ,  C A I ( - U T . P T E S  (1 )  THE C M  H A N G F  T V  HF'J r[TM AT R P A r T O R  
C T F l P E R A T V R F  A N C  PRESSURE GF T R I T C N  F E C O T L S  FRO'1 i l F - 3 1 N S P )  T P'$BC'TTOW, 
C (2) THE R F G l O N  AFLJUM FFACE T N  C U E T C  CFNTIYETF45, 
C T N C L U D I N G  ANY C H A N N E L ' ?  A N D  H Q E Y S ,  I N T E R N A L  & N O  FXTFREI4L BM"rlJT.1 ,  A N D  
C P O R E S ,  A N D  ( 3 )  THE G V P R A L Z  F R A r T T O N  O F  RFCOIIS WATCH WTT,L S T R T P S  
C AVJACENT S O L T C S .  
C V P L l I E S  (IF X h T T Q  C O N S T 4 N T S  ARF R A S E D  CN F O R T  CT. VH4 

c 
c snoimn APPLY A C E O U A T F L Y  T O  O T H F : ~  R E A C T O F S  W I T H  s T m  

0 0 0 3  

0 0 0 2  

5 U R R Q U T T N 4  

1 'I P f, TT T T R E A X * 8 ( A - ? I ,  0 - 7 1 

R W O T L  (WTC 1 X, DFWS, DRFZS, P G T  FYI:, WTNTAS, W F Y T A M ,  
& FHOtFS,V, H F R T C L )  

C QANGF:  R A S E D  O N  W R M U I A S  T N  E T A n Q T N G T O N  57 NUC SNG H A N D R O O K ,  P , 2 - 3 ( r ,  
WITH T R I T I r l M  P E C O I L  E N E R G Y  C F  .2 MFV 

0 I) 13 0. 

0 0 0 5  RRNGEA=."h*ET 
0 006 
00n7 
0 0 0 s  

ET=. 2 

Q A N G E B = .  5 6 4  ( (U.0026)  * * . 3 3 3 7 3 3 3 3 3 )  * R A N G F A  
D E N H E = 4 O O 2  .E/22@10.*PRFSS*27 3. I /  (273. I i Q G T F F Y O )  
R A N  GP = 4. / 3 . * 4 A NG E R/  E E F1 A F. 

C 
0009  vr=4245.513 
0010 WT=5430.32 
0 0 1 1  VCPRB=WTC1X*4~3.F/nFNS 
'3012 VPORES=VCRRE*(l.-D~NS/~.?~) 
0 0 1 7  RTNT4N=211.@59*BINTAN/.02/VT 
O O l U  R B O L E S = . 2 ~ F 2 2 8 7 s F H ~ L F S  
001'. V N F T = V C A S R +  ( I .  + R I N T A N + R U t t E S )  
0 0 1 6  F e X T A N = 9 4 0 , 2 8 2 a W E X T 4 N / " O ~ / V ~  
0 0  17 

9 0  1 R  
O O l Q  J f q C l , 2 = 1 .  -UlNTAN/Z./RANG? 
0 0 2 0  
o c 2 1  

0 0 2 2  QTTUR' i  
OO?? EV 9 

V = V C A  R B *  (3 f O L E S + E I N T A N )  + V N  ET*R E Y l  A N + V  PCP F S 

H R S I ,  1 = . 0 2 8  2 3*F ANGF/ . 0 0 I! 

HQ C C 3= 9 F N G  F/ 2 .  / U F YT A N /  2 
HFR ? C L =  (VC APH* ( ? H O L  FC: "HRCT, I +  ?1: 4T R V  * Yb C ?  2 ) ,111 FT *P "XT AN* HQSL ? 

C 

U 

P +VPORES*l .)/V 
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C O ' d i r T L " ?  C P T T O N S  - NAME= M h I N , O r T = O O , t T N F C H T = h O , s T 7 F = n 0 0 0 K ,  
S 0 U R C E ,  E ECD TC , NC I. T ST,  N i l  D EC K , T.0 A D , N A p I fu' 0 F UT 'I", NO J r) , N O X  R F 

r 

C. S I J B R O I I T ' I N F  A T E X , P P E S E N T L Y  S F T  iJP F O F  U T  I'C 1C C n P P O N P N T S  O R  
C SURPArFS ,  C A L C U L A T F S  T H F  F R A C T I O N A L  Z C S S  6 I T F  OF TRITIUM TW 7 H V  
C P T T Y A P Y  C O O L A N T  B Y  F F P P I F A T T O N  TW A Y F O C T A T J O N  WITH HYDROGEN THFOIJGH 
C T H F  S Y 5 T F M  S U E F A C E S .  f I X T F B M  TS THE F A ' I I O  C F  C V T R A I L  PERWFATTOW 
L R A T E  A S S l J M F C  FCR A P A q T T C U L A R  C A S F  I T ;  THAT Q5SrlL'l'TVG I F  A I L  P E G T O Y S  
C ' I S F D  PURF METAL V A L U E S  F O R  P F R P I F A T T C N  C O E F P 1 C T " N T S  

T S N  0 0 0 3  5 (J B R O  UT T E HTE X ( HXT E R PI 1 
T S N  0 0 0 7  I N P L I C I T  R E P L " 8  ( A - H , O - 7 9  
ISN OOOLI R F A L o U  XWAsUlE 
ISN 0 0 0 5  nIYENSIOX S C C R R  ( 1 0 )  

TSN 0 0 0 7  

1SN 0008  
T S N  0009  
ISY 0 0 1 0  
ISN 0011  
TSN 0 0 1 2  

TSN 0 0 1 3  

ISN 0 0 1 U  

I S N  0 0 1 5  
ISM 3 0 1 6  

ISN 0 0 1 7  
ISN O O l R  

ISN 0 0 2 1  

I S N  O C Z ?  

C 
CONPlOW/HX/ i r E A T ( 1 0 )  , A R E A  ( 1 0 )  , T H T C K  ( 1 0 )  , 5 ' l P P ( l O )  , C O V S ( 1 0 )  , 

F E N F R G Y  ( l O ) , X N A f l E ( ~ , l O )  ,NCC)MP 
C 

COlNON/n/PFMH? (100) , P R F S S , C F A T X , k ~ C , ~ A ~ ~  ( 1 O Q )  , D T ( l n r ) ) ,  
G 3W9 ( l o o ) ,  FVNT ( 1 0 0 )  ,~ENC,TeEGIN,kTHE,TEnf , N E N D  

C 
C H 3 H l = F A T I O  O F  TRITIUM P F F N F A T I O N  R A T E  " 0  T H A T  9" N A T U R A L  Y Y D P O G F N  

H 3 H 1 = .  60  
T O T H ? = P P # i i  2 (1 )  * 1. D- 64 WTH F* U5 3. E /  4 . O n 2 6 * 2  2 4 10. 
P H 2 S T D = P R e S S + P P M 8 2 ( 1 ) * ~ . ~ - ~  
CFl \TX=O.  0 
DO 50 I=I,MCCMF 

C C A L C U L A T E  T H E  S ' I A H D A R D  N A T U R A 1  H Y C R C G F W  P E R M E A T ' I ' J N  C O E F P I C I E Y T  
C FOR G I V E N  ' I E M L E S A T U R E  ANr C O P l E O N F N T  P U R E  METAL 

V H E A T = u 7 A C T T O N  C F  P R I M A R Y  C C C L A N T  G A Z  € H A S "  T G T T T U q  PERYEATING 
C A € A R T I C U L A R  C U R P O N E N T  P U R  S E C O N D  F C E  P U F F  F E T % E , A T  R Z F E P E N C E  I N I T I A L  
C H Y D R O G E N  C O N C F E T R A T I C N  

C S U P  O V F R  A L L  C C R P O N E C T S  R h J C  CCRRFC'S FOR A L T P R F 9  D P F F j r A T I D Y  
C C n F C F I C I F N T  F l ' lFCDIED Ihl " X T E R R  

S C C H R  (1) = C C N S  (I) *PFXP (-ENFRGY ('I) / (1. QA7* ( 2 7 3 . 1  + S T M P  ( I )  ) ) ) 

VFAT ( I )  = H 3 h l * A F i E A  ( I ) / T I I I C Y  (1) *r)SCRI  ( P H 2 S T L )  ~ S C c H R ( T ) / T D T H z / ~ ~ O o .  

C F A T X = C E A S X * P F A T  (1) *HTTF9M 
C O  C O N T T P U F  

c 
c O I J T P U T  T F E  P E C U I T S  c r  A B C V F  C A L C U L A T T C N ~  

WPT?Y(c,50) CFATX,PPYP2 (1 )  
6 0  P O R q A T  ( lFrO,SK, ' T C T A L  ST?%M G n N F P A T O R  Q A T F  C n b l S T 4 N T = r , l D c l i . u ,  

' SE'C-f k'PS PASFCI C Y  ' ,OFF7.7 , '  F P M  q 2 ' )  

nO C h  J = l ,  NCCMP 
W Q I I ' l ? ( 5 , 6 1 )  

5 STNF i J I  , S C C H F  (J) 

5 i 7 1 2 . 4 , '  S~CN,',OPUR.2,' FM,l,FT.!,r O E G  C , ' , l * 3 1 3 . 3 ,  
6 ' STD CC H 2 , W Y / S Q r Y , H R  P T  1 A T 9 ' )  

( Z N P R F ( K , J )  , K - q t K )  , ? I F A T  ( 3 )  , A q F A ( J )  , - P M I C K ( J ) ,  

51  F O Q H 4 T  ( 1 H  , ' R U ,  1 F D 1 2 .  h, ' S F C - 1 ,  ' 

5 6  C O Y T I N O F  
r 

2 P T I I S N  
P Y  r) 



T S N  0 0 0 1  
I S N  0007 

TSnl 0 0 0 0  

T S N  0005 

TSN 0006 
ISN 0007 
ISN 0009 
ISN 0009 
TSN 0010 

TSN 0011  
T S N  0072  
T S N  0 0 1 3  
ISN 00lU 
TSN 0015 
ISN 0015  
I S N  0017 

I S N  0018 
I S Y  O O l Q  

TSN 0 0 2 1  
ISY 0 0 2 2  

T5lu 0 0 2 7  
ISN 9024 

TSN 0 0 2 5  
ISN 0 0 2 6  

ISV 0 0 2 8  
SSN 0920 

ISH 0 0 2 7  
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Cr) PI F 11 F H 0 P T T O  N S - N A t4 E =  M A I  N , 0 PT = 0 0 ,  L T N EC NT = 6 0, CT Z F = 0 00 (1 K , 
SOU F C E ,  F: F C D T C , W O T, T ST, NOD F C K I L C P 1) , M A  P , PI 0 S n 1 'T , N 0 T J j  I NO X R T; F 

C 
r 
c 
c 
c 
c 

C 

C 

c 
C 
c 
C 
C 

C 
C 
C 

R 

9 
10 
c 
C 

C 

S U B R O I J T F N F  C R O S S  PROlVJCFS PULI,  PCWEF RRPACTTON 9 A T F S  OF ' P H F  Y A R T O U S  
SOURCE N U C L I D E S  IN EACH R E G T O N  AT T P F  'TNFIIT SLOW O n  FAST F L U X  V A L f J C S ,  
9 A S E D  OW THE VALUES G I V E N  TN T N F  B L C S K  DPTA S E C T T O N  FOH THP 

P E R  S F C O N C  
C R O S S  SFCTTON FOR SLOW CR FAST NFUTRONS P E R  SOURCF NEUTPON PER Cc: 

S U R R O U T T N E  CROSS ( N )  
I M P L I C  TT 

COYTION/Al/AWAREI9) , S A G  (10,1'5) , F N S , T # W , W T C l X ( 1 5 )  , T R A P X [ I S )  
, S I G F L ( 9 )  , S A ( 1 0 , 1 5 )  , E N C ( l + )  , T R E , F I S D E N , F F S T ( 1 ~ 1 )  , F S L W I 1 S )  

R FAL*@ ( A - H I  0 - Z l  

6 

C, , I S K I P ( 1 5 )  , M S R I P ( I S )  
6 , F L X P S L , F F X F F S  

COMNON/S/PEMH2 (100) , P R E S S , C E A P X , k T C , G A f l Y  ( 1 0 0 )  , n T  ( 1 0 0 )  I 

CPWP (700) , E V N T ( l n @ )  ,TEND,TBFG~N,UIHE,TErP,NEYO 

F L X P S L = p E R P Y  SLCW FLTJX E'ER SOURCE NEUTRON P F R  CC-S*'c 
F L X P F S = P E R B Y  FAST FLUX PER S O U R C E  N E U T R O N  PEE CC-Si?(- 
S N C S z S O U F C E  N E U T R O N S  P E R  C H + + 3 - S E C / /  
TFLX S L = T H F O R E T I C A L  SLOW FLUX / / T F I X  F S = I H  ECR F T I C A I ,  FBS T F L U X  

SNCS=FISCEN*FNS*l .@E-6 
T Q L X S L = F L X F S L * S N C S  
T FL X FS =FLX FFS* S N C S  
C F S T T = F F S T  ( N ) / T F L X F S  
CSLW =FSLW ( N ) / T F L X S L  

C O R R E C T I O N  TO S T G F L  F O R  P O W E R  P A C T O F  A N D  C E V I A T T O Q  ~ R O M  T m o .  F L I J X  
SAG=SFFECTIVE FULL POWER RFACTTON R P T E  F'OF F G I V E N  SOURTF 
NUCLIDE AT T H E  RSSTGWED FLUX C F  A G I V E N  Q T G T C N  

no i o  I = I , ~  
S A G  (1,N) = S T G F L  (I) * S N C S  

S A G  (I,N) = S P G  ( I , N )  *CSLW 

S l i G ( I , N ) =  SAG ( I , N )  " C F S T T  

GO T O ( R , 9 , 9 , t ? , 9 , Q , R ) , T  

GO TO 10 

CONTTMUF 
VRL'JE FOP F U F L  I S  STMDLY T H W  ' I F I ' I I U I  F I S S I O N  YTELII. Ifq d 4 T N  F R O G F A Y  
I T  WTLL P F  M U L T I P L I F D  BY TFiE FISSION RATF R A T H E R  T Y 4 T  FL'IY 

S A G  ( 8 , Y )  =SIGFL ( 8 )  
I F ( I S K T P ( N )  .NE.O) G O  TO 7 8  

WRTTE (5,771 FSLW ( N )  , F F S T  ( Y )  
77 FOFWlAT (1H ASSSGNFD SLOW F L U X = '  , 1 F E 1 0 . 2 , 6 X ,  ' A S S X G V * D  FAST PLl fX=p  I 

Fn10.2) 
r 

X R T T F  35,102)  ( A N A M F  (I) , T = l , 7 )  
102 FOFMAT (1H , ' E F F E C T I V E  CRCSS S E C T S C ? '  FLUX F R 9 D l l c T 7  ' , / , 7 (3X ,A8 ,2K)  

F, 3 x , t T  F T S S I C N  Y I E L ~ ~ )  
C 

WRTTE(C,101) ( S A G ( T , N )  , I = ? , 8 )  

I 5 K T P  (N)  =ISKIP ( N )  +1 
R F T U R Y  
E N D  

1 9 1  FOFVAT ( 8 ( 3 X , l P E 1 0 . 4 ) )  
79 
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COMrILFR OPTTONS - NAMF= ~ A I N , O P T = O O , T . I N F C N T = h ~ , ~ T ~ F = ~ O O ~ K ,  
S O ~ B C E , F P C n T C , N O L T S T , N O ~ F [ ' ~ , ~ O ~ D , R A P , N ~ ~ n ~ T , ~ ~ 7 D , N ~ ~ R ~ F  

c 
C F U N C T T O N S  G A N E  11 U S F  4 5  A R G I I N F N ' I S  ' I H F  TW'EFRIAL D l l R n T I O V , " H P  
C OVERALI .  LOSS T E R N S  FROM E A C H  N n D E  A N D  T H E  N i l R R E R  O F  L O S S  WOnFS.  
C FUNCTTON G I S  USFD FOR A S O U F C F  W H T C I I  T S  C F F L E ' P E D  D I J R I N G  TI !"  P F R I O V .  
C IT I S  'PO B E  ~ U L T I F L I F O  E Y  T H F  S O U f i C E  AYOIINT AT PWF R F G T N Y P W G  O F  T H E  
C P F R I O D  A N I :  T H F  7RANSFt.H R A T E  TFRVS FFOM N C n E  ' I [ )  NOQF;. 

C THP P E R I O D .  IT I S  T O  R E  M U L T I P L T F E  P Y  T H E  I N P I I T  RATF T P H M ,  A N D  THT 
C V O C E  T O  NODE T R A N S F F R  'YERHS. 
c T H E S F  P U N T T T U N C  F R Q  fro P F  A P P i r r D  T C  A L L  F A I R S  R E T W F F W  ~ L T ,  S O I I P C E  
C A N D  ALL S T N X  N O E E S ,  ( N O C E  = C C M F A F T N E N T  ) 
C F T l N c T l O N S  G A N D  q P Y  C .  W .  N F S T O R ,  C O M F I J T E R  S C T F N C I . ' ~  D T V T S T C N ,  O D N L  
C 

C F U N C T r O N  ti  I S  U S F D  F O R  A S T E A r Y  T N P U T  CH FOGCIVJC, FUNCTION FOR 

TSN 0 0 0 2  FUYC'TTON G ( T ,  S .  N) 
IS?? 0 0 0 3  I r I p L T c r T  F E R L + B  ( A - H ,  13-71 

c 
C D O U B L F - F R F C I S T O N  CAECULA'1'1CN C'F 

C N N 
C SUM FXF ( - S ( J )  *T) * PRCD I /  ( S  (T1-5 ( J )  ) 
C J =  1 T = 1  
C 1 . N F . J  
C 

TSW 00011 DIPlENSTON S (N) 
ISN 0 0 0 5  Sllr=O. E O  
I S N  0 0 0 6  DO 105 J = l , N  

C 

C I F  NOT, 5 K I P  C A L C U L A T I C N  C F  T H E  F R O E U C ' I .  

I 

C C C M P U T F  A R G U V E N T  O F  E X P C N E N T I A L  A N D  S E E  I F  I r  I S  R A N G X .  

I SN 
TSN 
I S N  
I SN 
I S N  
ISN 
T SN 
I SN 
L SN 
IS# 

0q10 
0011 
O P 1 2  
r ) O 1 ' 1  
SO15 
on16 

0018 
0 0  10 
0 9 2 0  

00 17 

C 
P a n r  = I.DC 
DO 100 T = l , N  
TF(1.RC.J) G C  TQ 100  
P 9 O D  = FROI: / ( S ( 1 )  - S ( J ) )  

S!TW = SUN + F R O D * D E X P ( - X )  

G = S U M  

EN I' 

1 0 0  CONTTATUF 

1 0 5  C O N ' I ' I N U F  

S T T U R N  
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C C I I I F I I P R  O P T T O N S  - N A N F =  # R T M , O P T = ~ ~ , I , T N F C ~ ~  = F O , S T ~ F = O O Q ~ K ,  
SOURCE,  E B C D T C ,  N O L I S T ,  NOC F C K . I , O A D  ,4AP, N O F D T T 8  HOTD,NOXREF 

C 
TSN 0 @ 0 7  F U N C T T O N  H {T, S ,  N) 
T S N  0007 T M P L T C T T  RFALL*R ( 9 - H ,  0-7) 
I S N  0 0 0 U  D T M Y N S I O N  S ( N )  

c 
C D O U B Z E - F R E C T S I O N  C R L C U L A T T C N  CF 
C 
C N w 
C S U V  ( ( I  - E X P ( - S ( J ) * T ) )  / Z ( J ) )  * F f i O D  I / ( S ( T ) - 5 [ J ) )  
c J =  1 T= 1 
c T NF. t7 
c 
c C O N S T A N T S  FOR F A D F '  A P F f i O X T f l R L ' I  FOR C ; O P T , I .  a R r ; l J Y : : q T  ( . L F .  0 . 7 )  
c 

T l i N  0 0 0 5  DATF 4 1 ,  A 2 ,  A 3 ,  A 4 ,  A T ,  A h  / -2.97619C-4, . O d 2 ' ; r l O ,  -.125DC), 
?.DO, -4.5D0, qq.I!O/ 

TSN 0 0 0 5  D A T A  B I ,  R Z ,  ~ 3 ,  E L I ,  FS, ~ f i  - 1 . 7 ~ ~ 7 1 ~ 3 c - 3 ,  . 0 6 ~ ' i n o ,  i.no, 
R q.D@, (IS.CC, 99.DO/ 

C 
ISN 0 0 0 7  StJM = 0.00 
TSN 0 0 0 8  90 1 0 4  J = 1 , N  
T S N  0 0 0 s  P903 = 1.DC 

T S Y  0011 I F ( 1 . E Q . J )  G C  T O  100 

T S N  0014 1 0 0  CONTINOP 
T S I  0015 X = S(J) + T  
TSN 0016 P = O . D O  
ISN 0017 T F ( X  .GT. C.2nO) GO TO 1 0 1  
TSN 0019 0 = ( ( ( ( P l * X  + E 2 ) * X  + B 7 ) * X  + P 4 ) * X  + E C ) * X  t P 6  
T S N  0 0 2 0  0 = T* ( (  ( (  ( A 1 * X  + A ? ) * X  4 A3) *Y + A 4 )  *Y 4 4 5 )  *W + A h \  / 9 
TSN 0 0 2 1  GO TO 102 
T S N  3 0 2 7  1 0 1  I F ( X  .LT. 1 7 Q . D O )  ? = D F X P ( - X )  

T S N  0 0 3 q  1 0 2  S U M  = SUM + TPOD*C, 
IS4 0025 10' C O Y T T N U F  
TSN 0027 F? = SUM 
T S N  032" S F T U R N  
I S N  0 0 2 Q  F V  D 

T S N  0010 no I O P  T=I,N 

T S N  0013 ?POD = P R O C  / ( S l I )  ,. S ( J ) )  

I S N  0 0 2 u  0 = (7.00 - r )  / S ( J )  
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9 . 3  Appendix 111: Output  (Partial) 

9.3 .1  Appendix III!a)  : R e p l i c a  of  I n p u t  
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C O P Y  OF+ INPUT V A R I A B L E  N A f l E : S  A N D  C A T A  RECORDS POLLOMS, A L O N G  
WITH R E L A T I V E  TInT?S ( 1 / 1 / 6 7 = 1 )  A S S O C I A T E D  WITH D A T E S  
NCASPS 

1 
IC 

1 

TITLE 
PORT SAINT V R A I N  REACTOR 

TNU FISDFN 
8412,OO 6 . 3 0  

UTHF P R F S S  T E R P  A E O N 0 3  G S O I I T  C P U R  
6170 .00  47.60 589.00 2 . C O D - 0 7  3 . 1 7 0 - 1 0  Y .  1OC-05 

w20 RZOM 
A.8OD 0 3  2.40D 0 5  
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N R  EG 
4 

R N A M E  
COR E 

RGNLBS D E N S  
4 17000" 1.770 

F HO 1, E S Y I N T A N  
0.6250 0.0050 

F U E L  FRACC 
1. 1,0000000 

PFST FST,U 
3 . 6 Q D  1 3  6.000 1 3  

R N A M E  
QEPCFCTO R 

RGNLBS DENS 
603500. 1 . 7 7 0  

FHOLES U T N T A N  
0 . 1 7 0 0  0 . 0  

FIIEI. FRACC 
0. 1.OQOOOOO 

FFST F S L U  
1.50D 11 3.20D 1 2  

R N A Y E  
BORON AT E D  R E P L F C T O R  

B G N C B S  DENS 
415300 ,  1.970 

F n o L E s  n I u T A N  
0.0 0 . 0  

FUEL F R  A C C  
0, 1.0000000 

PPST FSLl 
i . r on  oa 1.200 1 1  

R N B R E  
CONTROL RCDS 

R G N 1 . B S  DENS 
1060, 1.770 

F YO 1, E S UTNTAW 
0.0 0.10 

FTJEL FRACC 
0, l . O O O O O O O  

FFSP PSLW 
l . 4 0 n  1 3  5.5OC 1 1  

BET 
0.200 

WEXTAII 
0.0000 

PPf4LI 
0,aso 

BET 
0.200 

HEXTAU 

ePnLI  

0*0400 

0,050 

RET 
0 . 2 0 0  

W F X T A N  
0.0400 

Peni,I 
0.050 

BET 
0.200 

W E X I A N  
o 0 5 0 0  

P P N L I  
0.270 

RGTBffF 
7 3 2  .OOO 

P P R E  
320.0 

RGTEHF 
6oa.ooo 

PPne 
1 . 0  

R G T E R I :  
6 0 c . 0 0 0  

P P t l E  
6000.0 

R G T E N F  
6CC.000 

PPFIE 
14 5 0 0 ~ .  o 

T R A P X  
C.990 

FP?IBF 
0. c 

TBIPX 
0. q90 

P P n E E  
0.0 

T R A P X  
0 .940  

F F U B E  
0.0 

TRAPX 
0 . 9 9 0  

P P B E H  
O.@ 
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HISTORY L r s T s - - v a L w F  O F  1 IN FIRST C O L U B N  INDICATES E N E  OP ersr 
POWER HISTORY LIST 
J X  JRS JDS J Y S  RELPWR CSTART (WCT I N P U T )  
1 1 9 74 O . A Q 0  2 5 5 6 . 0  

CHEMICAL PARAIYIETER L I S T  (HYDROGEN CONC IN P P M , A N D  P I J R I F I C A T I C N  FIAHT F P P I C T E N C Y )  
IX T t l  In T Y  PN2 G AU "iH2 (NOT INPOT) 
1 1 1 74  3 0 . 0 0 0  1.000 255R.C 

LTST OF EVENTS TNDICATED BY CODE. 0-NO P R I N T O l J T , 9 . = D E P I U L T  E H T F Y .  

KX K N  K D  K Y  CODE TEY (NOT I N P D T )  
0 1 1 7u 9.0 255fl.O 
0 I 1 7 5  0.0  2923 .O 
0 1 1 76 0.0 32e8.0 
0 1 1 77  0.0 365Q.O 
0 1 1 7 8  0.0 uo 19.0 
0 1 1 7 9  9.0 4 3  PU .o 
1 1 1 $0 9.0 4749.0 

OTHER V A L T J F C  f l A Y  R E  A S S I G N E D  TO A C T X V h T F  5TATERENTS N C T  F R E S E N T L Y  P R O G R A R H E C  

DATPS STARTING A N D  STOPPING C O N P U T A T P O N  S P A N  
KSU K S D  KSY K E R  K E C  K F Y  T B E G f N  T E N D  

1 1 7 4  1 1 80 2559.0 4749 .O 
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9.3.2 Appendix I I T ( b ) :  Reactor Ghracterisz-ics: 
Base Case 
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3.3.3 Appendix ZII(c): F i r s t  Pear of Reactor Operation 
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. 

9.3.4 Appendix lTX(d): End of S ix th  Yeas of Reacror Opt- >ration 
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ORNL-TM-4 303 
UC-77 -- Gas Cooled R e a c t o r  Technology 

1. 
2 .  
3. 
4 .  
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
1 4  
15. 
1 6 .  
1 7 .  
18 
19. 

20-49 (I 

50. 
51. 
52. 
5 3  I 

54 B 

5 5 .  
56. 
57 I 

58-77. 
78. 
79 * 
80. 
81 
82 a 

83. 
84 m 
85. 
86 a 

87. 
88. 
89. 
90. 
91. 
9 2 .  
9 3 ,  

J .  
s. 
C.  
R. 
M . 
H. 
E. 
E. 
C. 
R. 
R. 
K.  
0 .  
W. 
J. 
S .  
A.  
J .  
H. 
E. 
.J . 
J. 
C .  
D.  
W .  
F.  
J .  
F. 
Ti. 
F. 
D. 
W. 
\J 
R.  
D. 
L. 
C. 
A.  
W .  
P. 
R, 
F. 
R. 
F. 
J .  

JNTEFdVAL D 1  S T R I  BUT 'LON 

L .  Anderson 
E .  Beall 
I?. Haes 
L.  B e a t t y  
Bender 
Beauj ean 
S. Hettis 
G. Hohlmann 
J .  Borkowski 
A .  B r a d l e y  
E. Brooksbank 
II. Brown 
W. Burke 
A .  Bush 
P. C a l l a h a n  
Can to r  
J. Caputo 
PI. Chandler  
E ,  Cochran 
L. Compere 
A. Conl in  
11. Coobs 
F. Coleman 
A. Costanzo  
8 .  C o t t r e l l  
L. C u l l e r  
E.  Cunningham 
C. Davis 
J. d e  Nordwall  
F. Dyer 
A .  Dyslin 
P .  E a t h e r l y  
R.  Engel  
R .  Evans I11 
E. Ferguson 
M. F e r r i s  
L. F i t z g e r a l d  
P. Fraas 
W. G r i m e s  
A. Haas 
L. Hamner 
E .  H a r r i n g t o n  
M. H i l l  
J .  Homan 
53. J e n k i n s  

/ C I  

9 4 .  
95-13?, . 

1 3 4 .  
135. 
1 3 6 .  
1.37. 
138. 
139. 
140. 
1.41. 
1 4 2 .  
143 & 

1 4 4 .  
145. 
I46  
147. 
148. 
149 .  
1&QW-- 
151, 
1 5 2 .  
1 5 3 .  
154. 
155 .  
156. 
157. 
158. 
159. 
160. 
161. 
162. 
163. 
1 6 4 .  
165. 
166.  
167 .  
1 6 8 .  
169.  
170. 
1 7 1 .  
172. 
173. 
174. 
175. 
176 .  

G. H . J e n k s  
P ,  B. K a s t e n  
R. J .  Ked1 
M. J. K e l l y  
H. T .  Kerr 
W. J.  Lackey ,  ,Jr. 
T. B .  Lindemer 
E. 1,. Long, Jr. 
R. A. Lorenz 
A. L. L o t t s  
R. E .  MacPherson 
A. P. Ma l inauskas  
W .  J .  M a r t i n  
W, K. Martin 
N. T. Morgan 
C .  W .  N e s t o r  
J .  P .  N i c h o l s  
K .  J.  Notz 
&-.&..-.(a& __._ I 

1-7. F. Osborne 
G .  W .  P a r k e r  
P. P a t r i a r c a  
R .  L.  Pea r son  
W .  H.  Pech in  
A .  M. P e r r y  
El Postrna 
Y. L. R i t t e n h o u s e  
J, M. Kobbins 
P a u l  Kubel 
J.  E .  Rus'nton 
A. D. Kyon 
J. P. Sande r s  
H .  C .  Savage 
C. D.  S c o t t  
J .  D .  S e a s e  
.J. H .  S h a f f e r  
K .  I,. S h e p a r d  
S .  S i e g e 1  
I .  I .  Siman-Tov 
G .  X. S l a u g h t e r  
J .  W. S n i d e r  
R.  S .  S t o n e  
R. A. S t r e h l o w  
.Je R. Tallackson 
?.I. T o b i a s  
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