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ABSTRACT 

A procedure f o r  t h e  thermal  a n a l y s i s  of t h e  c h a r c o a l  a d s o r b e r ,  i n  a 

r e a c t o r  containment  system, has  been developed t o  estimate maximum 

tempera tures  which may p r e v a i l  under a c c i d e n t  c o n d i t i o n s .  A d i f f e r e n t i a l  

e q u a t i o n  which relates t h e  charcoal. t empera ture  t o  t h e  h e a t  g e n e r a t i o n  

ra te ,  a i r  f low r a t e ,  and t h e  h e a t  parameters  of  a i r  and c h a r c o a l  h a s  been 

s o l v e d  b o t h  a n a l y t i c a l l y  and n u m e r i c a l l y .  The a n a l y t i c a l  method assumes a 

two i n c h  t h i c k  s l a b  o f  charcoal.  on ly  and i s  a p p l i c a b l e  t o  h i g h  f low 

rates.  A computer code h a s  been developed f o r  numer ica l  s o l u t i o n  of t h e  

equat:i.on f o r  t h e  c h a r c o a l  s l a b  i n  b o t h  one and three-dimensions.  The 

p r i n c i p a l  c o n s i d e r a t i o n s  have been g iven  t o  very  low flows and f o r  t i m e s  

soon a f t e r  onse t  of t h e  a c c i d e n t ;  c o n d i t i o n s  which pose t h e  g r e a t e s t  

t h r e a t  t o  t h e  c h a r c o a l .  Examples are g iven  of t h e  a p p l i c a t i o n  of t h i s  

code to r e a c t o r  of f--gas c h a r c o a l  a d s o r b e r s .  
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I. LNTRODUCT I ON 

Modern n u c l e a r  r e a c t o r s  are equipped w i t h  many s o p h i s t i c a t e d  

e n g i n e e r e d  s a f e g u a r d s  t o  p r e v e n t  o r  t o  l i m i t  t h e  release of f i s s i o n  

products  in t h e  e v e n t  of a r e a c t o r  mal func t ion .  A l l  s a f e t y  measures 

i n i t i a t e d  a f t e r  an a c c i d e n t  are d i r e c t e d  toward f i x i n g  t h e  f i s s i o n  

p r o d u c t s  irzto some c o n t r o l l a b l e  form such as i n  s o l u t i o n  o r  i n  suspens ion  

i n  t h e  case of containment  s p r a y  systems o r  o n t o  s o l i d  s u r f a c e s  as i n  

t h e  case of p a r t i c u l a t e  f i l t e r s  and c h a r c o a l  a d s o r b e r  u n i t s .  

I n  any p r o c e s s  tha t  c o l l e c t s  t h e  f i s s i o n  p r o d u c t s  some means must 

b e  provided  f o r  d i s s i p a t i n g  t h e  heat genera ted  by r a d i o a c t i v e  decay. 

A i r  f low through t h e  c h a r c o a l  normal ly  p r o v i d e s  t h i s  f e a t u r e  f o r  i o d i n e  

a d s o r p t i o n  u n i t s ;  however, c e r t a i n  combinat ions of i o d i n e  l o a d i n g  and 

reduced a i r  f low can b e  assumed which w i l l  produce a tempera ture  rise i n t o  

t h e  c r i t i c a l  range.  S i n c e  c h a r c o a l  i s  combust ib le  and c o n s i d e r i n g  t h e  

r e l a t i v e  importance of t h e  p o s i t i v e  containment  of i o d i n e  i s o t o p e s  i n  

s a f e t y  a n a l y s e s ,  i t  i s  of importance t o  i n v e s t i g a t e  t h e  v a r i o u s  f a c t o r s  

which a f f e c t  t h e  tempera ture  development and d i s t r i b u t i o n  i n  c h a r c o a l  

a d s o r b e r s  caused by i o d i n e  a d s o r p t i o n  under  a c c i d e n t  c o n d i t i o n s .  

T h i s  r e p o r t  c o v e r s  p a r t  of a c o n t i n u i n g  program sponsored  by t h e  

USAEC D i v i s i o n  of O p e r a t i o n a l  S a f e t y  on t h e  g e n e r a l  s u b j e c t  of c h a r c o a l  

a d s o r b e r s  by i o d i n e  decay h e a t .  Ear l ier  phases  of t h e  work i n v o l v e d  an 

i n v e s t i g a t i o n  of t h e  i g n i t i o n  p r o c e s s  i n  charcoal '  and t h e  i n f l u e n c e  of 

i o d i n e  f i s s i o n  p r o d u c t s  on t h e  i g n i t i o n  p r o c e s s .  2 ' 3  

were conducted w i t h  real  i o d i n e  f i s s i o n  p r o d u c t s  produced i n  an  i n - p i l e  

f a c i l i t y .  This  r e p o r t  and a b r i e f  paper  a t  t h e  Eleventh  AEC A i r  Cleaning 

Conference4 cover  

a l l o w  an e s t i m a t i o n  o f  t h e  tempera ture  development i n  ful l -scale  c h a r c o a l  

a d s o r p t i o n  systems t o  b e  made. During t h i s  phase of  t h e  program i t  w a s  

n e c e s s a r y  t h a t  some l a b o r a t o r y  measurements b e  made of c e r t a i n  parameters  

such  as v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  h e a t  c a p a c i t i e s ,  c h a r c o a l  

p r o p e r t i e s ,  e tc ;  t h e s e  measurements are e s s e n t i a l l y  complete and w i l l  b e  

d e t a i l e d  i n  a companion r e p o r t  t o  b e  i s s u e d  i n  t h e  n e a r  Euture.  T h e r e f o r e ,  

t h i s  r e p o r t  w i l l  b e  l i m i t e d  t o  a d i s c u s s i o n  of t h e  computer programs and 

t h e i r  a p p l i c a b i l i t y ;  c e r t a i n  p a r a m e t r i c  v a l u e s  w i l l  b e  e s t i m a t e d  

f o r  t h e  purpose  of i l l u s t r a t i n g  t h e  u s e  of t h e  program. 

The l a t t e r  tests 

t h e  e f f o r t  t o  develop and apply a computer program t o  
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11. CHARCOAL ADSORPTION SYSTEMS 

Charcoal  a d s o r p t i o n  systems o f  v a r i o u s  c o n f i g u r a t i o n s  are used i.n t h e  

containment schemes of t h e  s e v e r a l  t y p e s  of  n u c l e a r  r e a c t o r s .  A E C  

res ear ch and p roduc t i o n  re act  o rs u t i  1 i z e n e  g a t ive p res s u r  e con t a:inme n t 

w i t h  cont inuous v e n t i l a t i o n  through gas  decontaminat ion systeins u t i l i z i n g  

c h a r c o a l  and o t h e r  components ; nucl-ear  power r e a c t o r s  of t h e  b o i l i n g  

water t y p e  (BWR) u t i l i z e  a s i n g l e - p a s s  gas  decontaminat ion system, 

c o n t a i n i n g  c h a r c o a l ,  l o c a t e d  o u t s i d e  t h e  pr imary containment;  some of t h e  

n u c l e a r  power r e a c t o r s  of t h e  p r e s s u r i z e d  w a t e r  t y p e  (PWK) u t i l i z e  l a r g e  

r e c i r c u l a t i n g  gas  decontaminat ion systems l o c a t e d  w i t h i n  t h e  containment .  

Each t y p e  of c h a r c o a l  system w i l l .  b e  s u b j e c t e d  t o  d i f f e r i n g  i o d i n e  

l o a d i n g s  and o p e r a t i n g  c o n d i t i o n s  fo l lowing  an a c c i d e n t  I Systems used 

i n  t h e  PWR's w i l l  probably b e  s u b j e c t e d  t o  t h e  most severe combination 

of i.odi.ne l o a d i n g  and o p e r a t i n g  c o n d i t i o n s .  F i g u r e  1 i s  a composite 

i l l u s t r a t i o n  o f  s e v e r a l  of t h e s e  systems.  

Charcoal. Adsorber Uni t s  

The i n d i v i d u a l  a d s o r b e r  u n i t s  which make up t h e  a d s o r b e r  system f o r  

n u c l e a r  r e a c t o r s  are a v a i l a b l e  i n  two c o n f i g u r a t i o n s  Both t y p e s  c o n t a i n  

a l a y e r  of g r a n u l a r  c h a r c o a l  h e l d  between p e r f o r a t e d  s h e e t  m e t a l  through 

which t h e  a i r  f l o w s ,  The method used f o r  s u p p o r t i n g  t h e  e n c l o s e d  l a y e r  of 

c h a r c o a l  g i v e s  r ise  t o  t h e  two t y p e s  of a d s o r b e r  u n i t s  g e n e r a l l y  used. 

I n  one type  of  u n i t  t h e  c h a r c o a l  i s  h e l d  between p e r f o r a t e d  s h e e t  

f o l d e d  i n  an a c c o r d i a n - l i k e  p l e a t  s o  t h a t  abou t  15 f t 2  of f a c e  area can 

b e  conta ined  i n  a 2 f t  x 2 f t  f r a m e  - t h e  s o - c a l l e d  p l e a t e d  a d s o r b e r  

u n i t s .  F igure  2 c o n t a i n s  a photograph of t h i s  type  of u n i t  as wel l  as a 

s k e t c h  of c o n s t r u c t i o n  d e t a i l .  Such u n i t s  c o n t a i n  about  55 pounds o f  

c h a r c o a l  and p r o v i d e  a c h a r c o a l  depth  of approximately one i n c h .  

Charcoal  a d s o r b e r  u n i t s  of t h e  p l e a t e d  type are g e n e r a l l y  u t i l i z e d  by 

t h e  AEC r e s e a r c h  and product ion  r e a c t o r s  which have t h e  cont inuous 

v e n t i l a t i o n ,  n e g a t i v e  p r e s s u r e  containments .  

The second t y p e  of  a d s o r b e r  u n i t  c o n t a i n s  two i n d i v i d u a l  l a y e r s  of 

c h a r c o a l  h e l d  between p e r f o r a t e d  m e t a l  s h e e t .  These layers  are f i x e d  one 

above t h e  o t h e r  i n  a drawer- l ike  m e t a l  assembly; t h e s e  u n i t s  c o n t a i n  
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Figure 1. Some Features of Fission Product Containment System. 
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approximately 45 pounds of c h a r c o a l  and p r e s e n t  about  8 f t 2  o f  f a c e  area. 

These u n i t s ,  o f t e n  c a l l e d  t r a y - t y p e  a d s o r b e r s ,  p r e s e n t  a 2 i n c h  depth  of 

c h a r c o a l  f o r  t h e  a i r  t o  pass  through.  A i r  e n t e r s  t h e  o u t s i d e  f a c e ,  as 

shown by t h e  arrows i n  F ig .  3, t ravels  through t h e  c h a r c o a l  m a s s ,  i n t o  

t h e  v o i d  s p a c e  between t h e  c h a r c o a l  l a y e r s ,  and f i n a l l y  i n t o  the exhaus t  

plenum. I n  p r a c t i c e ,  many of t h e s e  u n i t s  can b e  f i t t e d ,  one above t h e  

o t h e r ,  i n t o  a m e t a l  framework s e c t i o n ,  as i l l u s t r a t e d  i n  F i g .  4 ,  and as 

many of t h e s e  s e c t i o n s  as needed can b e  a l i g n e d  t o  form t h e  d e s i r e d  

a d s o r b e r  system. Charcoa l  a d s o r b e r  u n i t s  of  t h e  t r a y  t y p e  are g e n e r a l l y  

u t i l i z e d  i n  off-gas  systems c o n t a i n e d  i n  n u c l e a r  power r e a c t o r s  of b o t h  

t h e  BWR and PWR t y p e s .  

Containment F i l t e r  Systems 

A complete f i l t e r  sys tem which serves t o  remove v o l a t i l e  f i s s i o n  

p r o d u c t s  from containment  a i r  f o l l o w i n g  an a c c i d e n t  can c o n t a i n  as many as 

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

system a d e m i s t e r  u n i t  may b e  employed t o  remove e n t r a i n e d  w a t e r  d r o p l e t s  

which could  b e  p r e s e n t  i n  t h e  containment  atmosphere f o l l o w i n g  a loss-of-  

c o o l a n t  t y p e  a c c i d e n t .  These water d r o p l e t s  are removed t o  p r e v e n t  w a t e r -  

b l i n d i n g  of t h e  p a r t i c l e  f i l t e r i n g  media f o l l o w i n g  t h e  d e m i s t e r  u n i t .  

Fol lowing t h e  d e m i s t e r  one may f i n d  a low e f f i c i e n c y  p a r t i c l e  f i l t e r  

r e f e r r e d  t o  as a roughing o r  p r e - f i l t e r .  T h i s  u n i t  serves t o  l i m i t  t h e  

b u i l d u p  of p a r t i c l e  d e p o s i t s  on t h e  h i g h  e f f i c i e n c y  p a r t i c l e  Eil ter (HEPA) 

u n i t s  which fo l low.  The c h a r c o a l  a d s o r b e r  u n i t s  are u s u a l l y  l o c a t e d  

downstream of t h e s e  HEPA u n i t s  t o  remove ( o r  decontaminate)  t h e  v a r i o u s  

forms of r a d i o i o d i n e .  I n  some cases t h e  c h a r c o a l  a d s o r b e r s  are fol lowed 

by a second bank of HEPA f i l t e r  u n i t s  t o  t r a p  any c h a r c o a l  c o n t a i n i n g  

r a d i o i o d i n e  which may b e  blown from t h e  a d s o r b e r s .  Of c o u r s e ,  a l l  t h e s e  

f i l t e r - a d s o r b e r  u n i t s  w i l l  t r a p  some of  t h e  r e l e a s e d  r a d i o i o d i n e  and w i l l  

b e  s u b j e c t e d  t o  decay h e a t i n g ;  however, t h e  c h a r c o a l  a d s o r b e r  w i l l  b e  

t h e  only  u n i t  c o n s i d e r e d  i n  t h i s  r e p o r t .  

AEC r e s e a r c h  and p r o d u c t i o n  r e a c t o r s  are provided  w i t h  cont inuous ly-  

o p e r a t i n g  of f -gas  systems c o n t a i n e d  i n  underground c o n c r e t e  ce l l s  o r  i n  

s e p a r a t e l y - c o n t a i n e d  aboveground e n c l o s u r e s ;  t h e s e  systems e x h a u s t  t o  a 

gas  d i s p o s a l  s t a c k .  An example of an  underground f i l t e r - a d s o r b e r  system 

f o r  one AEC r e a c t o r  i s  provided  i n  Fig.  5. Nuclear  power r e a c t o r s  of t h e  
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F i g u r e  4 .  Assembly of Tray-Type Charcoal Adsorber .  



d n 

P
 

- 8- 

In
 

L1: 
w

 

% 
6
 

In
 

n
 

!4
 
0
 

U
 

0
 

-r
! 

;d
 



-9- 

b o i l i n g  water t y p e  g e n e r a l l y  c o n t a i n e d  a s tandby f i l t e r  sys tem c o n t a i n i n g  

IiEPA f i l t e r  and c h a r c o a l  a d s o r b e r s  and may c o n t a i n  a h e a t i n g  s e c t i o n  f o r  

humidi ty  c o n t r o l ;  t h e s e  are s i n g l e - p a s s  systems which exhaus t  t o  a s t a c k .  

Some power r e a c t o r s  of t h e  p r e s s u r i z e d  w a t e r  t y p e  c o n t a i n  r e c i r c u l a t i n g  

f i l t e r  systems w i t h i n  t h e  containment  which i n c l u d e  d e m i s t e r s  , ZfEPA 

f i l t e r  u n i t s  and, i n  many cases, c h a r c o a l  a d s o r b e r s ;  t h e s e  systems exhaus t  

back i n t o  containment .  Containment gases  are exhaus ted  through a s e p a r a t e  

sys tem t o  t h e  s t a c k  a t  some l e n g t h  of t i m e  a f t e r  t h e  a c c i d e n t .  

Examples of a11 these systems a long  w i t h  c o n s t r u c t i o n  d e t a i l s  may 
5 b e  found e l sewhere .  

111. MATHEMATICAL BASIS FOR THE THERMAL ANALYSIS OF A CHARCOAL ADSORBER 

I n  p l a n n i n g  t h e  development of t h e  n e c e s s a r y  c a l . c u l a t i o n a 1  t o o l s  f o r  

making a t h e r m a l  a n a l y s i s  of a c h a r c o a l  a d s o r b e r ,  i t  w a s  dec ided  t o  

s t a r t  w i t h  a b a s i c  d e s c r i p t i o n  o f  heat g e n e r a t i o n  and h e a t  l o s s  founded 

on a c c e p t e d  h e a t  t r a n s f e r  p r i n c i p l e s .  The p l a n  t h e r e f o r e  was t o  d e f i n e  a 

mathemat ica l  model of t h e  a d s o r b e r  u n i t  and t h e n  produce computer codes 

t o  f a c i l i t a t e  t h e  c a l c u l a t i o n s .  Values of p h y s i c a l  parameters  cr i t ical  

t o  t h e  codes are t o  b e  measured i n  t h e  l a b o r a t o r y  i n  a c o n c u r r e n t  

e f f o r t .  

The General  Heat Balance Equat ion 

The g e n e r a l  h e a t  b a l a n c e  performed on a u n i t  volume of t h e  c h a r c o a l  

m a s s  assuming a i r  f lows i n  one d i r e c t i o n  only  i s  

where 

Tb = t empera ture  of  t h e  c h a r c o a l  mass, 

T = t empera ture  of the c o o l i n g  g a s ,  
g 

C = d e n s i t y  and s p e c i f i c  h e a t  of t h e  c h a r c o a l  

C = d e n s i t y  and s p e c i f i c  h e a t  of t h e  c o o l i n g  gas 
pb’ Pb 

%’ Pg 
t = t i m e  
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x -- d i s t a n c e  a long  t h e  d i r e c t i o n  of c o o l i n g  gas  flow 

v = v e l o c i t y  of c o o l i n g  gas 

k = e f f e c t i v e  thermal  c o n d u c t i v i t y  of t h e  c h a r c o a l  

q l "  = vo1unetri .c h e a t  g e n e r a t i o n  ra te  i n  t h e  c h a r c o a l  mass ( h e a t  

g 
b 

p e r  u n i t  t i m e  p e r  u n i t  volume) 

and the o p e r a t o r  

The: f i r s t  term on t h e  l e f t  i s  t h e  h e a t  absorbed by t h e  c h a r c o a l  i t s e l f  

and t h e  second term on t h e  l e f t  i s  t h e  h e a t  absorbed by t h e  c o o l i n g  gas .  

The f i r s t  term on t h e  r i g h t  i s  t h e  h e a t  d i f f u s e d  by conduct ion and t h e  

second term on t h e  r i g h t  i s  t h e  h e a t  s o u r c e  i n  t h e  c h a r c o a l  m a s s .  The 

h e a t  s o u r c e  depends on the n u c l e a r  c h a r a c t e r i s t i c s  of t h e  i s o t o p e s  adsorbed 

and i s  normally a f u n c t i o n  of t i m e  and p o s i t i o n  a long  t h e  x d i r e c t i o n  

(gas  fl.ow d i r e c t i o n ) .  I t  e x i s t s  on ly  i n  t h e  c h a r c o a l  m a s s  i t s e l f  and i s  

assumed t o  be  z e r o  i n  t h e  s t e e l  s t r u c t u r e  of -the u n i t  ( s e e  S e c t i o n  IV f o r  

d e t a i l e d  e x p r e s s i o n  of t h e  h e a t  s o u r c e ) .  

The h e a t  absorbed by t h e  gas  w i l l  depend on t h e  c a p a b i l i t y  of t h e  

c h a r c o a l  p a r t i c l e s  t o  t r a n s f e r  h e a t  t o  t h e  gas  f lowing around them. The 

h e a t  absorbed by t h e  gas  p e r  u n i t  volume of t h e  bed can b e  expressed  as 

where 

S"' = h e a t  absorbed by t h e  gas  p e r  u n i t  volume of c h a r c o a l ,  
3 Rtu/min--i n 

h --- f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  3etwee.n t h e  s u r f a c e  o f  the 

charcoal. p a r t i c l e s  and tile gas f lowing  around thein, Btu/min-in. 2-oF 

Ai:; = an e f f e c t i v e  s u r f a c e  area o f  t h e  par1:icles a v a i l a b l e  f o r  h e a t  

t r a n s f e r  f o r  each u n i t  volume of bed,  l / i n .  

S i n c e  h and A'" are c h a r a c t e r i s t i c  t o  t h e  c h a r c o a l  m a s s  and t h e  e f f  
c o o l l n g  gas ,  w e  w i l l  l e t  

H = hA' e f f  
and w e  can w r i t e  

dT 
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where H w i l l  b e  c a l l e d  t h e  1 7 v ~ l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t "  between 

t h e  c h a r c o a l  m a s s  and t h e  c o o l i n g  g a s ;  i t s  dimensions are Btu/min-in.3-oF. 

S u b s t i t u t i n g  Eq. ( 4 )  i n t o  Eq. (l), w e  g e t  

Equat ion  ( 5 ) ,  t o g e t h e r  w i t h  Eq. ( 4 ) ,  i s  t h e  

t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  c h a r c o a l  

b a s i c  equati .on f o r  f i n d i n g  

adsorb e r  . 
The v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t ,  H ,  can b e  c a l c u l a t e d  

approximately by u s i n g  e x i s t i n g  c o r r e l a t i o n s  f o r  h e a t  t r a n s f e r  c o e f f i c i e n t  

i n  packed a d s o r b e r s  and e v a l u a t i n g  t h e  e f f e c t i v e  h e a t  t r a n s f e r  area p e r  

u n i t  volume of t h e  a d s o r b e n t .  However, t h e  a v a i l a b l e  c o r r e l a t i o n  f o r  h e a t  

t r a n s f e r  c o e f f i c i e n t  i n  packed a d s o r b e r s  i s  n o t  very  r e l i a b l e  e s p e c i a l l y  

i n  t h e  low gas f low range.  A l so ,  the f r e e  s u r f a c e  area of t h e  c h a r c o a l  

p a r t i c l e s  a c t u a l l y  i n  c o n t a c t  w i t h  t h e  c o o l i n g  gas  cannot  b e  e v a l u a t e d  w i t h  

good accuracy.  T h e r e f o r e ,  e x p e r i m e n t a l  measurement of H i s  u s u a l l y  

needed. For  a g iven  c h a r c o a l  a d s o r b e r  t h e  v o l u m e t r i c  h e a t  t r a n s f e r  

c o e f f i c i e n t  w i l l  b e  a f u n c t i o n  of  t h e  gas  f l o w  and t h e  p h y s i c a l  p r o p e r t i e s  

of b o t h  t h e  gas  and t h e  c h a r c o a l .  (A more d e t a i l e d  d i s c u s s i o n  on t h e  

v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  g iven  i n  S e c t i o n  IV). 

S i m p l i f i e d  Mathematical Models of Charcoal  Adsorber Unit  

I n  t h i s  work w e  c o n s i d e r e d  three models of t h e  c h a r c o a l  a d s o r b e r  u n i t ,  

a g e n e r a l  d e s c r i p t i o n  f o r  which has been g iven  i n  S e c t i o n  11. One model 

c o n s i d e r s  t h e  c h a r c o a l  a d s o r b e r  as an  i n f i n i t e  one-dimensional s l a b  o f  

c h a r c o a l ,  2 i n .  t h i c k ,  w i t h  no h e a t  l o s s  t o  environment except: by way of 

t h e  f lowing  gas .  T h i s  model w i l l  b e  r e f e r r e d  t o  as t h e  " i n f i n i t e  s lab" .  

A second model c o n s i d e r s  a f i n i t e  s l a b  (the dimensions can b e  v a r i e d  b u t  

t h e  v a l u e s  used were 2 f t  by 2 f t  i n  c r o s s  s e c t i o n  and 2 i n .  t h i c k ) .  

Heat l o s s  i s  t o  t h e  f lowing  gas  and by r a d i a t i o n  and n a t u r a l  convec t ion  

t o  t h e  environment from t h e  f o u r  ve r t i ca l  2 f t  by 2 i n .  s i d e  f a c e s  of t h e  

s l a b .  T h i s  model w i l l  b e  r e f e r r e d  t o  as t h e  "3-dimensional s l a b . "  A 

t h i r d  model r e p r e s e n t s  a s i n g l e  t r a y - t y p e  c h a r c o a l  a d s o r b e r .  I t  i n c l u d e s  

two c h a r c o a l  masses ( 2  f t  x 2 f t  x 2 i n .  each)  and t h e  s teel  s t r u c t u r e  

around them. Heat l o s s  i s  t o  t h e  f lowing  g a s ,  t o  t h e  environment and t o  t h e  
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s t e e l  s t r u c t u r e  i t s e l f .  This  model w i l l  b e  r e f e r r e d  t o  as t h e  "3- 

d imens iona l  uni. t" mode J-. 

A t  ].ow &as f lows ,  o r  when no f 1 . o ~  i s  assumed, t:he steel. s t r u c t u r e  

and h e a t  l o s s  to t h e  envi.ronment b o t h  have a s i g n i f i c a n t  e f f e c t  on tlhe 

r e s u l t i n g  tempera ture  d i s t r i b u t i o n ,  and t h e r e f o r e  t h e  "3-dimensional u n i t "  

model should  be used.  For r e l a t i v e l y  h i g h  f l o w s  i t  can be assumed that  

t h e  h e a t  l o s s  t o  t h e  c o o l i n g  gas i o  'ihe dominating c o o l i n g  e f f e c t  and the 

" i n f i n i t e  s l a b ' '  model can b e  used. 

The tempera ture  d i s t r i i i u t i o n  for t h e  " i n f i n i t e  s l a b "  model was found 

by two s e p a r a t e  methods, based on E q s .  ( 4 )  and ( 5 ) .  One method i s  

a n a l y t i c a l  i n  i t s  approach and t h e  o ther  i s  based on a g e n e r a l  h e a t  

t r a n s f e r  computer code. Since f o r  the " i n f i n i t e  s l a b " ,  t h e  gas v e l o c i t i e s  

are assumed t o  b e  r e l a t i v e l y  high., t he  c o o l i n g  gas tempera ture  T does  

n o t  r ise  much w h i l e  p e n e t r a c i n g  t h e  c h a r c o a l  mass an.d can b e  cons idered  

t o  be c o n s t a n t .  L e t t i n g  

g 

and r e c a l l i n g  t h a t  i n  an i n f i n i t e  s l a b ,  conduct ion i n  t h e  bed OCCUTS 

o n l y  i n  t h e  X d i r e c t i o a ,  w i l l  reduce Eq .  (5)  t o  

The boundary c o n d i t i o n s  are: 

a T I b  

ax  - -  ... 0 f o r  x = 0 and any t 

a T ' b  
= 0 f o r  x = R and any t ax 

Tb = T f o r  t = 0 an(1 any x,  
0 

where x = 0 i s  i h e  f r o n t  f a c e  o f  t h e  c h a r c o a l  m a s s  and t = 0 i s  t h e  t i m e  

a t  which r a d i o a c t i v e  i o d i n e  f i r s t  reaches t h e  c h a r c o a l  adsorber .  The 

a n a l y t i c a l  s o l u t i o n  o f  t h e  " i n f i n i t e  slab" i s  based on t2q. ( 6 )  and i s  

e x p l a i n e d  i n  S e c t i o n  I V .  The d e t a i l e d  s o l u t i o n  and i t s  computer program 

are given  i n  Appendix A.  

The second method used t o  c a l c u l a t e  t h e  tempera ture  d i s t - r i b u t i o n  i n  

the " i n f i n i t e  s l a b "  i s  based  on a geiieral. h e a t  t r a n s f e r  computer code and 

t a k e s  i n t o  account t h e  change i n  c o o l i n g  gas tempera ture  as i t  propagates  
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th rough t h e  c h a r c o a l  mass. The b a s i c  e q u a t i o n  t o  b e  s o l v e d  i s  a one- 

d imens iona l  form of Eq. (5) where T i s  a f u n c t i o n  o f  tempera ture .  g 
The "3-dimensional s l a b "  and "3-dimensional u n i t "  models must t a k e  

i n t o  account  t h e  t e m p e r a t u r e  changes i n  t h e  c o o l i n g  gas  i t s e l f  as w e l l  

as h e a t  t r a n s f e r  t o  t h e  m e t a l  s t r u c t u r e .  Here, E q .  ( 5 )  must b e  used i n  

i t s  complete form coupled w i t h  E q .  ( 4 ) ,  i . e . ,  

aTb - + q" '  - H(Tb - 'bCpb t - 

where T i s  g iven  from Eq.  ( 4 )  by 
g 

( 7 )  

The i n i t i a l  c o n d i t i o n s  are 

T = T a t  t = 0 and any x, 

T,, = T 
g 0 

a t  t = 0 and any x 
0 

The boundary c o n d i t i o n  f o r  t h e  c o o l i n g  gas  i s  

T = T f o r  x = 0 and any t .  8 0 

The boundary c o n d i t i o n s  f o r  t h e  a d s o r b e r  u n i t  are complicated and w i l l  b e  

b e s t  d e s c r i b e d  i n  t h e  i l l u s t r a t i v e  case g iven  i n  S e c t i o n  V. The same 

g e n e r a l  h e a t  t r a n s f e r  computer code as used f o r  t h e  " i n f i n i t e  s l a b "  i s  used 

t o  s o l v e  t h e  "3-dimensional s l a b "  model and a d e s c r i p t i o n  of i t  i s  g iven  

i n  S e c t i o n  I V .  T h i s  s a m e  code h a s  t h e  c a p a b i l i t y  t o  s o l v e  t h e  " 3 -  

dimens iona l  u n i t ' '  model b u t  t h a t  s o l u t i o n  h a s  n o t  been performed. 

I V .  DEVELOPMENT OF COMPUTER CODES 

T h e  t r a n s p o s i t i o n  of t h e  mathemat ica l  models,  j u s t  d i s c u s s e d ,  i n t o  

computer codes i s  t h e  s u b j e c t  of t h i s  s e c t i o n  of  t h e  r e p o r t .  Rela t ion-  

s h i p s  f o r  t h e  h e a t  g e n e r a t i o n  and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  

c h a r c o a l  masses were developed and t h e n  i n c o r p o r a t e d  i n t o  t h e  b a s i c  h e a t  

d i f f u s i o n  e q u a t i o n s .  S o l u t i o n s  were t h e n  developed and coded for the 

computer. 



Heat Source 

H e a t  g e n e r a t i o n  i n  t h e  c h a r c o a l  a d s o r b r r  comes from b e t a  and gamma 

a c t i v i t y  r e s u l t i n g  from t h e  r a d i o a c t i v e  decay of i o d i n e  i s o t o p e s  I T,et 

a and g .  b e  t h e  decay h e a t  p e r  thermal  Mw o f  r e a c t o r  power produced by 

t h e  i t h  i s o t o p e  from b e t a  sild gamma a c t i v i t y ,  r e s p e c t i v e l y .  I f  the r e a c t o r  

power i s  P ( t )  t h e r m a l  Mw'so t h e n  t h e  decay heat: o f  t h e  ith i s o t o p e  will b e  

P ( t )  a .  and P ( t )  g .  Btu/rnin f o r  betiX and gamma a c t i v i t y ,  r e s p e c t i v e l y .  

S i n c e  only  a c e r t a i n  f r a c t i o n ,  F ,  of t h e  radionct:i.ve material  corning 

from t h e  r e a c t o r  i s  absorbed by t h e  c h a r c o a l ,  t h e  t o t a l  decay h e a t  i n  t h e  

c h a r c o a l  bed i t s e l €  w i . 1 1  b e  

1 1 

1 1 

F P ( t ) ( a i  +- g . )  Btu/min. 
I 

The time dependent decay h e a t  w i l l  he  then 

- A . ( t  -I- "1 
1 

F P ( t ) ( a i  f f g i ) e  B t ulmin 

where A 
end o f  f i s s i o n i n g  and beginning  o f  act:rial a d s o r p t i o n ,  f i s  t h e  f r a c t i o n  

of the  gamina h e a t  which does n o t  escape  t h e  bed,  and t i s  t i m e  e l a p s e d  

from beginning  o f  a c t u a l  a d s 0 r p t i . m .  I f  t he  vol.i-iile of t h e  c h a r c o a l  

a d s o r b e r  i s  V t h e n  t h e  average s p e ~ i . f i . c  h e a t  g e n e r a t i o n  due t o  rad io-  

a c t i v e  decay i n  t h e  bed i s  

i s  t h e  decay c o n s t a n t  of i s o t o p e  i, tD i s  t h e  t i m e  d e l a y  between i 

b'  

However,  s i n c e  i o d i n e  c o n c e n t r a t i o n  i s  n o t  uniform a l o n g  t h e  depth  

o f  t h e  c h a r c o a l  m a s s ,  we w i l l  assume h e r e  an e x p o n e n t i a l  d i s t r i b u t i o n  

a c c o r d i n g  t o  

-bx I 
so t h a t  - R B(x) = Boe 

R 
I B(x)dx = 1 
0 

where (x) i s  t h e  r a t i o  between loca l  and average r a d i o a c t i v e  i o d i n e  

c o n c e n t r a t i o n ,  i s  t h e  r a t i o  between maximum (x = 0 )  and average  

r a d i o a c t i v e  i o d i n e  c o n c e n t r a t i o n  anti b is  t h e  a t t e n u a t i o n  f a c t o r .  i t  is  

c l e a r  t h a t  

0 
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Theref ore 
-bR Bo = b R / ( l  - e ) 

where R i s  t h e  t h i c k n e s s  of t h e  c h a r c o a l  mass. 

The l o c a l  r a d i o a c t i v e  i o d i n e  c o n c e n t r a t i o n  t h e n  i s  

However, s i n c e  b i s  d i f f e r e n t  f o r  e l e m e n t a l  i o d i n e  (I ) and methyl i o d i d e  

( C H 3 1 ) ,  w e  must t a k e  t h e i r  l o c a l  c o n c e n t r a t i o n s  i n t o  account  s e p a r a t e l y .  

Assuming B, and 6, are t h e  f r a c t i o n s  of I2 and CH31 ,  r e s p e c t i v e l y ,  w e  

g e t  by u s i n g  E q s .  (9)  and (1-0) t h a t  the l o c a l  s p e c i f i c  h e a t  g e n e r a t i o n  i n  

t h e  bed i s  

2 

-b x -b ,X 

e >a i  
1 6zb82 F P ( t )  [(61b1Q f -  -b2R 1 - e  -b R e q i " ( x , t )  = ~ 

'b 1 - e  1 

Note t h a t  i t  w a s  assumed t h a t  t h e  gamma h e a t i n g  ( i n d i c a t e d  by t h e  f g  i 
term) i s  n o t  p o s i t i o n  dependent ,  hence t h e  t e r m  developed i n  E q .  (10) 

w a s  n o t  m u l t i p l i e d  by f g i  i n  E q .  (11). L e t  

- - P ( t )  B l b l R  
-1;;T 1 - e  Bl Vb 

and w e  g e t  

-b x -b 2 x - y t  + tD> 
" ' ( x , t )  = F [ ( B  e + B 2 e  )ai + Ggi] e 

Summing up t h e  e f f e c t  of all t h e  i s o t o p e s ,  w e  g e t  

Qi 1 

-b x -b 2 x m -Xie (t+tD) 
q " ' ( x , t )  = F [ ( B  e f B 2 e  ) aie 

i=l 1 

m -xi ( t+tD) 
+ G C gie I .  

i=l 
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I f  i n  a d d i t i o n  we t a k e  i n t o  account  t h a t  the  l o a d i n g  of  r a d i o a c t i v e  

mater ia l  on to  t h e  adsorbers  i s  gradual  as in t h e  case f o r  r e c i r c u l a t i n g  

a d s o r b e r  systems accordi-ng to :  
- a R t / V  

C = C ( l - e  0 1, 
where 

C = amount of i o d i n e  on c h a r c o a l  a t  time t 

Co = i n i t i a l  amount of i o d i n e  i n  containment 

a = f r a c t i o n  of i o d i n e  removed €rom a i r  as i t  passes through c h a r c o a l  

(assumed h e r e  t o  h e  0.9) 
3 R = a i r  flow r a t e ,  f t  /min 

V = volume of containment ,  f t  

t = t i m e  e l a p s e d  from beginning  o f  i o d i n e  a d s o r p t i o n  by c h a r c o a l ,  

3 

The-n 

-b x m -Xi (t+tD) 
2 

-b x 
+ B 2 e  ) C aie q " ' ( x , t )  = F[(Ble 1 

i= 1 

- ( a R / V )  t in -xi ( t+tD> 
+ G C g , e  ](1 - e 1 ,  

1 i=l 

where 

q" ' (x ,  t )  = h e a t  g e n e r a t i o n  ra te  p c r  u n i t  volume of c h a r c o a l  bed 

x = d i s t a n c e  from front. f a c e  of  c h a r c o a l  bed i n  d i r e c t i o n  o f  gas 

flow 

L = t i m e  d e l a y  between end of f i s s i o n i n g  and beginning  of i o d i n e  D 
a d s o r p t i o n .  

bl  = a t t e n u a t i o n  c o e f f i c i e n t  €or e l e m e n t a l  i o d i n e  

b2  = a t t e n u a t i o n  c o e f f i c i e n t  f o r  mrt.hyl i o d i d e  

F = f r a c t i o n  of t o t a l  i o d i n e  adsorbed by t h e  c h a r c o a l  f i l t e r  

B I B  B and G are given i n  Eqs. ( 1 2 ) ,  (13),  and (I/+), r e s p e c t i v e l y .  
2 

I n  t h o s e  e q u a t i o n s  

P ( t )  = r e a c t o r  power i n  M w ( t )  

Vb = volume of  c h a r c o a l  bed 

R = t h i c k n e s s  of c h a r c o a l  l a y e r  

(1 - f >  -- Erac t ion  o€ gamma r a y s  e s c a p i n g  from c h a r c o a l  m a s s  w i t h o u t  

c a p t u r e  

13 , (3 .- f r a c t i o n s  of i o d i n e  and methyl i o d i d e ,  r e s p e c t i v e l y .  

ai> gi9 xi = see Table  0-3,  Appendix D. 
1 2  
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A computer program w a s  w r i t t e n  f o r  t h e  h e a t  generat i -on rate p e r  u n i t  

volume, based  on E q .  (17). The program i s  w r i t t e n  i n  XTRAN which i s  a 

v e r s i o n  of  F o r t r a n  IV f o r  t h e  t ime-sharing computer of Com-Share Company. 

A l i s t i n g  of  t h i s  program a p p e a r s  i n  Appendix B.  

o u t p u t  t h e  minimum, (at x = 2.0 i n . ) ,  t h e  maximum ( a t  x = O . O ) ,  and t h e  

average  h e a t  g e n e r a t i o n  rates p e r  u n i t  volume as w e l l  as t h e  t o t a l  he.at 

g e n e r a t i o n  ra te  f o r  t h e  a d s o r b e r  as f u n c t i o n s  o f  t i m e .  

The program w i l l  

Charcoal  C h a r a c t e r i s t i c s  

I n  o r d e r  t o  perform h e a t  t r a n s f e r  c a l c u l a t i o n s  i n  packed a d s o r b e r s ,  

one must know adsorbent  c h a r a c t e r i s t i c s  l i k e  s h a p e ,  p o r o s i t y ,  s p h e r i c i t y  

and mean d iameter  of the p a r t i c l e s .  The p o r o s i t y  i n  t h i s  case i s  n o t  

concerned w i t h  i n t e r n a l  cav i t ies  of t h e  c h a r c o a l  p a r t i c l e s ,  b u t  on ly  w i t h  

t h e  v o i d  s p a c e  between t h e  s o l i d  p a r t i c l e s  i n  packed a r r a y .  

d e f i n e d  as volume o f  v o i d  s p a c e  d i v i d e d  by t h e  t o t a l  volume of t h e  

adsorbent  c o n t a i n e r .  S p h e r i c i t y  i s  d e f i n e d  as t h e  s u r f a c e  area of a 

s p h e r e  having  a volume e q u a l  t o  that  of t h e  p a r t i c l e  d i v i d e d  by t h e  

s u r f a c e  area of t h e  p a r t i c l e s .  Values f o r  t h e s e  and o t h e r  parameters 

w i l l  b e  g iven  i n  S e c t i o n  V .  

P o r o s i t y  i s  

Volumetr ic  H e a t  T r a n s f e r  C o e f f i c i e n t  

In S e c t i o n  I11 i t  w a s  shown that  t h e  c o o l i n g  p r o c e s s  i n  a d s o r b e r s  

can b e  v i s u a l i z e d  as a v o l u m e t r i c  h e a t  s ink  which can b e  expressed  from 

E q s .  ( 2 )  and ( 4 )  as 

S " '  = hAA;; (Tb - T ) H(Tb - Te)  * (18) g 

It w a s  emphasized i n  S e c t i o n  111 t h a t  some c o r r e l a t i o n s  do ex is t  i n  

the l i t e r a t u r e  € o r  c a l c u l a t i n g  t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  h ,  b u t  

t h a t  t h e y  are n o t  v e r y  r e l i a b l e  and are u s u a l l y  d e r i v e d  f o r  h i g h  Reynolds 

numbers. I n  a d d i t i o n ,  t h e  s u r f a c e  area a c t u a l l y  a v a i l a b l e  f o r  heat 

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

i t .  Exper imenta l  work w a s  needed t h e n  t o  e v a l u a t e  t h e  v o l u m e t r i c  h e a t  

t r a n s f e r  c o e f f i c i e n t ,  H ,  f o r  c h a r c o a l  a d s o r b e r s .  Such work i s  b e i n g  

accomplished and w i l l  b e  r e p o r t e d  s e p a r a t e l y .  I n  o r d e r  t o  have  some 

approximate v a l u e s  f o r  u s e  h e r e ,  an a n a l y t i c a l  approach w a s  used. 

I f  rd i s  t h e  p e r c e n t a g e  of a d s o r b e n t  p a r t i c l e  area which is a c t u a l l y  

a v a i l a b l e  f o r  h e a t  t r a n s f e r ,  t h e  v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  can 

b e  e x p r e s s e d  as 
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A Nu A 

e f f  1 V (19) H 11: 1iA"' = h - = ha) ( 1  - d) 4 
V P N(------) 1 . - d  P 

where 

h = f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  p a r t i c l e  s u r f a c e  t o  t h e  
2 g a s ,  B t u / h r - f t  - O F  

w = percentage  of a r e a  a c t u a l l y  a v a i l a b l e  t o  h e a t  t r a n s f e r  

d = bed poros i . ty  

A 

v 
N = number of p a r t i c l e s  p e r  u n i t  volume of bed 

= one p a r t i c l e  s u r f a c e  a r e a ,  f t 2  

= one p a r t i c l e  vo1.iime, f t 3  
? 

? 

H(Btu/min-in. 3-0F) .-- 9 .65  x lO-'H(Ktu/hr-ft 3 -OF). 

I n  o r d e r  t o  e v a l u a t e  W w e  must f i n d  the  h e a t  t r a n s f e r  c o e f f i c i e n t  (h) 

between t h e  p a r t i c l e  s u r f a c e  and the gas .  References 6-9 s u g g e s t  p o s s i b l e  

c o r r e l a t i o n s  t o  be used. 

a d a p t a b l e  t o  o u r  case a l though l i k e  t h e  o t h e r  t h r e e  c o r r e l a t i o n s ,  i t s  

a p p l i c a b i l i t y  i s  f o r  h i g h e r  f lows t h a n  t h e  ones w e  are i n t e r e s t e d  i n .  

N e v e r t h e l e s s ,  i t  w i l l  b e  used as an appcoximation fo r  t h e  cases d i s c u s s e d  

i n  t h i s  r e p o r t .  The c o r r e l a t i o n  f o r  the  range 6.: G/VA < 13,000 i s  

The one given by Coppage' seems t o  be most 

where 

C = s p e c i f i c  h e a t ,  Btu/lb-OF 

G = W/S, l b / h r - f t 2  

W = t o t a l  f low, I.b/hr 

S = t o t a l  c r o s s  s e c t i o n  area of the bed,  f t  

A = t o t a l .  p a r t i c l e  s u r f a c e  p e r  u n i t  volume of bed 

P 

2 

A 

V 
= -2 (1 - x), 1 / E t  

P r  = B r a n d t l  number of gas 

p = dynamic v i s c o s i t y  of g a s ,  l b / h r - f t  

E ,  m = c o n s t a n t s  which are f u n c t i o n s  o f  d .  
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Computer Codes 

ENIS Code 

The p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  " i n f i n i t e  slab" model and 

t h e  cor responding  boundary c o n d i t i o n s  assumed are g iven  in E q .  ( 6 ) .  The 

h e a t  g e n e r a t i o n  q"' is  g iven  i n  Eq. (15). To s o l v e  t h i s  p a r t i a l  

d i f f e r e n t i a l  e q u a t i o n  a change of v a r i a b l e s  w a s  made s o  t h a t :  

where a = k / p  C . T h i s  reduces  E q .  ( 6 )  t o  
b b P b  

-b x m - B i t  m --Pit where 

2 + G T: gie 4- B 2 e  ) a , @  
i= 1 i=l 

-b x 

1 
A ( x , t )  = (B  e 1 

and 

and t h e  boundary c o n d i t i o n s  become 

9 (0 , t )  = o a t  x = o ax 

$(x,O) = 0 a t  t = 0 ,  

By u s i n g  e i t h e r  Green 's  theorem of F o u r i e r  c o s i n e  series expans ion ,  an 

a n a l y t i c a l  s o l u t i o n  of Eq .  (22)  i s  achieved  (see Appendix A f o r  d e t a i l s )  

i n  t h e  form 
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CHART Codes 

The CHART code w a s  developed t o  s o l v e  t h e  3-dimensional models as 

d i s c u s s e d  i n  S e c t i o n  3. T h i s  model is  d e s c r i b e d  mathemat ica l ly  by E q s .  

( 7 )  and (8).  Such a model i s  t o o  compl ica ted  t o  b e  s o l v e d  a n a l y t i c a l l y .  

A g e n e r a l  h e a t  t r a n s f e r  computer code,  named HEATING-2", and i t s  

modi f ied  v e r s i o n ,  H E A T I N G 3  , w e r e  found, a f t e r  some m o d i f i c a t i o n s ,  

t o  b e  most s u i t a b l e  f o r  our  purpose.  

11 

The HEATING h e a t  t r a n s f e r  code i s  a g e n e r a l  t r a n s i e n t  3-dimensional 

code w r i t t e n  i n  F o r t r a n  I V  language f o r  t h e  I B M  360 computer system. It 

can a c c e p t  b o t h  r e c t a n g u l a r  and c y l i n d r i c a l  geometry. It s o l v e s  t h e  

s t e a d y  s t a t e  problems by t h e  " e x t r a p o l a t e d  Liebamann method" and t h e  

t r a n s i e n t  problems by f i r s t  forward t i m e  d i f f e r e n c e  i n  t h e  " e x p l i c i t  

method". Thermal p r o p e r t i e s  can b e  tempera ture  dependent.  It can h a n d l e  

as many as 8000 l a t t i c e  p o i n t s ,  100 r e g i o n s ,  50 materials and 50 boundary 

c o n d i t i o n s .  I t  can h a n d l e  n o n l i n e a r  boundary c o n d i t i o n s  ( n a t u r a l  

convec t ion  o r  r a d i a t i o n  h e a t  t r a n s f e r )  as w e l l  as l i n e a r  ones ( f o r c e d  

c o n v e c t i o n ) .  It w i l l  h a n d l e  problems w i t h  h e a t  t r a n s f e r  from s u r f a c e  t o  

s u r f a c e  ( l i k e  i n  r a d i a t i o n  from one s l a b  t o  a n o t h e r ) .  The h e a t  g e n e r a t i o n  

i n  each r e g i o n  can b e  a Funct ion of p o s i t i o n  and/or  t i m e .  It: a l s o  has an 

a c c e l e r a t i o n  procedure  t o  reduce  computer t i m e  w i t h o u t  t h e  code becoming 

u n s t a b l e .  It h a s  a n o d a l  g e n e r a t o r ,  which means t h a t  on ly  r e g i o n  c o o r d i n a t e s  

must b e  s u p p l i e d  and t h e  program g e n e r a t e s  t h e  r e q u i r e d  nodes w i t h  t h e i r  

g e o m e t r i c a l  and t h e r m a l  p r o p e r t i e s .  The i n p u t  r e q u i r e d  i s  g e n e r a l l y  

s i m p l e  ( s e e  R e f .  1 0  f o r  i n p u t  procedures . )  

Any g e n e r a l  h e a t  t r a n s f e r  computer code f o r  conduct ion  i s  based  on 

s o l v i n g  n u m e r i c a l l y  t h e  d i f f u s i o n  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  i n  t h e  form 

w p ( 8 T / a t )  = k$'T f Q"' ( 2 4 )  

w i t h  t h e  cor responding  boundary c o n d i t i o n s .  Heat t r a n s f e r  by convec t ion  

can b e  t a k e n  i n t o  account  on t h e  boundar ies  o n l y .  Also t h e  h e a r  g e n e r a t i o n  

t e r m  Q"' can normally b e  t a k e n  i n t o  account  as a f u n c t i o n  of p o s i t i o n  

and t i m e .  I n  t h e  c a s e  of HEATING3 t h i s  dependence had t h e  form of 

q" ' (X,Y,Z, t )  = F1(X) F 2 U )  Fj(Z)  F 4 ( t )  (25) 

where F1(X), F2(Y), and F ( 2 )  are each  a p o s i t i o n  dependent f u n c t i o n  of 

one c o o r d i n a t e  and F 4 ( t )  i s  a t i m e  dependent f u n c t i o n  d e f i n e d  by a set of 

p o i n t s  ( a  t a b l e ) .  

3 
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I f  we compare Eq.  ( 2 4 )  t o  E q .  ( 7 )  which i s  t h e  one we want t o  s o l v e ,  

we  see t h a t  

( 2 6 )  Q'" qf'I I W(T I '1' ) 
.!?J 

where q " '  i s  given by E q .  (17)  and 'r must b e  s o l v e d  from E q .  (8) .  

It can b e  seen t h a t  ( a )  t h e  h e a t  g e n e r a t i o n  term Q"'  i s  a f u n c t i o n  of 

tempera ture  as well as o f  p o s i t i o n  and t i m e  and (b)  t h e  h e a t  g e n e r a t i o n  

t e r m  h a s  a v e r y  compl ica ted  form which cannot  b e  expressed  i n  t h e  form 

of E q .  ( 25 ) .  

E: 

I n  o r d e r  t o  i n c l u d e  t h o s e  c a p a b i l i t i e s  a number of  s u b r o u t i n e s  i n  

HEATING3 have been modif ied and t h e  f i -nal  v e r s i o n  has been c a l l e d  

"CEIAR'C". S u b r o u t i n e  T H W K  has been modi f ied  s o  t h a t  i t  w i l l  c a l l  t h e  

h e a t  g e n e r a t i o n  s u b r o u t i n e  GENFN n o t  more t h a n  t w i c e  f o r  each node, 

w i l l  do i t  f o r  e v e r y  1:irne s t e p  and wil l .  i n c l u d e  i n  i t s  c a l l i n g  arguments 

l i s t  t h e  cur renc  t i m e  and tempera ture .  Having t h a t  c a p a b i l i t y ,  t h e  h e a t  

g e n e r a t i o n  s u b r o u t i n e  GENFN w a s  r e w r i t t e n  so t h a t  the beat g e n e r a t i o n  

t e r m  can be expressed  by any a n a l y t i c a l  f u n c t i o n  of p o s i t i o n ,  t i m e ,  and 

tempera ture .  Current:I.y Eq.  ( 1 7 )  i s  used f o r  the h e a t  g e n e r a t i o n  term. 

The s u b r o u t i n e  a l s o  c a l c u l a t e s  t h e  cooli-ng gas tempera ture  as f u n c t i o n  

of t empera ture  a long  t h e  flow d i r e c t i o n  (based on E q .  8) and f e e d s  t h e  

r e s u l t  i n t o  t h e  h e a t  g e n e r a t i o n  term (Eq .  26) .  Through t h e  u s e  of t h i s  

technique  i t  i s  p o s s i b l e  t o  handle  a d s o r b e r  problems which are combined 

conduct ion and convec t ion  problems , u s i n g  a b a s i - c a l l y  h e a t  conduct ion 

computer code. I n s e r t i n g  Elqs. ( 1 7 )  and (8) i n t o  t h e  HEATING3 code changed 

t h e  c r i t e r i a  which must be m e t  i n  o r d e r  t o  prevent  i n s t a b i l i t i e s .  The 

l a r g e s t  t i m e  s t e p  allowed f o r  s t a b i l i t y  became somewhat smaller and i n  

a d d i t i o n  an upper l i m i t  e x i s t s  f o r  t h e  element s i z e  i n  t h e  c o o l i n g  gas  

f low d i r e c t i o n .  

Subrout ines  "CALQLT" and "HGNFN" of HEATING3 were modif ied t o  i n c l u d e  

t h o s e  new c r i t e r i a  f o r  s t a b i l i t y ;  t he  c r i t e r i a  are d e s c r i b e d  i n  Appendix C .  

A d d i t h t i a l  m o d i f i c a t i o n s  have been made t o  a c c e p t  and p r i n t  t h e  a p p r o p r i a t e  

i n p u t  d a t a  i n  t h e  "MAIN" program. 

I n  a d d i t i o n  t o  t h e  r e g u l a r  c a p a b i l i t i e s  of HEATING3 as d e s c r i b e d  i n  

Reference 11 t h e  CHART code can h a n d l e  t h e  fo l lowing  v a r i a b l e s :  

1. The power c o n s t a n t s  B B and G and a t t :enuat ian  c o e f f i c i e n t s  1' 2 
b and b appear ing  i n  E q .  ( 1 7 )  e 1 2 
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2. The f r a c t i o n  of t o t a l  i o d i n e  adsorbed by t h e  c h a r c o a l  f i l t e r s .  

3. The i n l e t  t e m p e r a t u r e  o f  t h e  c o o l i n g  gas  and i t s  p h y s i c a l  

p r o p e r t i e s .  

4 .  The l o c a t i o n  of t h e  c h a r c o a l  s l a b  as r e l a t e d  t o  t h e  o v e r a l l  

c o o r d i n a t e s  of  t h e  system. 

5. The l o a d i n g  rate of t h e  i o d i n e  on t h e  a d s o r b e r s .  A l a r g e  v a l u e  

w i l l  impose an " i n s t a n t a n e o u s  loading".  

6 .  The t i m e  d e l a y  between end of  f i s s i o n i n g  (shutdown) and beginning  

of a c t u a l  i o d i n e  a d s o r p t i o n .  

7 .  The v e l o c i t y  of t h e  c o o l i n g  gas  a t  t h e  b e g i n n i n g  o f  i o d i n e  

a d s o r p t i o n  and a t  t h e  t i m e  when 95%; o f  t h e  i o d i n e  h a s  been 

absorbed.  T h i s  g i v e s  the f l e x i b i l i t y  of h a v i n g  normal c o n d i t i o n s  

a l l  t h e  t i m e ,  a c c i d e n t a l  c o n d i t i o n s  (blower slowdown) r i g h t  

from t h e  beginning ,  o r  a c c i d e n t a l  c o n d i t i o n s  only  a f t e r  95% of 

t h e  i o d i n e  i s  a l r e a d y  loaded  on t h e  a d s o r b e r s .  

gi, and A appear ing  i n  E q .  ( 1 7 ) .  i 9  i 8. The i s o t o p e s  c o n s t a n t s  a 

The CHART code can b e  used i n  t h r e e  ways: 

CHART A - Used t o  compare r e s u l t s  w i t h  o u t p u t  from ENIS code f o r  

t h e  " I n f i n i t e  Slab" model. By i n s e r t i n g  an a r b i t r a r y  

l a r g e  v a l u e  ( l i k e  10 ) f o r  t h e  h e a t  capac-ity of t h e  c o o l i n g  

gas  t h e  code w i l l  n o t  allow t h e  tempera ture  o f  t h e  gas  T 

t o  change. 

5 

g 

CHART B - Used f o r  c a l c u l a t i o n s  w i t h  t h e  " I n f i n i t e  Slab" and t h e  

"3-dimensional s l a b "  models. True h e a t  c a p a c i t y  f o r  t h e  

c o o l i n g  gas  must b e  used. 

CHART C - Used w i t h  t h e  "3-dimensional u n i t "  model. The code w i l l  

d e f i n e  t h e  c h a r c o a l  s l a b  and the m e t a l  s t r u c t u r e  around i t .  

A c t u a l  c o o l i n g  gas  tempera ture  w i l l  t h e n  b e  taken  i n t o  

account .  A t r i a l  r u n  h a s  been run f o r  the "3-dimensional 

u n i t "  model and i t  seems t o  b e  working well. However, 

because  of the l a r g e  number of  nodes and t h e i r  small s i z e ,  

t h e  t i m e  increment  r e q u i r e d  f o r  s t a b i l i t y  becomes very  

s m a l l  ( about  3.0 x min) ,  and t h e  computer-time t o  

a c t u a l - t i m e  r a t i o  became v e r y  l a r g e  (about  26) .  Even by 

u s e  of t h e  a c c e l e r a t i o n  c a p a b i l i t i e s  of t h e  modi f ied  method 
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method ( s e e  Ref. l o )  a complete run of t h i s  case r e q u i r e s  an i n o r d i n a t e  

amount of t i m e .  Some m o d i f i c a t i o n s  are needed t o  reduce  t h e  l e n g t h  of 

such  a ca1.cul a t i o n  9 

V .  APPLICflTLON OF COMPIJTER CODES 

To i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  the codes one must f i r s t  place 

v a l u e s  on such c r i t i c a l  parameters  as h e a t  g e n e r a t i o n ,  h e a t  t r a n s f e r  

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

systems €or s t u d y .  Examples w i l l  be  g iven  t o  i l . l u s t r a t e  t h e  a p p l i c a b i l i t y  

of t h e  codes t o  r e c i . r c u l a t i n g  a d s o r b e r  systems s imi l a r  t o  t h o s e  u t i l i z e d  

w i t h  power r e a c t o r s  of t h e  pressur ized-water  t y p e  and a l s o  t o  once-through 

a d s o r b e r  systems of t i h e  t y p e  u t i l i z e d  by power r e a c t o r s  of the b o i l i n g -  

water t y p e s  and by AEC r e a c t o r s  u s i n g  t h e  n e g a t i v e  p r e s s u r e  containment 

concept .  

Heat Genera t ion  by Decay of  Radioiodine 

The e q u i l i b r i u m  q u a n t i t i e s  of t h e  v a r i o u s  i s o t o p e s  of  i o d i n e  conta ined  

i n  t h e  f u e l  of a power r e a c t o r  a r e  s u b s t a n t i a l .  When s i g n i f i c a n t  q u a n t i t i e s  

of t h e s e  i s o t o p e s  a r e  assumed t o  b e  adsorbed on the  c h a r c o a l  s u r f a c e s  

t h e n  t h e  h e a t i n g  l o a d  i s  c o n s i d e r a b l e .  This h e a t  is  g e n s r a t e d  as a r e s u l t  

of t h e  a b s o r p t i o n  by t h e  c h a r c o a l  of t h e  k i n e t i c  energy of t h e  products  

of r a d i o a c t i - v e  decay: t h e  b e t a  p a r t i c l - e s  and t h e  gamma photons.  The 

amount of h e a t  produced w i l l ,  of c o u r s e ,  b e  a f u n c t i o n  of t h e  q u a n t i t y  of  

i o d i n e  i s o t o p e s  which have been adsorbed and t h i s  q u a n t i t y  will depend 

upon t h e  q u a n t i t y  a v a i l a b l e  i n  t h e  f u e l  f o r  release a t  t h e  t i m e  of t h e  

a c c i d e n t .  

I s o t o p e s  of i o d i n e  a r e  formed as a r e s u l t  of f i s s i o n  of 235U as 

w e l l  as t:tirough t h e  decay of i s o t o p e s  of t e l l u r i u m ;  depending upon t h e  

s p e c i f i c  a p p l i c a t i o n  b o t h  modes of product ion  may have t o  b e  cons idered .  

Both i o d i n e  and t e l l u r i u m  are r e l e a s e d  froin molten € u e l  t o  about t h e  same 

extent1* b u t  t h e  t e l l u r i u m  may subsequent ly  be adsorbed o r  react i n  such  

a way as w i l l  p r e c l u d e  all. of t h e  i o d i n e  produced by i t s  decay f r o m  r e a c h i n g  

t h e  charcoal.. Consequent ly ,  when c o n s i d e r i n g  t h e  h e a t  g e n e r a t i o n  i n  c h a r c o a l  
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a d s o r b e r s  a d e c i s i o n  m u s t  b e  made as t o  what f r a c t i o n  of  t h e  i o d i n e  

(mainly 1341) produced by decay of t e l l u r i u m  ( a f t e r  r e a c t o r  shutdown) 

s h o u l d  b e  i n c l u d e d  as p a r t  of t h e  h e a t i n g  s o u r c e .  An example  of t h e  

magnitude of t h i s  e f f e c t  i s  i n c l u d e d  i n  t h e  example s u b s e c t i o n  which 

f o l l o w s  . 
E q u i l i b r i u m  q u a n t i t i e s  of t h e  i s o t o p e s  of i o d i n e  a t  t i m e  of r e a c t o r  

shutdown and a t  v a r i o u s  t i m e s  of decay t h e r e a f t e r  were c a l c u l a t e d  and t h e  

r e s u l t s  appear  i n  Table  1; i n  t h i s  l i s t i n g  t h e  amounts of i o d i n e  produced 

by decay of t e l l u r i u m  i s o t o p e s  a f t e r  r e a c t o r  shutdown w e r e  i n c l u d e d .  

However, i n  t h e  examples which f o l l o w  w e  d i d  n o t  c o n s i d e r  t h e  "growing-in" 

of i o d i n e  a f t e r  shutdown and assumed t h a t  t h e  amounts of r a d i o i o d i n e  

i s o t o p e s  p r e s e n t  a t  r e a c t o r  shutdown r e p r e s e n t  t h e  maximum q u a n t i t y  of 

h e a t  producing  material a v a i l a b l e  f o r  d e p o s i t  on t h e  c h a r c o a l  a d s o r b e r s .  

The f i s s i o n  product  l o a d i n g  i s  reduced by l i m i t e d  release of i o d i n e  from 

t h e  f u e l ,  by p l a t e o u t ,  and by rad iodecay  as t h e  i s o t o p e s  t rave l  from t h e  

f u e l  t o  t h e  a d s o r b e r s ;  a s i g n i f i c a n t  amount of t i m e  and p l a t e o u t  could 

b e  i n v o l v e d  i n  t h i s  t r a v e l .  

It  i s  most d i f f i c u l t  t o  deEine t h e  exact q u a n t i t y  of r a d i o i o d i n e  t h a t  

w i l l  b e  r e l e a s e d  from t h e  f u e l  i n  an  a c c i d e n t  s i t u a t i o n  and t h e  f r a c t i o n  

of t h a t  amount which w i l l  p l a t e o u t  on s u r f a c e s ;  t h e r e f o r e  i t  i s  t h e  custom 

t o  assume, f o r  a s a f e t y  a n a l y s i s ,  t h a t  25% of t h e  f u e l  i n v e n t o r y  of t h e  

i o d i n e  w i l l  appear  i n  t h e  containment  f o r  a d s o r p t i o n  o n t o  t h e  c h a r c o a l  and 

f u r t h e r ,  t h a t  t h e  i s o t o p e s  t ravel  from t h e  f u e l  w i t h o u t  decay. Decay 

h e a t i n g  i s  al lowed t o  s tar t  when the i s o t o p e  i s  adsorbed on t h e  c h a r c o a l  

s u r f  ace. 

The assumption concern ing  decay t i m e  p l a c e s  a l a r g e  burden on t h e  

a d s o r b e r s  s i n c e  t h e  i o d i n e  i n v e n t o r y  i s  reduced very  r a p i d l y  over  t h e  

f i r s t  few minutes  f o l l o w i n g  shutdown. Various estimates r a n g i n g  from 

t e n s  of minutes  t o  several  h o u r s  can b e  made of t h e  l e n g t h  of t i m e  from 

shutdown u n t i l  a r r i v a l  of i o d i n e  a t  t h e  a d s o r b e r .  In t h e  examples t h a t  

f o l l o w ,  some a l lowances  w i l l  b e  made f o r  decay p r i o r  t o  a d s o r p t i o n  on t h e  

c h a r c o a l .  The e f f e c t  oE decay on the i o d i n e  q u a n t i t y  v a l u e s  i s  a l s o  

i l l u s t r a t e d  i n  T a b l e  1 where decay up t o  200 minutes  i s  cons idered .  

I n  Table  2 ,  t h e  c u r i e s  of i o d i n e  at shutdown have been conver ted  i n t o  

w a t t s  of decay power p e r  k f w ( t )  o f  r e a c t o r  power; v a l u e s  are  c o n t a i n e d  



Table 1. Radioac t ive  Joclines Produced i n  a Reac to r ,  Curics/Mw(t) of Reac tor  Power 

Nucl ide  R a d i o a c t i v i t y ,  Curies/Mw(t) of Reac tor  Power 

I so toDe  Shutdown 20 T I I i I l  40 min 60 min 80 min 100 min 

1-128 
1-125 
I-130m 
1-130 
1-131 
1-132 
1-133 
1-134 
i-135 
1-136 
1-137 
1-138 
1-139 

3.50E 02% 
1.24E-03** 
3.95E 02 
1.14E 03  
2.88E 04 
4.10E 04 
5.37E 04 
5.08E 04 
4 . 7 7 E  04 
2.02E 34 
5.21E 04 
5.05E 04 
4.14E 04 

2.01E 02 
1.243-03 
8.76E 01 
1 . 1 2 E  03 
2.883 04 
4.08E 04 
5.37E 04 
5.72E 04 
4.622 04 
8.9?E-01 
i.02E-011 
0.30 
0.00 

1.158 02 
1.24E-03 
1.94E 01  
l . l O E  03  
2.88E 04 
4.07E 04 
5.37E 04 
5.15E 04 
4.46E 04 
3 .  WE-05 
0.03 
0.90 
0.00 

6.62E 01 
1.24E-03 
4.30E 00 
1.08E 0 3  
2.88E 04  
4.06E 04 
5.31.E 04 
4.51E 04 
4.31E 04 
1.77E-09 
0.00 
0.00 
0.00 

3.80E 01  
l.24E-03 
9.53E-01 
1.05E 0 3  
2.88E 04 
4.05E 04 
5.27E 04 
3.85E 04 
4.16E 04 
7.89E-14 
0.03 
0.00 
0.00 

2 . 1 8 E  01 
1.24E-03 
2. l iE-01 
1.04E 03  
2.88E 04 
4.04E 04 
5.23E 04 
3.24E 04 
4.02E 04 
0.00  
O.O@ 
G.00 
G.00 

T o t a l  3.98E 05 2.28E 05 2.20E 05 2.12E 05 2.03E 05 1.95E 05 

2k I n  a l l  t a b l e s  t h i s  shor thand  method of d e n s i t y  powers of  t e n  w i l l  b e  used; t h i s  value is 
read  as 3.5 x l o 2  o r  350. 

-3 ** This  v a h e  i s  read  as 1.24 x 1 0  o r  0.00124. 



Table 1, Continued 

I s o t o p e  Shutdown 120 min 140 min 160 min 180 min 200 min 

1-128 
1-129 
I-130m 
1-130 
1-131 
1-132 
1-133 
1-134 
1-135 
1-136 
1-137 
1-138 
1-139 

3.50E 02* 

3.95E 02 
1.14E 03 
2.88E 04 
4.10E 04 
5.37E 04 

4.771;: 04  
2.02E 04 
5.21E 04 
5.05E 04 
4.14E 04 

1.24E-03ffo’; 

6 . 0 8 ~  04 

1.24E 0 1  
1.243-03 
4.6 a ~ - o 2  
1.02E 03 
2.873 04 
4.03E 04 
5.18E 04 
2.70E 04 
3.89E 04 
0.00 
0.00 
0.00 
0.00 

7.20E 00 
1.243-02 
1.00E 0 3  
1.043 0 3  
2.87E 04  
4.01E 0 4  
5.14E 04 
2.2E 04 
3.763 04 
0.00 
0.00 
0.00 
0.00 

4.14E 00 
1.243-03 
2.30E-03 
9.833 02 
2.873 04  
4.00E 04  
5.09E 04 
1 . 8 1 E  04  
3.63E 04 
0.00 
0.00 
0.00 
0.00 

2.383 00 
1.24E-03 
5.09E-04 
9.65E 02 
2.873 04 
3.99E 04 
5.04E 04  
1.47E 04 
3.51E 04 
0.00 
0.00 
0.00 
0.00 

1.36E 00 
1.24E-03 
1.13E-04 
9.473 02 
2.86E 04 
3.98E 04 
4.983 04 
1.18E 0 4  
3.39E 0 4  
0.00 
0.00 
0.00 
0.00 

T o t a l  3.9833 05 1 . 8 8 ~  05 1 . 8 1 E  05 1.75E 05 1.75E 05 1.65E 05 



Table  2. Constan ts  f o r  Lodine I s o t o p e s  Produced i n  a Reac tor  

Iodir,e Decay Constant F r a c t i o n  of  Decay Heat Due t o  Decay Power (wat t s / i&( t )  of 
I s o t o p e  (min-1) Beta Gamma Reac to r  Power a t  Shutdown . -  . .  

Discharge  From Beta From Gamria 

1-128 
1-129 
I-13Gm 
I-2-30 
1-131 
1-132 
1-133 
1-134 
1-135 
1-136 
1-13? 
1-138 
1-139 

2.77E-02 
7.74E-14 
7.56E-02 
9.30E-04 
5.98E-05 
5.02E-03 
5.50E-04. 
1.31E-02 
1.72E-03 
5.0lE-01 
1.843-90 
7.02E-Ofi 
2.08E-01 

0.827 
1 
1 
0.22G 
0.426 
0.220 
0.490 
0.186 
0.160 
0.480 
1 
1 
1 

0.173 
0.0 
0.0 
0 .780  
G.574 
0.780 
0.510 
0.814 
0.840 
0.523 
0.0 
0.0 
0.0 

1.99E 00 
5.37E-07 
2.34E-0: 
5.57E 00 
1.18E 02 
6.55E 02 
3.50% 02 
1.18E 03 
6.45E 02 
5.1OE 02 
5.43E 01 
1.02E 03 
4.91E 02 
5.04E 03 

1.65E 00 
5.37E-07 
2.34%-G1 
2.19E GO 
5.03E 01 
1.44E 02 
1.72E 02 
2.19E 02 
1.03E 02 
2.45E 02 
5.43E 01 
1.02E 03 
4.91E 02 
2.5OE 03 

3.40E-01 

7.78E GO 
6.77E 81 
5.11E 02 
1.79E 02 
9.61E 02 
5.42E 02 
2.65E 02 

1 
h, 
CD 

1 

2.53E 0 3  
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which r e p r e s e n t  c o n t r i b u t i o n s  from b o t h  b e t a  and gamma e m i s s i o n s ;  t h e  

e n t i r e  b e t a  and gamma energy  i s  assumed t o  b e  conver ted  i n t o  h e a t .  The 

e f f e c t  o f  decay t i m e  on decay h e a t i n g  i s  i l l u s t r a t e d  i n  Fig.  6 which 

i n c l u d e s  i o d i n e  produced by decay o f  t e l l u r i u m .  

Char c o a l  Parameters 

A s  n o t e d  i n  S e c t i o n  I V  v a l u e s  € o r  c e r t a i n  c h a r c o a l  parameters  o r  

c h a r a c t e r i s t i c s  are needed t o  per form h e a t  t r a n s f e r  c a l c u l a t i o n s  i n  

a d s o r b e r  u n i t s .  One must know v a l u e s  f o r  c h a r a c t e r i s t i c s  such as shape ,  

p o r o s i t y ,  s p h e r i c i t y  and mean d i a m e t e r  o f  t h e  p a r t i c l e s .  The p o r o s i t y  

i n  t h i s  case i s  n o t  concerned w i t h  i n t e r n a l  cav i t ies  of t h e  c h a r c o a l ,  

only w i t h  t h e  v o i d  space between t h e  p a r t i c l e s  when i n  packed a r r a y ;  

p o r o s i t y  i s  d e f i n e d  as volume o f  v o i d  s p a c e  d i v i d e d  by t h e  t o t a l  volume 

of t h e  c o n t a i n e r .  S p h e r i c i t y  i s  d e f i n e d  as t h e  s u r f a c e  area o f  a s p h e r e  

h a v i n g  a volume e q u a l  t o  t h a t  o f  t h e  p a r t i c l e  d i v i d e d  by t h e  s u r f a c e  

a r e a  of  t h e  p a r t i c l e .  The bed p o r o s i t y  f o r  8 x 16 mesh ( U . S . )  c h a r c o a l  

p a r t i c l e s  w i l l  b e  somewhere between 0.38 and 0.45 w h i l e  t h e  s p h e r i c i t y  

w i l l  b e  between 0.70 and 0.80.  

On examinat ion of a sample b a t c h  of c h a r c o a l ,  t h e  p a r t i c l e s  seem t o  b e  

p r i s m a t i c  i n  form w i t h  a .a .2a  as a f a i r l y  r e p r e s e n t a t i v e  shape.  

shape  h a s  a s p h e r i c i t y  of 0 .767 .  This  p a r t i c u l a r  sample h a s  a p o r o s i t y  

e s t i m a t e d  t o  b e  about  0 .43 .  This f i g u r e  w i l l  p robably  v a r y  no more t h a n  

10% from b a t c h  t o  b a t c h .  

T h i s  

One c u b i c  c e n t i m e t e r  w a s  found t o  c o n t a i n  278 p a r t i c l e s .  With a v o i d  

f r a c t i o n  of p o r o s i t y  o f  0.43 t h i s  r e s u l t s  i n  a p a r t i c l e  volume of 

0.002050 c m  o r  0.0001251 i n .  . One p a r t i c l e  p l u s  t h e  v o i d  o r  i n t e r s t i t i a l  

s p a c e  occupies  0.0002195 i n .  . The mean d i a m e t e r ,  which i s  t h e  d i a m e t e r  of 

a s p h e r e  h a v i n g  s a m e  volume a s  an average  p a r t i c l e ,  i s  e q u a l  t h e n  t o  

0.06205 i n .  , which compares f a v o r a b l y  w i t h  a s c r e e n  a n a l y s i s ,  i n d i c a t i n g  

an average  p a r t i c l e  d i a m e t e r  of 0.0504 i n .  

shape  of a . a . 2 a  as p r e v i o u s l y  assumed, t h e  volume i s  2a3 and a = 0.03970 

i n .  

T h e  e f f e c t i v e  h e a t  t r a n s f e r  area i n  t h e  bed w i l l  b e  of c o u r s e  less t h a n  

t h i s .  The above c h a r a c t e r i s t i c s  will b e  used i n  any c a l c u l a t i o n  made i n  

t h i s  r e p o r t .  

3 3 
3 

I f  t h e  p a r t i c l e  h a s  a p r i s m a t i c  

2 The t o t a l  area of t h i s  r e p r e s e n t a t i v e  p a r t i c l e  i s  loa2  o r  0.01576 i n .  . 
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The p h y s i c a l  p r o p e r t i e s  of  a c h a r c o a l  bed are by no means a c o n s t a n t  

v a l u e .  Each p r o p e r t y  depends on s e v e r a l  f a c t o r s .  The apparent  d e n s i t y  

of a c h a r c o a l  bed i s  a f f e c t e d  by t h e  amount of m o i s t u r e  adsorbed and t h e  

method used i n  packing  t h e  bed. The t h e r m a l  c o n d u c t i v i t y  of  c h a r c o a l  

beds  i s  a l s o  s u b j e c t  t o  v a r i a t i o n s .  1.t is a f u n c t i o n  o f  t h e  tempera ture  

of t h e  gas  which f i l l s  the v o i d  between t h e  g r a i n s  and probably a l s o  of 

g r a i n  s i z e .  The g r e a t e s t  v a r i a t i o n  i n  a p r o p e r t y  i s  e x h i b i t e d  when 

measuring t h e  h e a t  c a p a c i t y  (Cp) of a c h a r c o a l  bed o v e r  a range of 

t e m p e r a t u r e s .  A s  m o i s t u r e  and o t h e r  adsorbed g a s e s  are desorbed t h e y  act  

as a h e a t  s i n k  and t h u s  c a u s e  a l a r g e  i n c r e a s e  i n  t h e  h e a t  c a p a c i t y  w h i l e  

t h i s  i s  t a k i n g  p l a c e .  Heat c a p a c i t y  and t h e r m a l  c o n d u c t i v i t y  have been 

s tudier '  i n  t h e  l a b o r a t o r y  and w i l l  b e  r e p o r t e d  i n  a s e p a r a t e  r e p o r t .  

I n  t h e  examples which f o l l o w ,  t h e  f o l l o w i n g  v a l u e s  have been assumed: 

Heat c a p a c i t y  = Cp = 0 . 2  Btu/lb-'F 

Densi ty  = p = 35 l b / f t 3  = 2.0255 x 10 

C o n d u c t i v i t y  k = 0.12 Btu /hr - f t - "F  = 1.6667 x Btu/in.-min-OF. 

-2 3 l b / i n .  

Volumetr ic  H e a t  Trans f e r  C o e f f i c i e n t  

Equat ion  (19) w a s  g iven  p r e v i o u s l y  t o  re la te  H ( t h e  v o l u m e t r i c  heat: 

t r a n s f e r  c o e f f i c i e n t )  w i t h  h ( t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  

c h a r c o a l  p a r t i c l e  t o  t h e  f lowing  gas)  and Eq .  (20) w a s  g iven  t o  aid i n  

e s t i m a t i n g  v a l u e s  o f  h ;  t h e  needed v a l u e s  of parameters  have now been 

s p e c i f i e d  and a v a l u e  f o r  B can b e  e s t i m a t e d .  

Using t h e  c h a r a c t e r i s t i c s  g iven  i n  t h e  above s u b s e c t i o n  and assuming 

t h a t  about  80% of  t h e  c h a r c o a l  s u r f a c e  area i s  a v a i l a b l e  f o r  h e a t  t r a n s f e r  

w e  g e t  from E q .  (19 ) :  

(2 7) 
3 H = 689.4 h Btu/hr-Et  -OF 

From t h e  r e p o r t e d  c o r r e l a t i o n '  w e  g e t  v a l u e s  of 0.272 and 0 . 3 4 1  

f o r  E and m assuming d = 0.43;  t h e n  e x p r e s s i n g  G as 60 pV where V 
g g 

i s  in ftlmin and u s i n g  t h e  p r o p e r t i e s  of the  a d s o r b e r  u n i t  and gas  w e  g e t ,  

2 h = 1.0887 V o.66 B t u / h r - f t  -OF 
g 
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S u b s t i t u t i n g  i n t o  Eq. (27) w e  g e t  

3 EI = 750.5.5 V B t u j h r - f t  - O F  
g 

o r  

H = 0.00724 V o ' 6 6  Btu/min-in.  3-0F. 
E 

Equat ion  (29 )  w a s  d i r e c t l y  i n c o r p o r a t e d  i .nts  t h e  computer code f o r  

o b t a i n i n g  t h e  v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  each  s p e c i f i e d  gas  

v e l o c i t y .  

Examples of Code A p p l i c a t i o n s  

A s  no ted  e a r l - i e r ,  i n  o r d e r  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h e  codes 

one must f i r s t  d e f i n e  a t y p i c a l  r e a c t o r  sys tem and then  p l a c e  numer ica l  

v a l u e s  on t h e  v a r i o u s  i n p u t  pa rame te r s .  The fo l lowing  examples  are o f f e r e d ,  

The fo l lowing  r e a c t o r  system w a s  d e f i n e d  f o r  t h e  e x p r e s s  purpose  of 

i l l u s t r a t i n g  t h e  a p p l i c a b i l i t y  of t h e  computer code. While t h e  assumed 

system i s  s i m i l a r  t o  c u r r e n t  p re s su r i zed -wa te r  r e a c t o r s  no e f f o r t  w a s  

made t o  d e f i n e  a p a r t i c u l a r  r e a c t o r :  r e a c t o r  power, 3077 Mw(t) ; volume 

of conta inment ,  1..14 x 10 f t  ; f a c e  area of  c h a r c o a l  a d s o r b e r ,  2800 ft2; 

c h a r c o a l  t h i c k n e s s ,  2 i n c h e s ;  s u p e r f i c i a l  a i r  v e l o c i t y  through c h a r c o a l ,  

as s p e c i f i e d .  

6 3  

-._I__. Example 1 - As d i s c u s s e d  ea r l i e r ,  much of  t h e  e a r l y  work w a s  

accomplished w i t h  t h e  E N I S  code which d i d  n o t  all-ow t h e  t empera tu re  of khe 

f lowing  a i r  t o  change; t h e  CHART series of  codes w a s  developed t o  hand le  a 

t empera tu re  rise i n  the f lowing  gas .  CHARY-A was s o  d e f i n e d  as t o  compare 

wi th  t h e  l i m i t a t i o n s  o f  E N I S  t o  a l l o w  a comparison t o  h e  iuade and t o  v a l i d a t e  

t h e  assumptions made i n  t h e  CHART ser ies .  Tab le  3 compares t h e  outpii t  f o r  

E N I S ,  CHART-A, and CHART-B f o r  an i d e n t i c a l  adso rbe r  system. It is  

assumed t h a t  25% oE t h e  i o d i n e  i n v e n t o r y  i s  passed  from t h e  r e a c t o r  c o r e  

t o  t h e  c h a r c o a l  adso rbe r  wit:h 10  minutes  decay and t h e n  i n s t a n t l y  

d i s p e r s e d  ove r  t h e  c h a r c o a l  b e f o r e  addi t iona l .  decay i s  a l lowed;  t h e  sequence 

i s  r e f e r r e d  t o  as " i n s t a n t  l o a d i n g . "  The t i m e  v a l u e s  i n  t h e  t a b l e  r e f e r  

t o  t i m e  a f t e r  t h e  i o d i n e  has been loaded  oilto t h e  charcoal.  and n o t  t i m e  

from r e a c t o r  shutdown. I t  is  noted  t h a t  t empera tu re  r ise i n  t h e  f lowing  

a i r  i s  an impor t an t  c o n s i d e r a t i o n  e s p e c i a l l y  a t  t h e  low f l o w  rates.  A l l  

o f  the  fo l lowing  examples w e r e  done w i t h  the CHART-B code. 



Table 3. Comparison of Temperature R i s e  as C a l c u l a t e d  f o r  Charcoal  Adsorber by Three 
Computer Codes 

Temperature R i s e  i n  Charcoal  Adsorber (OF Above Ambient) 
I n l e t  Face Middle E x i t  Face 

T i m e  (min.) Code 1 2 3 Code 1 2 3 2 3 Code 1 

A i r  v e l o c i t y  20 f t / m i n  0 8.5 9.2 23.0 1 . 2  1 .2  45.2 1.1 1.1 30.7 
10 8 . 1  8 .8  2 2 . 2  1.1 1.1 62.9 1.1 1.1 90.8 
20 7.6 8.2 20.9 1 . 0  1 .0  59.0 1.0 1 . 0  85.3 

0 .9  75.6 40 6 . 8  7.3 18.6 0.9 0.9 52.5 0.9 
0.7 0.8 42.8 0.7 0.7 6 1 . 4  80 5.6 6.2 15.2 

A i r  v e l o c i t y  40 f t / m i n  0 5 .7  6 . 3  11.1 0.7  0.7 32.1 0.7 0 . 7  36.6 
10 5.5 6.0 10.5 0.7 0.7 30.9 0.7 0.7 45.3 
20 5 . 1  5.6 9 . 7  0.7 0.7 29.0 0.6 0 .6  42.5 
40 4.6 5.0 8.8 0.6 0.6 25.8 0.6 0 .6  37.7 

0.5 30.0 80 3.8 4 .1  7.2 0 .5  0.5 21.1 0.5 I 
W 
w 
I 

Code I: ENIS code, which i s  an a n a l y t i c a l  s o l u t i o n  of Eq .  (23) ;  t empera ture  of  f lowing 
a i r ,  t cons tan t .  

Code 2: CHART !I compares w i t h  ENIS;  t 
Code 3: CHART B: a l lows  tg t o  vary.  

c o n s t a n t .  
g 



Example 2 - I t  i s  assumed t h a t  25% of  t h e  i o d i n e  i n v e n t o r y  i s  passed 

from t h e  c o r e  t o  t h e  c h a r c o a l  adsorber  w i t h  10 minutes  decay and t h e n  

i n s t a n t l y  d i s p e r s e d  over  t h e  c h a r c o a l  b e f o r e  a d d i t i o n a l  decay i s  a l lowed;  

t h i s  sequence i s  r e f e r r e d  t o  as " i n s t a n t  loading."  F i g u r e  7 shows t h e  

maximum c h a r c o a l  tempera ture  as a f u n c t i o n  of time as computed by t h e  

CHART-B code f o r  two air v e l o c i t i e s  through t h e  c h a r c o a l  mass. The t i m e  

v a l u e s  on t h i s  graph r e f e r  t o  t i m e  a f t e r  t h e  i o d i n e  h a s  been loaded onto  

t h e  c h a r c o a l  and n o t  t i m e  from shutdown; t h e  tempera ture  v a l u e s  refer t o  

tempera ture  rise above t h e  assumed s t a r t i n g  tempera ture  of t h e  c h a r c o a l .  

A t  an a i r  v e l o c i t y  of 4 Et/min t h e  maxi.mum tempera ture  rise w a s  approximately 

380°F above t h e  s t a r t i n g  tempera ture ,  and t h i s  occur red  a t  about  36 minutes  

a f t e r  i o d i n e  l o a d i n g ;  a t  a v e l o c i t y  of  20 f t / m i n  t h e  heat transEer i s  much 

g r e a t e r  and t h e  maximum tempera ture  rise w a s  on ly  about  90°F a t  about  8 

minutes .  I t  may b e  noted  t h a t  t h e  a i r  f low through c h a r c o a l  i s  normally 

about 40 f t / m i n  o r  g r e a t e r  and f u r t h e r  t h a t  t h e  i g n i t i o n  p o i n t  of  

c h a r c o a l s  normally i n  u s e  exceed 600°F.  

Example 3 - In r e c i r c u l a t i n g  a d s o r b e r  systems t h e  i o d i n e  l o a d i n g  w i l l  

be  more g r a d u a l  than  assumed i n  Example 1. Using E q .  (16), t h e  l o a d i n g  

c h a r a c t e r i s t i c s  f o r  v a r i o u s  a i r  f lows w e r e  computed and are i l l u s t r a t e d  i n  

Fig.  8. T h i s  sequence i s  r e f e r r e d  t o  as "gradual  1.oading.I' A s  t h e  a i r  

flow rate  i n c r e a s e s  t w o  e f f e c t s  are  noted .  F i r s t  t h e  f a c t o r  i n  t h e  Computer 

code which c o n t r o l s  t h e  l o a d i n g  ra te ,  a l lows  t h e  h e a t  g e n e r a t i o n  r a t e  t o  

i n c r e a s e  because i o d i n e  i s  b e i n g  removed from t h e  containment volume and 

d e p o s i t e d  on t h e  c h a r c o a l  w i t h  less  decay. A t  the same t i m e ,  t h e  g r e a t e r  

a i r  f l o w  i n c r e a s e s  t h e  h e a t  removal r a t e  and t e n d s  t o  l i m i t  t h e  tempera ture  

rise. In Fig.  9 t h e  maximum tempera ture  i n  the c h a r c o a l  a d s o r b e r  i s  p l o t t e d  

a g a i n s t  t i . m e  f o r  a i r  v e l o c i t i e s  of  2, 4 ,  10, a d  Zi) f t / m i n .  

Comparison of t h e  e f f e c t s  of l l i n s t a n t "  vs "gradual  i o d i n e  loading"  

f o r  a i r  v e l o c i t i e s  o f  4 and 20 f t / m i n  iuay b e  made w i t h  t h e  a i d  of  F ig .  10. 

Gradual, l o a d i n g  lowers t h e  maximum tempera ture  rise by 210°F a t  4 f t / m i n  

a i r  v e l o c i t y .  

-. E x a x l e  _._.._.-I- 4 - The f i r s t  two examples demonstrate  t h a t  a i r  ve l -oc i ty  and 

t h e  s c h e d u l e  of i o d i n e  l o a d i n g  are very  importanl: parameters. T h i s  i n f e r s  

t h a t  t h e  most: hazardous s i t u a t i o n  might b e  one i n  which t h e  l o a d i n g  
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Assume: 25% of iodine inventory loaded 
gradually, s ta r t ing  10 min. 
a f t e r  shutdown. 

Air Flow Rates: 
Curve 1. 2 ft/min 3. 10 ft/min 

2 .  4 € t h i n  4. 20 ft/min 

Note: T i m e  measured from 10 min 
a f t e r shut down. 
Temperatures a re  OF above 
ambient. 

I 
w 
4 

I 

MINUTES 

Figure 9 .  Maximum Charcoal Temperature vs Time f o r  Gradual Loading. 
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f 
25% of  i o d i n e  i n v e n t o r y  was l oaded  
s t a r t i n g  10 min a f t e r  r e a c t o r  shutdown 

Curve 1 - A i r  flow 4 f t / . s i n  i n s t a n t  l o a d i n g  - 
Curve 2 - A i r  f low 4 ftlmin g r a d u a l  l o a d i n g  
Curve 3 - A i r  f low 20 f t / n u n  i n s t a n t  l o a d i n g  
Curve 4 - A i r  f l ow 40 f t / m i n  g r a d u a l  l o a d i n g  

7 
- 

MINUTES 

Figure  10 .  Tempera ture  (max] o f  Charcoa l  vs Time - Instant and Gradual Loading.  
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of i o d i n e  o c c u r r e d  q u i c k l y  and i n  which a low f low c o n d i t i o n  developed as 

a r e s u l t  of p a r t i a l  blower f a i l u r e  a f t e r  i o d i n e  l o a d i n g .  F i g u r e  11 

i n d i c a t e s  how t h e  maximum t e m p e r a t u r e  might change i n  t h a t  s i t u a t i o n .  

S p e c i f i c a l l y  t h e  tempera tures  l i s t e d  w e r e  c a l c u l a t e d  assuming a normal 

flow ( 4 0  f t / m i n )  f o r  l o n g  enough t o  l o a d  95% of  t h e  i o d i n e  which would 

e v e n t u a l l y  b e  loaded  and t h e n  assuming a r e d u c t i o n  t o  a flow of 4 f t / m i n  

a f t e r  t h a t .  A s  can b e  s e e n ,  t h e  maximum tempera ture  rise w a s  n o t  extreme. 

E x a m p l e  5 - The v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  (H) i s  c a l c u l a t e d  
--_I 

f o r  each  a i r  flow rate  e n t e r e d  i n  t h e  computer code and t h e  r e s u l t  i s  

a p p l i e d  t o  de te rmine  t h e  t r a n s f e r  of h e a t  from t h e  c h a r c o a l  t o  t h e  a i r .  

The computer code was used t o  compare t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  

c h a r c o a l ,  u s i n g  t h e  (H) v a l u e  c a l c u l a t e d  by t h e  e q u a t i o n s  cons idered  t o  

b e  most r e p r e s e n t a t i v e  i n  l i e u  of measured v a l u e s ,  and u s i n g  an  (H) v a l u e  

reduced by a f a c t o r  of 10. These two v a l u e s  of (€1) w e r e  used f o r  2 , 4 ,  and 

10 f t / m i n .  F i g u r e  1 2  i s  a p l o t  of t h e  maximum t e m p e r a t u r e  vs  t i m e  under  

t h e s e  c o n d i t i o n s .  A s  expec ted  t h e r e  i s  p r a c t i c a l l y  no d i f f e r e n c e  i n  t h e  

two cases f o r  l o w  a i r  flow because  t h e  c a p a c i t y  of t h e  a i r  f o r  h e a t  i s  

q u i c k l y  reached and t h e  a i r  tempera ture  becomes t h e  c o n t r o l l i n g  f a c t o r .  

A t  i n c r e a s e d  a i r  v e l o c i t i e s  t h e  e f f e c t  oE (H) becomes more a p p a r e n t .  A s  

noted ear l ie r  i n  t h i s  r e p o r t ,  v a l u e s  of (H) were measured i n  t h e  l a b  and 

w i l l  b e  r e p o r t e d  i n  a f u t u r e  r e p o r t .  

Example 6 - The p r e v i o u s  examples have u t i l i z e d  t h e  maximum tempera ture  

i r r e s p e c t i v e  of t h e  l o c a t i o n  w i t h i n  t h e  c h a r c o a l  mass. I f  t h e  c h a r c o a l  

s l a b  i s  s u b d i v i d e d  as i n  F i g .  13 t h e n  tempera ture  can b e  c a l c u l a t e d  a t  

d e s i r e d  l o c a t i o n s  by u s e  of CHART-B. F i g u r e  1 3  i l l u s t r a t e s  maximum 

tempera ture  a t  t h e  c e n t e r  and t h e  c o r n e r  of a c h a r c o a l  s l a b .  

Example 7 - This  c a l c u l a t i o n  i l l u s t r a t e s  t h e  s u r f a c e  tempera ture  

p r o f i l e  of a c h a r c o a l  s l a b  a l o n g  t h e  l i n e s  I, 2 ,  3 ,  4 ,  and 5 ,  as i l l u s t r a t e d  

i n  F ig .  1 4 .  It is n o t e d  t h a t  tempera ture  p r o f i l e s  are comparable t o  

w i t h i n  3 i n c h e s  of edge of c h a r c o a l  s l a b .  

Example 8 - I n  t h i s  c a l c u l a t i o n  w e  apply  CHART-B t o  a once-through 

c h a r c o a l  a d s o r h e r  system. F o r  purposes  of t h i s  i l l u s t r a t i o n  a 

h y p o t h e t i c a l  r e a c t o r  and a d s o r b e r  sys tem w a s  d e f i n e d  as: power l e v e l  , 350 

Mw(t); i o d i n e  r e l e a s e ,  25% of  i n v e n t o r y  w i t h  90% as 12 and 10% as CH31; 

t r a n s i t  t i m e  between c o r e  and c h a r c o a l ,  10 minutes ;  s i z e  of a d s o r b e r  system, 
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Iodine  Loading i s  the same f o r  a l l  cases .  

Curves 1 and 2 2 f t /min  
Curves 3 and 4 4 ft/min 
Curves 5 and 6 10 ft/min 

Values of (H) f o r  even numbered cases 
i s  that  normally used whi le  H / 1 0  i s  used f o r  
t h e  odd numbered cases. 

200 LL 

c3 

i I 

MINUTES 
F i g u r e  12. Temperature (?fax.) of Charcoal vs Time-Effect of Change (H). 
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F i g u r e  14 .  S u r f a c e  Temperature of Charcoal S l a b .  
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2 600 f t  f a c e  area by 2 i n c h e s  depth ;  normal l i n e a r  v e l o c i t y  of a i r ,  

40 f t / rnin;  abnormal l i n e a r  v e l o c i t i e s  of  20 and 4 f t / m i n ;  e f f i c i e n c y  of 

charcoal  99%. The tempera ture  response  of t h e  c h a r c o a l  under i n s t a n t  

l o a d i n g  c o n d i t i o n s  i s  given i n  F ig .  1 5 .  The manner i n  which t h e s e  c a l c u l -  

a t i o n s  w e r e  made i s  d e t a i l e d  i n  Appendix D. 

Example 9 - C a l c u l a t i o n s  of t h e  q u a n t i t i e s  of i o d i n e  a v a i l a b l e  w e r e  

made assuming (1) on ly  t h e  i o d i n e  r e l e a s e d  d i r e c t l y  From t h e  f u e l  reaches  

t h e  c h a r c o a l  o r  (2) a l l  t h e  i o d i n e ,  i n c l u d i n g  t h a t  produced by decay of 

t e l l u r i u m  a f t e r  r e a c t o r  shutdown, reaches  t h e  c h a r c o a l ;  t h i s  was accomplished 

through use  of a computer code c a l l e d  ORIGEN . Other  assumptions i n c l u d e :  

(I) 25% of i o d i n e  i n v e n t o r y  i n  a 3000 & ( t )  r e a c t o r  reaches  containment 

10 minutes  a f t e r  shutdown, ( 2 )  i o d i n e  i s  d e p o s i t e d  on 2800 f t 2  of c h a r c o a l  

adsorber  (wi th  a 2 i n c h  depth  of c h a r c o a l )  a t  a ra te  such thaL 95% of 

t h e  t o t a l  i o d i n e  e v e n t u a l l y  d e p o s i t e d  i s  d e p o s i t e d  i n  about 100 minutes .  

The r e s u l t s  a r e  conta ined  i n  Fig.  1 6 .  By i n c l u d i n g  t h a t  i o d i n e  produced 

by decay oE t e l l u r i u m  ( a f t e r  shutdown) t h e  h e a t i n g  l o a d  a t  i t s  maximum 

i s  i n c r e a s e d  by about  1 9 % .  

1 3  

V I .  C O O L I N G  THE CHARCOAL ADSORBER BY NATUKATd A I R  CONVECTION 

A model r e a c t o r  complex has  been d e s c r i b e d  e a r l i e r  i n  t h i s  r e p o r t  and 

used f o r  t h e  development o f  computer codes t o  c a l c u l a t e  t h e  tempera ture  

d i s t r i b u t i o n  caused by t h e  decay h e a t  of t h e  r a d i o a c t i v e  i o d i n e s  adsorbed 

on t h e  c h a r c o a l  a d s o r b e r s .  These c a l c u l a t i o n s  show t h a t  a i r  flow rates 

as low as 4 f t l m i n  can e f f e c t i v e l y  remove t h e  decay h e a t  from c h a r c o a l  

a d s o r b e r s .  The very  impor tan t  q u e s t i o n  t h a t  remains i s  t h e  consequences 

of  no f o r c e d  a i r  flow through t h e  c h a r c o a l  a d s o r b e r s .  Can the n a t u r a l  

means of  h e a t  t r a n s f e r  d i s s i p a t e  t h e  decay h e a t  through t h e  a i r  e x i t  duc t  

and t h e  w a l l s  of t h e  a d s o r b e r ?  T o  answer t h i s  quest:ion some p r e l i m i n a r y  

c a l c u l a t i o n s  w e r e  made t o  determine t h e  ra te  t h a t  h e a t  can b e  d i s s i p a t e d  

from a model. a d s o r b e r  when t h e  charcoal. i s  a t  a tempera ture  of  475°F. 

A f u r t h e r  c o n s i d e r a t i o n  i s  given t o  enhancing t h e  n a t u r a l  f l o w  o f  a i r  

through t h e  c h a r c o a l  by adding a s t a c k  n e a r  t h e  exit :  o f  t h e  c h a r c o a l  

adsorber .  

I n  o r d e r  t o  check t h e  p o s s i b i l i t y  of c o o l i n g  the c h a r c o a l  a d s o r b e r s  

by n a t u r a l  convec t ion  some rough c a l c u l a t i o n s  have been made f o r  s t e a d y  

s t a t e  c o n d i t i o n s .  
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The d r i v i n g  f o r c e  by n a t u r a l  convec t ion  i s  

AT = Z(p - p,) 
C 

where 
2 AP = d r i v i n g  p r e s s u r e  i n  I b f / f t  

Z = e l e v a t i o n  of u n i t  

= d e n s i t y  of a i r  a t  c o l d  s i d e  (bot tom of u n i t )  
P C  
ph = d e n s i t y  of a i r  a t  h o t  s i d e  ( t o p  o f  u n i t ) .  

The d r i v i n g  p r e s s u r e  r e q u i r e d  on t h e  p r e s s u r e  r e s i s t a n c e  through t h e  bed 

can b e  calcul .a ted by 

LPV Ff 
AP = 2.8508 x l o m 5  ( ,,g 1. 

The c o r r e c t  gas v e l o c i t y  w i l l  b e  achieved  by b a l a n c i n g  t h e  d r i v i n g  

f o r c e  w i t h  t h e  p r e s s u r e  drop r e q u i r e d .  Equat ing E q s .  (30) and (31) ,  w e  

g e t  t h e n  

where 

Z = d i s t a n c e  s e p a r a t i n g  t h e  c o l d  a i r  and h o t  a i r  - 6.75 f t  
3 = d e n s i t y  o f  a i r  a t  100°F = 0.07087 l b / f t  

3 
p C  

gc 

Ph = d e n s i t y  of  a i r  a t  e x i t  c o n d i t i o n s  o f  475'F = 0.0420 I b / f t  
2 = 32.17 f t l s e c  

= 0.005172 = 0.00002673 f t  2 D 

FRe = 48.0 

L = t o t a l  bed t h i c k n e s s  = 18 x (2112) = 3.0 f t  

P 

lJ = 0 .04594  

Ff = 1500.0 

Subs t i t  u t i n g  t h e  

v e l o c i t y  

V = 0.2626 
g 

l b  / f t - h r  

above v a l u e s  i n  E q .  (32) g i v e s  f o r  t h e  n a t u r a l  gas  

f t l m i n  = 15.76 f t l h r .  

The h e a t  t r a n s f e r r e d  t o  t h e  c o o l i n g  a i r  can b e  c a l c u l a t e d  by 

T o  t h i s ,  one can add t h e  h e a t  l o s t  from t h e  d u c t  s u r f a c e  t o  t h e  ambient 

atmosphere by n a t u r a l  convec t ion  and r a d i a t i o n  as 
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9, CAw(Tw - Tc) 1'33+EA w U(T: - T:) ( 3 4 )  

where 

W = r a t e  of  flow of a i r  i n  lb/min 

C = s p e c i f i c  h e a t  of a i r  = 0.245 Btu/ lb-"F 
P 

Aw = e x t e r n a l  surEa-% of t h e  duc t  around t h e  a d s o r b e r  = 40 f t  2 

Th I- h o t  e x i t  t empera ture  of c o o l i n g  a i r  = 475°F 

T, = cold  o r  ambient tempera ture  = 5 6 0 " R  (100°F) 

Tw = average tempera ture  of  t h e  w a l l  = 747"R ( 2 8 7 ° F )  

E = e m i s s i v i t y  of w a l l  s u r f a c e  = 0.5 

C = e m p i r i c a l  c o n s t a n t  f o r  n a t u r a l  convec t ion  = 0 . 2 2 1  
CT = Steffan-Boltzmann c o n s t a n t  = 0.173 x 10 -8 Btu/hr-ft-OR 4 . 
It was assumed h e r e  t h a t  t h e  ambient tempera ture  i s  100°F (which. i s  

an  o p t i m i s t i c  v a l u e )  and t h a t  t h e  e x i t  t empera ture  of  t h e  c o o l i n g  a i r  a t  

t h e  t o p  i s  al lowed t o  reach t h e  tempera ture  l i m i t  of 475°F.  The a d s o r b e r  

c o n t a i n e r  i t s e l f  i s  assumed t o  c o n t a i n  t h r e e  columns of a d s o r b e r  u n i t s  

w i t h  18 c h a r c o a l  s l a b s  i n  each column. The s i z e  of t h e  duc t  around t h e  

a d s o r b e r  i s  t a k e n  t o  b e  81-112 i n .  h i g h ,  83-112 i n .  wide and 28 i n .  deep, 

T h i s  g i v e s  about  40 f t 2  o f  e x t e r n a l  s u r f a c e  area around t h e  duc t  and 12 f t  

f low area of t h e  gas  i n  ve r t i ca l  d i r e c t i o n .  

w e  can have an estimate of t h e  amount of c o o l i n g  t h a t  can b e  expec ted  

by n a t u r a l  means and w i t h o u t  u s i n g  a s t a c k .  

2 

Based on t h e  above assumpt ions ,  

The h e a t  t r a n s f e r r e d  t o  t h e  a i r  u s i n g  Eq .  ( 3 3 )  i s  t h e n  

q = WC A T  = V PAC AT = 15.76  ( 0 . 0 5 6 4 4 ) ( 1 2 ) ( 0 . 2 4 5 ) ( 3 7 5 )  = 980 B t u / h r  
P g P  

and t h e  h e a t  t r a n s f e r r e d  t o  ambient a i r  u s i n g  Eq. ( 3 4 )  w i l l  b e  

a = 0 . 2 2 1  x 40 x 182 f 0 . 5  x 40 x 0.173 x low8 ( 7 4 Z 4  - 560 4 ) 

= 9101 + 7085 = 16,186 B t u / h r .  

So t h e  t o t a l  h e a t  l o s s  by n a t u r a l  means w i l l  be  

q = qg + qld = 980 4- 16,186 = 17,166 B t u / h r  = 5.03  Kw. 

The t o t a l  maximum h e a t  g e n e r a t i o n  i n  t h e  model a d s o r b e r  f o r  27 c h a r c o a l  

t r a y s  was computed t o  b e  5 6 . 5  Kw u s i n g  t h e  assumed r e a c t o r  system, 

means t h a t  even w i t h  o p t i m i s t i c  assumptions t h e  h e a t  nominal ly  assumed 

t o  b e  g e n e r a t e d  i n  t h e  c h a r c o a l  bed cannot  b e  removed by normal a i r  

convec t ion  around t h e  a d s o r b e r  c o n t a i n e r .  

This  
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S i n c e  only  a small  f r a c t i o n  of t h e  t o t a l  h e a t  can b e  removed from 

t h e  a d s o r b e r  by n a t u r a l  c o n v e c t i o n ,  i t  might b e  d e s i r a b l e  t o  i n c r e a s e  t h e  

thermal  buoyancy by adding  an emergency s t a c k  t o  t h e  system. The 

p r e s s u r e  l o s s  th rough t h e  sys tem i s  t h e  sum of  t h e  p r e s s u r e  drop through 

t h e  ductwork, t h e  bed and s t a c k .  I f  t h e  emergency s t a c k  can b e  l o c a t e d  

close enough t o  t h e  bed and an opening provided  t o  t h e  o u t s i d e  a i r ,  t h e n  

t h e  p r e s s u r e  drop i n  t h e  ductwork can b e  i g n o r e d  and t h e  t o t a l  AP w i l l  

t h e n  be e q u a l  t o  t h e  sum of  t h e  f r i c t i o n a l  r e s i s t a n c e s  i n  t h e  s t a c k  and i n  

t h e  bed p l u s  1-1/2 v e l o c i t y  heads  based  on t h e  bed v e l o c i t y  p l u s  1-1/2 

v e l o c i t y  heads  based  on t h e  s t a c k  v e l o c i t y .  

A program w a s  w r i t t e n  i n  X-Tran f o r  t h e  Com-Share Computer c a l l e d  

STACK which c a l c u l a t e s  t h e  f r a c t i o n  of  tht: maximum h e a t  g e n e r a t e d  from 

t h e  peak h e a t  g e n e r a t i o n  ra te  on a s t e a d y  s t a t e  b a s i s  f o r  any given 

ambient t e m p e r a t u r e ,  s t a c k  h e i g h t ,  and d iameter .  A l i s t i n g  of t h i s  

program appears  i n  Appendix E. C a l c u l a t i o n s  are based  on Eqs. (35) and 

( 3 6 ) .  The r e s u l t s  o f  t h i s  program are shown i n  Fig.  1 7  f o r  ambient 

tempera ture  of 100°F s t a c k  h e i g h t s  from 0 t o  100 f t  and s t a c k  d iameters  

from 1.0 t o  4.0 f t  where t h e  t o t a l  maximum h e a t  g e n e r a t i o n  f o r  t h e  t o t a l  

a d s o r b e r  i s  732 Kw. F i g u r e  18 g i v e s  t h e  same d a t a  f o r  ambient tempera ture  

o f  240°F. 

R e s u l t s  i n d i c a t e  t h a t  a s t a c k  3 f e e t  i n  d iameter  and 35 f e e t  i n  

h e i g h t  would c o n t r o l  t h e  h e a t  g e n e r a t i o n  under an assumed ambient 

tempera ture  of 100°F; f o r  an ambient tempera ture  o f  240°F t h e  dimensions 

would b e  4 f e e t  i n  d i a m e t e r  and 70 f e e t  i n  h e i g h t .  

VII. SUMMARY 

I n  t h i s  r e p o r t  two major  o b j e c t i v e s  have been pursued.  One, t o  

s u g g e s t  a method which might b e  a p p l i e d  t o  do a t h e r m a l  a n a l y s i s  of a 

c h a r c o a l  a d s o r b e r  and two, t o  p r o v i d e  c a l c u l a t i o n a l  means t o  apply  t h e  

a n a l y s i s .  S p e c i f i c a l l y ,  t h e  p o i n t s  i t e m i z e d  below have been p r e s e n t e d .  

1. A d e s c r i p t i o n  o f  an assumed r e a c t o r  complex w i t h  t h e  nec.essary 

d e t a i l s  t o  p l a c e  t h e  c h a r c o a l  a d s o r b e r  of t h e  sys tem i n  c o n t e x t  so 

i t  w i l l  b e  s e e n  as p a r t  of t h e  whole system w h i l e  c o n s i d e r i n g  t h e  

l i k e l i h o o d  of i t s  becoming h e a t e d  by t h e  decay h e a t  of t h e  i o d i n e .  
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Figure 18. Fraction of Heat Removed vs Height  of Stack. 
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2 .  The a l l  impor tan t  c o n s i d e r a t i o n  of t h e  q u a n t i t y  of i o d i n e s  which 

w i l l  b e  adsorbed on t h e  c h a r c o a l .  I n  t h i s  connec t ion  i t  i s  

emphasized s t r o n g l y  t h a t  any s t a t e m e n t  as t o  t h e  amount of 

i o d i n e  a v a i l a b l e  f o r  a d s o r p t i o n  must b e  p r e s e n t e d  as a f u n c t i o n  

of t i m e  

The s o u r c e  of t h e  i o d i n e  a c t i v i t y  i s  d e f i n e d ,  i n  t h e  main, as t h e  

i o d i n e  p r e s e n t  i n  t h e  r e a c t o r  a t  t h e  t i m e  of t h e  p o s t u l a t e d  

a c c i d e n t  b u t  t h e  r a d i o a c t i v e  decay of t :el lurium provides  a s o u r c e  

which c o n t i n u e s  t o  produce. i o d i n e  a f t e r  t h e  r e a c t o r  i s  shutdown, 

The e x t e n t  t o  which t h e  daughters  of t h e  t e l l u r i u m  i s o t o p e s  should  

b e  i n c l u d e d  was n o t  pursued b u t  a c a l c u l a t i o n  was made t o  

i l l u s t r a t e  t h e  c o n t r i b u t i o n  of t h i s  mode of i o d i n e  p r o d u c t i o n  

t o  t h e  e n t i r e  i o d i n e  i n v e n t o r y .  

3 .  Advantage h a s  been taken  o f  t h e  t i m e  i n t e r v a l s  which are i n h e r e n t  

i n  t h e  span of t i m e  from r e a c t o r  shutdown t o  t h e  t i m e  when t h e  

c h a r c o a l  a d s o r b e r s  have adsorbed t h a t  q u a n t i t y  of i o d i n e  which 

can be a t h r e a t  t o  t h e  c h a r c o a l .  S i n c e  i n  t h e  e a r l y  minutes  a f t e r  

r e a c t o r  shutdown t h e  i o d i n e  i s o t o p e s  decay v e r y  r a p i d l y ,  t h e  h e a t  

g e n e r a t i n g  power i s  also d e c r e a s i n g  a t  a s a p i d  ra te  and s o  

reduces t h e  maximum h e a t  l o a d  t h a t  can accumulate  on t h e  c h a r c o a l .  

4 .  C a l c u l a t i o n a l  procedures  have been deve loped  f o r  use  i n  e s t i m a t i n g  

t h e  tempera ture  d i s t r i b u t i o n  i n  c h a r c o a l  a d s o r b e r s .  Three 

d i f f e r e n t  mathematical models have  been t a k e n  t o  a n a l y z e  t h e  

problem, Computer codes were developed f o r  t h e  s t u d y  and are 

b r i e f l y  d e s c r i b e d .  

E N I S  Code 

An a n a l y t i c a l  s o l u t i o n  of the d i f f e r e n t i a l  e q u a t i o n  w a s  accomplished 

by assuming t h a t  t h e  tempera ture  of  a i r  moving r a p i d l y  through t h e  bed 

would n o t  i n c r e a s e  s i g n i f i c a n t l y .  This code i s  n o t  u s e f u l  f o r  low f lows 

which are of most i n t e r e s t .  I t  i s  u s e f u l ,  however, t o  make any s t u d i e s  of 

i n t e r e s t  a t  h igh  a i r  f low rates and i n  t h i s  work p r o v i d e s  a check on 

t h e  numer ica l  method. 
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CHART Code 

A numer ica t  method, employing a g e n e r a l  h e a t  program f o r  t h e  

computer,  w a s  used t o  s o l v e  t h e  h e a t  d i s t r i b u t i o n  problem r e s u l t i n g  from 

i o d i n e  decay h e a t  i n  a th ree-d imens iona l  s l a b  of c h a r c o a l .  T h i s  code 

w a s  used i n  t h r e e  ways: 

CHART A: Used t o  compare r e s u l t s  w i t h  o u t p u t  from ENLS code; 

does n o t  a l low tempera ture  of gas ,  T t o  

change. 
g'  

CHART B: Used f o r  c a l c u l a t i o n s  w i t h  " I n f i n i t e  Slab" and " 3 -  

dimens iona l  Slab" models;  t r u e  h e a t  c a p a c i t y  of gas  must 

be  used as T changes.  
g 

CHART C: Used w i t h  t h e  "3-Dimensional Unit" model; t h i s  w a s  n o t  

f u l l y  o p e r a t i o n a l  a t  p r e s e n t  t i m e .  

5 .  A c a l c u l a t i o n a l  procedure  h a s  been developed f o r  e s t i m a t i n g  t h e  

maximum h e a t  which t h e  c h a r c o a l  a d s o r b e r  can l o s e  by n a t u r a l  

means when no a i r  i s  f lowing  through t h e  system. 

6 .  It  w a s  found t h a t  a ve r t i ca l  a i r  d u c t  (chimney) made a p a r t  of 

t h e  a d s o r b e r  e x i t  and e x t e n d i n g  w e l l  up i n t o  t h e  containment  can 

create a n a t u r a l  a i r  f low which w i l l  remove t h e  maximum h e a t  

g e n e r a t e d  i n  t h e  a d s o r b e r .  The mathemat ica l  c a l c u l a t i o n  f o r  

t h i s  c o n s i d e r a t i o n  i s  p r e s e n t e d  a long  w i t h  a computer program 

(STACK) f o r  s o l v i n g  t h e  problem. 

7.  Details f o r  t h e  mathemat ica l  developments have been i n c l u d e d  

as appendices .  
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Appendix A.  A n a l y t i c a l  S o l u t i o n  of t h e  D i f f u s i o n  Equat ion f o r  t h e  
I n f i n i t e  Slab Model ( D e r i v a t i o n  of Equat ion 23)  

I. S o l u t i o n  by Green 's  Theorem 

The d i f f u s i o n  e q u a t i o n  and i t s  boundary c o n d i t i o n s  f o r  t h e  i - n f i n i t e  

s l a b  model (Eq. 22) are g iven  as 

= kb - f q '  ' ' ( x , t )  1 a+  
2 'bCpb< at a x  

I n i t i a l .  c o n d i t i o n :  l ) ( x , O )  = 0 

Boundary c o n d i t i o n  1: 

Boundary condi t ion2:  a x  
where m -P1t m - B i t  

q ' l '  ( x , t >  = +Be -bx 1 a ; @  + G C g,e 
L i=l A is 1 

-+- B eWbzX was r e p l a c e d  -b 1~ 
2 

(For  s i m p l i c i t y  t h e  double  e x p o n e n t i a l  B e 

by B e  s i n c e  t h e  procedure of s o l u t i o n  i s  t h e  same.) 
1 -bx 

H e r e  t h e  one-dimensional. Green theorem f o r  conduction* can b e  used 

where i n s t e a d  o f  i n i t i a l  t empera ture  f ( x , t )  w e  have h e a t  g e n e r a t i o n  

A ( x , t )  p e r  u n i t  t i m e ,  p e r  u n i t  volume. We g e t  then:  

where u ( x ,  t-T) i s  t h e  cor responding  Green f u n c t i o n  f o r  i n s t a n t a n e o u s  

p l a n e  s o u r c e  of  u n i t  s t r e n g t h  a t  t = 0 and a t  x', f o r  a s l a b  0 - _  < x < R 
w i t h  no h e a t  f low over  t h e  boundar ies  x = - -i- R .  

The r e q u i r e d  Green f u n c t i o n  is:  

- an T l  

u ( x , t - ~ )  = - [1 f 2 C e 

2 2  m 
1 ( c -T)  IlTiX nvx ' 
R cos -- cos a]. R 2  R n= 1. 

S u b s t i t u t i n g  t h i s  e q u a t i o n  i n t o  Eq, (A-2) w e  g e t  

* C a r s l a w ,  H. W. and J a e g e r ,  J, C., "Conduction o f  H e a t  i n  S o l i d s , "  

Oxford U n i v e r s i t y  Press, 1953, Paragraph  14 .3111(7 ) .  
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m 

c 2 t R  
.--  - I I I q" ' (x ' ,T )dx 'dTf  ___ 

'bCPbR 0 0 'bCPbR n = l  

(A-3)  
n r x  

R 2 2  2 R an 7~ / R  (t-T) n7Tx 
R2 COS -- Jq'" (x',T)cos R dx'dT. 

t o  
I e- 
0 

Using Eq. ( A - I ) ,  we get :  

R m -BiT m -BiT + -(1 - e - b R ) ~  a . e  
1 i=l b I q" ' (x' ,T)dx'  = GR c 

0 i=l gie 

and 

m -a,.r n r x  ' R I q" ' (x ' ,T)cos  7 dx'  = G C 
0 i= 1 gie 

m -13 T R 

i=l 0 

-bx n7T + B ( C  aie e COS R x'dx '  

R 

0 

-bx' nrx '  n r  nTT m -BiT 
i- R s i n  - x')] R (-b COS - > [ ;  n7T 2 II = B(C a . e  

1 
i=l b + 

m 

i=l b + 
1 'i' -b( - l )n  e-bR + b 

- 
= B ( C  a . e  1 1 [-2*---- 

m -'iT L - ( - - I > ~  e 
= bB(X a . e  1' 2 n'iT 2 I .  

i=l b + (7) 

-b R 
1 

(A-4) 

(A-5) 

S u b s t i t u t i n g  Eq. (A-4) and (A-5) i n t o  Eq. ( A - 3 ) ,  w e  get: 
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m -B .I B -b R 1 
(1 - e ) C a . e  

t m 

0 'bCPb i=l 
+ G 

1 "bcpbb i= 1 
$ ( x , t )  = 1 

2 2  
nTx I -  

t -43 .T- axx Tf a3 -b R 
cos  - c a / e  

2Bb (1. - ( - I > ~  e 
p c p  RC 2 nv 2 

b b tz=1 b + (-) 
i i.=l 0 

R +---- 
R 

t -BiT 1 -6,T t -oiT 

/ e  ] = - ( l - e  ) dT = [ - a e  
i 0 Pi 0 

2 2  
- ( B i  - 

R 2  
0 

2 2  n n c l  

R 2  dT = 

2 2  2 - B i t  - an 7r t / R  
e - e  

(A-6)  

S u b s t i t u t i n g  back i n t o  Eq.  (A-S) ,  w e  g e t :  

-bR rn a - 6 . t  
I >  

m c - ( ( 1 - e  gi - B i t  ) + B ( l - e  - - - - ( 1 - e  i 
p C bR i=l 6, 

qJ(x, t )  = -- 

2 2  2 'b 
'bCp i=1 'i 

b 

2Bb [I - ( - - I > ~  e 

'bCpb n=1. b + (,) 

1 - B i t  -an IT t / R  
CQ -bR m a i ( e  - e  

.._ 
2 2  c 

i-1. an Tr--  - Bi 
nnx 

cos - R 2 n n 2  R +- -  

R 2  

Remembering from E q .  (21) t h a t  

-a(H/k) t T b ' ( x , t )  = T ( x , t )  - T = $ ( x , t ) e  
b g 

and from E q .  (22a)  t h a t  

i Bi = A - a(H/k) ,  

w e  can g e t  t h e  s o l u t i o n  f o r  T' as g iven  i n  Eq. ( 2 3 )  i n  t h e  r e p o r t .  b 
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11. S o l u t i o n  by F o u r i e r  Consine Series Expansion 

Again t h e  d i f f u s i o n  e q u a t i o n  i s  g iven  by: 

T h e  boundary c o n d i t i o n s  are: 

(a> $(X,O) = 0 

We expand t h e  s o l u t i o n  ( i f  any) i n  a F o u r i e r  c o s i n e  series. 
cn 

nnx 
R $ ( X , t ) " J  c c n ( t )  cos - 

n= 0 

where 

The se t  of  a l l  c ( t )  un ique ly  de te rmines  $ ( x , t )  and i s  called t h e  f i n i t e  

c o s i n e  t r a n s f o r m  of  $ (x , t ) .  W e  assume a lP(x , t ) /ax  i s  cont inuous and g e t :  2 2 n 

= 0 .  a$ 
ax  T h e  f i r s t  term i s  z e r o  s i n c e  - 

1 x=o 
i 
; x=R 

nrx 
R 

2 2  R nn  nTx R n T 
R 

I $ ( x , t )  COS -dx. dx = - [$(x , t )  s i n  -] - I_- 

n,rr alCl(X,t>,,, = 
- / - a j  R R % O  R 2 0  

Therefore :  
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(A-11) 

(The c o n d i t i o n  $(x,O) = 0 r e q u i r e s  t h a t  c,(O) = 0. 
becomes : 

For n = 0 E q .  (A-9) 

o r  
t 

0 
c o ( t >  - CJO) = -a/ A0(T)dT 

which i s  i n  agreement w i t h  Eq.  (A-11). 

(A-11) w e  f i r s t  f i n d  A n ( t ) .  
T o  e v a l u a t e  t h e  i n t e g r a l  i n  

- p i t  R -2B m -pi t  R 

'k i=l 0 i=1 0 
I cos y 2 x  -bx nnx 2 G  

An( t )  = - ai e I e C O S  ~x  - c gie 

For  n # 0: 

-bx 
nnx e nTx nn nnx R 

R 
I e-bx cos R dx = [ (-b COS .- R + - Q sin T ) 1  2 nn 2 
0 b + (7) 0 

and 

/ cos (nTx/R)dx = 0. 
0 

/ e-bx cos  (nnx/R)dx = 1 e dx = ( l / b )  (1 - e ) 

For n = 0: 

-bx -bR 
R R 

0 0 

R 

0 

and 

cos (nrx /R)dx  = R. 

For  n # 0: 
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For  n = 0: 

From (A-11)  w e  have: 

'I.'heref o r e  2 
[a(nlrlR) - B i 1 t  I 

- B  
..--I n -bR 111 2 2Bb 1 - (-1) e 

i 

-a(nr /R)  t R 2-1 n~ 
b f (7) i=l = a e  

Therefore :  
m 

m a  --Bit 
(1 - e-bR) c -g- ( e  - 1) €3a t 

1 Ao(r)d ,  = - -- Rkb 
0 

c o ( t )  = - 
i=l i 

For t = 0 both  o f  these q u a n t i t i e s  are 0 s o  t h e  boundary c o n d i t i o n  

(x, 0 )  = 0 i s  s a t i s f i e d .  F i n a l l y  w e  ge t  then:  
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(A-12) 

Equat ion  (A-12) is t h e  same as Eq. (A-7) and h e r e  t o o  w e  can s u b s t i t u t e  

and 

Bi = X - a(H/k) i 

t o  g e t  t h e  s o l u t i o n  a p p e a r i n g  i n  E q .  (31) i n  t h e  r e p o r t .  

Note: Both Eqs. (A-7) and (A-11)  are s o l u t i o n s  f o r  t h e  s i n g l e  

e x p o n e n t i a l  Bedbx. 

B e-b2x i s  reached t h e  same way. 

The solution f o r  double  e x p o n e n t i a l  B e-blx -t- 1 

2 
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C S Y  = CShh 
F A C T  = D A d S l C M F R E  - C U C S L Y I J X I I  

C k b Q  5 6 5  
C r A ?  5'0 
C t A Q  5 7 5  

L P b Q  555 
C k A Q  600 
C P A F  b p 5  

2 5 c  

2 6 0  

7 7 "  

r a c  

? 4 ?  

r r A r I NU: C H b R  6 4 3  
i i b R  A 4 5  
C L l P R  6 5 0  
C t b R  s 5 5  
C t A Q  6 6 5  
C C P Q  6 6 5  
C t P R  6,CI 
C h A P  6 7 5  
C t O ?  6R0 
C b b K  6'35 
Ci-4'  h G C  
C b A P  h S 5  
C k A P  7 C C  
T 3 b L  7r5 
L h A E  ' 1 3  
C k A E  7 1 5  
C h b Q  7 2 1  
Cl-Ai ,  7 ? 5  
C t b C  730 
C H A F  735 

7 4 0  
7 2 5  
7 53 
7 5 5  
7 6 0  
7 h5 
770 
7 75 

7 9 5  
140 
7 5 5  
q C 1  
R n 5  
817 
h . 5  
875 
E 2 5  

7e0 

Y V  = 4." - F L C b T I l - i 1 4 ? . 5  C H A R  059 



I S N  GI05 
I S U  1167 
ISL; 5:54 

iSh!  '1169 



Table  A-1. I npu t  Data Required f o r  E N I S  Code 

Column Format V a r i a b l e  Name  Var i ab l e  Me an i n  g Un i t s  

Card N o .  1 

0 .  xxxxxxDtxx - H (1) 1-15 
(D15.6) 

16-30 

31-45 

46-52 

5 ;-59 
60-66 
67-73 
74-80 

X X X . X X X  
F6.3 

DELTAT 

TMDLAY 

F i r s t  v a l u e  of t h e  vo lumet r i c  
h e a t  t r a n s f e r  c o e f f i c i e n t  

Btu/min-in. 3-0F 

T i m e  increment t o  b e  used f o r  Minute 
a g iven  run  

The t i m e  de l ay  b e t o r e  rad io-  Hours 
act ive mater ia l  i s  depos i t ed  
nn f i l t e r .  
D i s t ance  from l e a d i n g  edge of  Inch 
f i l t e r  o f  t h e  p o i n t s  a t  which 
t h e  t empera tu re  i s  t o  be  
comput ed  . 

Card No. 2 
1-10 xxxxxxxxxx lPLOT Leave b lank  i f  no p l o t s  are Dimensionless 

I10 d e s i r e d .  Any non-zero i n t e g e r  
i n  cox. 10  w i l l  cause  p l o t s  
t o  be gene ra t ed .  

t r a n s f e r  c o e f f i c i e n t  remains 
c o n s t a n t  throughout  a g iven  case. 
Lonta ins  t he  number o r  changes,  
up t o  5 ,  i n  c o l .  20 o the rwise .  

12-20 ICHNGE Leave b lank  i f  vo lumet r i c  h e a t  
1 1  

2 1- 40 0.XXXXXX Di-xx B I G B l  Denotes @"powert1 of  I f o r  t h e  tons Of - 

41-50 B I G 3 2  Same as B I G B l  b u t  f o r  CH3I. I 1  

- 
(D20.6) r e a c t o r  under  c o n s i d e r a t i o n .  of bed 

61-80 B I G G  Denotes ytlpowertl f o r  t h e  1 1  

r e a c t o r  under c o n s i d e r a t i o n .  



Column Format Var i ab le  Name Var i ab le  Meaning Uni t s 

Cards 3-7 

0-20 

21-40 

0. XXXXXXE-I-XX - 
E20.6  

Btujmin-in. 3-0F "New" values of t h e  
vo lumet r i c  h e a t  t r a n s f e r  
c o e f f i c i e n t  

TCHNGE (I) T i m e  a t  which change t o  H ( 1 )  Minute 
t akes  e f f e c t .  

I m 
\D 
I 



Table A-2.  Output from ENIS Code 

7EMPERAiURE OF FILTER AS P FUNCTION 
OF 2OSITIOU AN0 T I M E  

H = VO-UMETAIC t-EAT TRANSFER CClEFf ICl iNT = 5.11950 00 

i i M E  L A G  8ETWEEk INCIOENT AND INSTANT A T  YHiCH 2 5 (  C F  Ikb'ENTORV I S  DEPOSITED Oh FILTER I S  0.17 HOURS 

X =  
TIME 

0.0 
O.2OCD 0 1  
0.4000 0 1  
0.6000 0 1  
0.800D 0 1  
0.1003 0 2  
0.1200 0 2  
0.1400 0 2  
0.1605 0 2  
0.1800 0 2  
0.2000 0 2  
0.2zco 0 2  
0.2400 0 2  
0.2600 0 2  
0.2800 0 2  
0.3000 0 2  
0.3203 0 2  
0.3600 0 2  
0.3600 0 2  
0.380D 0 2  
0.4000 0 2  
0.4200 0 2  
0.440D 0 2  
0.460D 0 2  
0.4800 0 2  
0.5003 0 2  
0.5200 0 2  
0.540D 0 2  
3.5609 0 2  
9.5800 0 2  
0.6003 0 2  
9.6200 0 2  
0.6400 0 2  
0.660D 0 2  
0.680D 0 2  
0.7000 E 2  
0.7200 0 2  
0.7400 0 2  
0.7603 0 2  
0.7800 0 2  
0.8003 0 2  
0.82CO 0 2  
0.840D 0 2  
O.86GD 0 2  
0.8800 0 2  
0.9000 0 2  
0.92CD 0 2  
0.9400 0 2  
0.960D 0 2  
0.9803 3 2  
0.100D 0 3  
0.1023 3 3  

c.0 

0.0 
0.414960E 0 1  
0.409575E 01 
C.404309E 0 1  
0.399i58E 0 1  
0 .394 iZ lE  0 1  
0.369193E 3 1  
0.384373E 0 1  
0.379057E 0 1  
0.375C43E 0 1  
C.37052SE 0 1  
0.566112E 0 1  
0.361790E 0 1  
0.35756CE 0 1  
0.353421E 0 1  
C.349370E C 1  
0.345404E 0 1  
0.341523E 01 
0.337723E 01 
0.3340025 0 1  
3.330360E 01 
0.326794E 0 1  
0.323302E 01 
0.319882E C1 
0.316532E 0 1  
0.313252E 0 1  
C.310C39E 01 

0.3338CBE 61 
0.300787E 01 
0.297827E 0 1  
0.29492CE 01 

0.289299E 01 
0.286568E 01 
0.283892E 0 1  
0.281269E C 1  
0.276657E 0 1  
0.275176E C 1  
0.273704E 0 1  
0.271279E 0 1  
0.268902E 0 1  
0.266570E 0 1  
0.264283E 0 1  
0.262039E 0 1  
0.259638E 0 1  
0.257679E 0 1  
0.25556CE 01 
0.253481E 01 
0.251441E 01 
C.249438E C i  
0.2474735 0: 

0 . 3 0 6 a 9 1 ~  01 

0 . 2 9 2 0 a 4 ~  t i  

0.25 

0.0 
0.175685E 0 1  
0.173393E 0 1  
0.171150E 0 1  
0.168957E 0 1  
0.166811E 0 1  
0.16471ZE 0 1  
0.162656E 2 1  
0.160648E 0 1  
0.158681E 0 1  
0.156757E 0 1  
0.154874E r ? l  
0.153030E 01 
3.151226E 01 
G.149460E 0 1  
0.147732i  0 1  
0.146039E 0 1  
0.1443825 0 1  
0.1427605 01  
0.141172E 0 1  
0.139616E 0 1  
0.136093E 01 
0.136601E 01 
0.135139E 0 1  
0.133708E 01 

0.130931E 0: 
0.129585E 3 1  
0.128266E 01 
0.126974E Oi 
0.L25707E 0 1  
0.124466E 0: 
0.i23249E Ci 
0.122057E 01 
O.IZC868E 01 
0.119741E 0 1  

O.lk7516E C 1  
0.1164355 0 1  
O. l i5375E 01  
0.114336E 0 1  
0.113316E 0 1  
0.112316i  0 1  
C.111335E 0 1  
0.110372E 0 1  
0.109427E 0 1  
C.lCB500E 0 1  
0.107591E 0 1  
0.106698E 0 1  
0.105822E 0 1  
0.104961E 0: 
0.104117E Oi 

n . 1 3 2 3 0 5 ~  01 

O.l i8618E O i  

0.50 

0.0 
0.115409E 0 1  
0.113Y96E 0 1  
0.1124i5E 0 1  
0.110966E Cl 
0.109549E 0 1  
0.106162E 0: 
0.106805E 01  
0.105477E 0 1  
0.104177E Oi 
0.102905E C 1  
0.10166OE 0 1  
0.100441E 01  
0.992483E 00 
0.980833E C0 
0.969367E 00 
0.958169E 00 
0.947205E 03 
0.9364685 00 
0.925952E C0 
0.915653E 00 
0.905565E C0 
0.895083E 00  
0.886003E 00 
0.876519E 00 
0.867227E 00 
3.658121E C O  
0.849199E GO 
0.840455E 00 
0.831885E 00 
0.823485E 00 
0.8i525:E 00 
0.807179E 00 
0.799266E 00 
C.791506E 00 
0.783898E 00 
3.776437E 00 
0.769120E 00 
0.761943E 00 
0.754903E 00 
0.747997E 00 
9.741222t  00 
0.7345755 03  
0.728053E 03 
0.721653E 00 
0.715371E 00 
0.709206E CO 
0.703155E 00 
0.697214E 00 
0.691383E 00 
0.685657E 00 
0.630034E 00 

1.00 

0.0 
0.512240E 00 
0.505399E 00 
0.498704E 00 
0.492150E 00 
C.485734E 00 
0.479453E 00 
C.473303t 00 

0.461385E CC 
0.45561iE 00 
0.449956E CO 
0.444418E OC 
0.438993E 00 
0.433680E 00 
0.428474E CE 
0.423374E 00 
0.418378E OC 
0.413482E 00 
0.438665E 00 

0.399375E 00 
0.394859E 00 
0.390432E CC 
0.386093E 00 
0.381838E 00 
0.3776675 00 
0.373577E 00 
0.3695665 00 
0.365633E 00 
0.361776E 00 
0.957993i  cc 
0.354261E 00 
0.350641E 00 
0.347068E 00 
0.343564E OC 
0.34C125E 00 
0.336751E 00 
0.333439E 00 
O.33018BE 30 
0.326997E GO 

0.320790E 00 
0.317771E 03 
0.311895E 0.314806E 00 00 

0.309036E 0C 
0.306228E 00 
0.303469E 00 
0.300759E 00 
0.296397E 00 
0.295482E 00 

0 . 4 6 7 z a i ~  00 

0 . 4 0 3 9 ~ 3 ~  00 

0 . 3 2 3 8 6 5 ~  00 

2.co 

0.0 
0.496222E 00 
13.485589E 00 
C.483096E 0C 
0.476740E 00 
5.470517: 90 
0.464426E 00 

0.452621: 30 
0.446902E 00 
0.441301E 00 
0.435816E 00 
0.430443E 00 
0.42518iE 00 
0.420026E 00 
3.4L4976E 00 
0.4 i0029E 00 
0.405181E 00 
0.400431E 00 
0.395776E 00 
0.391214E 00 
0.366743E 00 
O.382361E 00 
0.378065E 0.373854E 00 00 

0.369725E 00 
0.365677E 00 

0.357816E 00 
0.953998E 00 
5.350254: 00 
C.34658ZE 00 
0.342979E CO 
0.339445E 00 
0.335978E 00 
0.3329765 00 
0.324237E 00 
0.32596iE 00 
0.322745E 00 
3.315589E 00 
0.316491E 00 
0.313450E 00 
0. 310464E 00 
0.307532E 00 
0.304653E 00 
0.301826E 00 
0.299049E 00 
0.296322E 00 

3 . 4 5 8 4 6 1 ~  30 

0.361708E 0 0  

0.293643E 00 
0.2910:ZE 00 
0.28E426E 00 
0.285885E 30 

1 
-4 
0 

1 



0.1040 0 3  
0 .1060  0 3  
0.1080 0 3  
0.1100 0 3  
0 .1120  0 3  
0 .1140  0 3  
0 .1160 0 3  
0.1180 0 3  
0.1200 0 3  
0.1220 03 
0 .1240 0 3  
0 .1260  0 3  
0.2280 03 
0 .1300  0 3  
0 .1320 0 3  
0 .1340 0 3  
0.1360 0 3  
0 .1380 0 3  
0.1400 0 3  
0 .1420 0 3  
0.144D 0 3  
0 . 1 4 6 0  03 
0 .1480  0 3  
0 .1500 0 3  
0 . 1 5 2 0  0 3  
0 . 1 5 4 0  03 
0.156D 0 3  
0 . 1 5 8 0  0 3  
0 .1600  0 3  
0 .1620  03 
0 .1640 0 3  
0 . 1 6 6 0  03  
0.1680 0 3  
0 .1700 0 3  

0.245543E 01 
0.243649E 01  
0.241790E 01  
0.2399645 0 1  
0.23817CE 01  
0.23640FE 0 1  
0.234680E 01  
0.232981E 01  
0.231312E 0 1  
0.229672E 01  
0.228061E 0 1  
0.226478E 01  
0.224922E C 1  
0.223393E 01 
0.221890E 01 
0.220413E 01 
0.218960E 01  
C.217532E 0 1  
0.216128E 0 1  
0.214747E 01 
0.213389E C1 
0.212054E 0 1  
0.210740E 01 
0.209447E 01 
0.208175E 01 
0.206924E 01 
0.205692E 0 1  
0.204480E 01 
0.203287E 01 
0.202113E 0 1  
0.200957E C1 
0.199619E 01 
0.198698E 01  
0.197594E 01 

0.103287E 0 1  
0.102473E 01 
0.101673E 0 1  
0.100888E 01 
0.100117E 0 1  

0.986148E 00 
0.978835E 00 
0.971650E 00 
0.964590E 00 
0.957651E 00 
0 0 9 5 0 8 3 2 E  00 
0.944129E 00 
0.937540E 00 
0.931062E 00 
0.524693E 00 
0.918430E 0 0  
0.912271E 00 
0.906214E 00 
0.900256E O@ 
0.894395E 00 
0.888630E 00 
0.882957E 00 
0.877376E 00 
0.671883E 00 
0.866477E 00 
0.861157E 00 
0.855919E 00 
0.850763E 00 
0.845687E 00 
0.840689E 00 
0.835767E 00 
0.830920E 00 
0 .8261455 00 

0.993591E on 

0 .674513E 00 
0.669090E 00 
0.663764E 00 
0.658533E 00 
0.653394E 00 
0.648345E 00 
0 .643384E 00 
0 .6385096  00 
0.633718E 00 
0.629010E 00 
0.624382E 00 
0.619833E 00 
0.615360E 00 
0.610963E 00 
0.606639E CO 
0.6C2387E 00 
0 .598205E 00 
0.594092E 00 
0.590047E 00 
0.586067E 00 
0.582151E 00 
0.578298E 00 
7 .574506E 00 
0.570775E 00 
0.567103E 00 
0.56348BE CO 
0 .559929E 00 
0.556426E 00 
0 .552976E 00 
0 . 5 4 9 5 7 9 i  00 
0 .546234E 00 
0 .542940E 0 0  
0 .539694E 00 
0.536498E 00 

0.292912E 00 
0.290386E 00 
0.287904E 00 
0.285464E 00 
0.283066E 00 
0.289708E 00 
0.278390E 00  
0.2761115 00 
0.273870E CO 
0.271666E 00 
0.269499E OC 
0 .267367E 00 
0.265270E 00 
0.263206E CC 
0 .261176E 00 
0.259179E 00 
0 .2572135  00 
0.255279E 00 
0.253375E 00 
0.251501E 00 
0.249656E GO 
0.247M40E OC 
0.246051E 00 
0.244290E 00 
0.242556E 00 
0.240848E 00 
0.239166E 00 
0.237509E 00 
0.23587bE OC 
0.234268E G O  
0 .232683E 00 
0.231121E 00 
0.22958ZE 00 
0.228065E 00 

0.283389E 00 
0.280935E 00 
0.27E524E 00 
0 .2761 54E 00 
0.273824E 00 
0.271534E 00 
0 .269282E 00 
0.267068E 00 
0.264890E 00 
0.262749E 00 
0.260643E 00 

0 .25t533E 00 
0.254528E 00 
0.252555E 00 
0.250614E 00 
0.248704E 00 
0.246824E C O  
0.244973E 00 
0.243152E 00 
0.241359E 00 
0 .2395935 00 
0.237855E 00 
0.236143E 00 
0.234457E 00 
0.232797E 00  
0.231161E 00  
0.224550E 00 
0.2279635 00 
0.226399E 00 
O.224858E 00 
0.223340E O C  
0.221843E 00 
0.220368E 00 

0 . 2 5 e 5 7 i t  00 

I 
U 
i--’ 
I 
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Appendix B. A Computer Program f o r  C a l c u l a t i n g  H e a t  Genera t ion ,  im a 
Charcoal  Adsorber,  Due t o  I o d i n e  Decay 

T h i s  program, l i s t e d  on t h e  fo l lowing  page, i s  i n  XTRAN, a v e r s i o n  

of F o r t r a n  I V  for  t h e  t ime-sharing computer of t h e  Com-Share Company. 

The h e a t  g e n e r a t i o n  ra te  due t o  t h e  decay of  i o d i n e  on t h e  c h a r c o a l  

a d s o r b e r  o f  t h e  r e a c t o r  system d e s c r i b e d  on page 2 8  of t h e  t e x t  i s  

c a l c u l a t e d  f o r  v a r i o u s  ti.mes a f t e . r  r e a c t o r  shutdown. Table B-1 i s  a 

l i s t i n g  o f  t h e  o u t p u t  as i t  comes f r o m  t h e  computer. 
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L i s t i n g  of Code f o r  Heat Developed in the Charcoal Bed (Q"') 

/CHRHGI 

D'N A C I 3 )  G ( 1 3 )  0 D ( 1 3 )  QC21)  
0PENC 32 INPUT> /MST-CH€IDT/) 
R E A D ( 3 # 3 0 0 > < (  ACIB) D GCIB) 9 D ( I R ) )  > I B = l r l l  ) 
7 F'TC lO/tSPR0GRAM CHKHG REVISED 1 0 / 9 / 7 0 $ >  
WRITE ( 1 ~ 7 )  
WRITEC 1 , 1 0 0 )  
A 'T  P 
WRI TEC 1 s  220) 
220 F'TCSFRACTIBN QF TBTAL HEAT $ > Z )  
A'T  FAC 
WHITE ( 1 3 2 2 5 )  
2 2 5  F ' T  (RTIME DELAY -MINUTES = $ > Z )  
ACCEPT TD 
WRITE( 1 s  1 1 0 )  
A ' T  T I  
WRITE C l r 3 0 1 )  
3 0 1  F'TCSFINAGGLE FACTOR (NORMALLY 1.0) = SrZ) 
A'T CAP 
WHITE< 1 3 3 0 7 )  
307 F'T<$TYISE OF LOADING <O=INSTANT> IZGRADUAL) $ J Z )  

WRI T E <  I t  200) 
WHITE ( 1 ~ 2 0 1 )  
WHITE C 1 > 202) 

5 SA = 0.0 
S G  = 0.0 

A ' T  5 5  

T=TD 

D 0  15 J = l r 1 3  
E = EXP<-DCJ)*T) 
A l = A < J ) * E  
G I=GCJ>*E 
SA= SA+ A 1 
S G= S G +  G 1 
I F C J S . E Q . 0 )  DR = l e  
I F ( J 5 . E Q . l )  D K  = 1. .. EXPC-0.08819*CT-TD)) 
1 5  CBNTINUE 
x = 0.0 
D 0  20 1 ~ 1 0 2 1  
W ( I ) 

x = x+o.1 
20 CBNTINUE 
130 = < Q C 1 ) + 0 < 2 1 ) ) / 2 . 0  
QS = 0.0 
D0 30 K=2220 
QS=QS+QCK) 
30 C0NTINUE 
QA = O . O S * < Q Q + € I S )  
WTM = 14.17638 * QA/CAP 
W R I T E ( l r 2 1 0 ) T ~ 0 < 2 1 )  9 Q C 1 )  QA > WTM 

I F < T s L T = 1 8 1 . 0 )  G 0  TD 5 
1 0 0  F'TCSFKACTIQN LCICALLY D E P 0 S I l E D  GAMMAS = $DZ) 
1 1 0  F 'T(ST1ME INChEMENT (MINUTES) = 8 ~ 2 )  
200 F ' T < 6 / 1 $  TIME MfN. Q " '  M A X I  13''' AVG. Q " '  

201 F 'TCS M I N I  BTU/HR*FTB BTU/HR*FT3 BTWHR*PT3 

202 F'T<$***** ********** ********** ****e***** 

= ( C ( 0 063240* EXP ( -9 2 1 04*X ) +8 - 9 49 E-4* EX PC - 1 023 4*X > ) 
*SA)+( 1.9079E-3*P*SG) )*FAC * D H  

T = T + T I  

T0TAL HEAT$> 

MEGAWATTS$) 

**********$> / )  
210 F ' T ( F 5 . 1 ~ 4 ( 2 X > l P E 1 1 . 4 > )  
300 F W T < 3 E 1 5 . 5 >  
CLBSEC3) 
END 
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T a b l e  B-1. Output of  t he  XTRAN Program f o r  Comparing H e a t  Genera t ion  
R a t e  from I o d i n e  Decay H e a t  on Charcoal 

PR0GKAM C H R H G  REVISED 10/9/10 
FRACTI0N L0CALLY UEPBSITED GAMMAS = 0 5  
FHACTI0N OF TPlTAL H E A T  = - 2 5  
TIME DELAY -MINUTES = 10 
T I M E  INCREMENT (MINUTES) = 2 
FINAGGLE FACTBR (N0RMALLY 1 .C)  = 1 
T Y P E  OF L0ADXNG <O=INSTANT> l=GHADUAL) 1 

TIME 
M X N .  ***** 
10.0 
12.0 
14.0 
16.0 
18 00 
20.0 
22.0 
24.0 
26.0 
28.0 
30.0 
32.0 
34. 0 
36.0 
38 00 
40.0 
42.0 
44.0 
46.0 
48.0 
50.0 
52.0 
54.0 
56.0 
58.0 
60.0 
62. 0 
64.0 
66.0 
68.0 
70.0 
72.0 

MINe Q'" 
BT CI/H R* F T 3  ********** 
O . O O O O E + G O  
4.8761 E-03 
8.844lE-03 
102063E-02 
104664E-02 
106757E-02 
108429E-02 
109756E-02 
200799E-02 
2.1608E-02 
2 2224E- 02 
202682E-02 
2c3011E-02 
203233E-02 
2 3368 E-02 
2.3433E-02 
2.3440E-02 
2 3400E-02 
2.3322E-02 
2 32 14E-02 
2 308 2 E - 0 2  
2 -  29 30E-02 
2.2763E-02 
2 258 4E-02 
2 239 7E-02 
202202E-02 
2 02003E- 02 
201801E-02 
2.1597E-02 
2 -  1392E-02 
2. 1187E-02 
2 09 8 2E- 02 

MAX.  G I " '  
BTU/HK* F T 3  ********** 
0.0000E+00 
9 0 9  507E-02 
1 *8056E-01 
2 4638 E - 0  1 
2 09 9 64E-8) 1 
3.42SSE-01 
3 169 2E-0 1 
4 0426E-0 1 
4.258 1 E-01 
404260E-01 
4,5546E-01 
4. 6 5 1 OE-O 1 
4. 72 1 OE-01 
4 '7 69 3 E- 0 1 
4. "799E-01 
4.8 1 6 1 E-0 1 
4 e 8 20 5E- 0 1 
4.8 1 S3E-01 
4.8023E-0 1 
4.7832E-01 
4. I s9 OE- 0 1 
4- 7307 E-Q 1 
4.699 7E-6 1 
4.666 1 E-01 
4.6307E-01 
4.59 38 E-0 1 
4. 5560E-01 
4- 5 1 7 5E-0 1 
4.4786E-01 
4. 439 5E-01 
4.4004E-01 
403414E-01 

AVG.  Q'" 
RTU/H R* F T 3 ********** 
O.OOOOE+OQ 
100698E-02 
109  407E-02 
206478E-02 
3 2 '1 9 6E-82 
306799E-02 
4. O483E-02 
4.341 1E-02 
40 51 t 5 E - 0 2  
4-7506E-02 
4.88 76s-02 
4 * 9 899 E- 02 
500638E-02 
5.  1144E-02 
5.  1459E-02 
5.1619E-02 
S.1652E-02 
501583E-02 
501430E-02 
5.1211E-03 
S 09 38 E-02 
5.0623E-02 
50Q274E-02 
4.9900E-02 
4.9 5 0 6 E - 0 2  
4 s 9 09 I E -  02 
4 * 8 67 IE- 02 
4eM251E-02 
4.7820E-02 
4.738 7 E - 0 2  
40 69 54E-02 
4.6522E-02 

TBTAL H E A T  
MEGAWATTS ********** 
0 .0000~400 
1 51 65E-01 
2.1513E-01 
3.7536E-01 
4e5642E-01 
5.2 1 6 l E - 0  1 
501390E-01 
6 .  1540E-01. 
6 . 4 a 0 7 ~ - 0 1  
6 .  7 3 ~ ~ 6 E - 0  I 
6 7 28 8 E- 0 1. 
7 0138E-01 
7 .  1786E-01 
702503E-01 
7.2950E-0 
7 31 7 ? E - 0  
7 3224E-0 
7 .  3 1  26E-0 
702910E-0 
7 2 539 E- 0 
7 22 1 2 E- 0 1 
7. 1165E-01 
7. 1271E-01 
7 07 40E-0 1 
7 0 18 1 E - 0  1 
609601E-01 
609007E-01 
6.8 402E-0 1 
6.779 1 E-01 
6 * 7 1 78 E- 0 1 
6.6S63E-01 
6 .  5 9 S l E - 0 1  
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74.0 
76. 0 
78.0 
80.0 
82.0 
84-0 
86.0 
88.0 
90 .0  
92.0 
9 4 . 0  
96.0 
98.0 

100.0 
102.0 
104.0 
106.0 
108.0 
110.0 
112.0 
114.0 
116.0 
118.0 
120.0 
122.0 
124.0 
126.0 
128.0 
130.0 
132.0 
134.0 
136.0 
138.0 
140.0 
142.0 
144.0 
1 4 6 - 0  
148.0 
150.0 
152.0 
154.0 
156.0 
158.0 
160.0 
162.0 
164.0 
166.0 
168.0 
170.0 
172.0 
174.0 
176.0 
178.0 
180.0 * STQP* 

2.0779E-02 
2.0577E-02 
2.0377E-02 
2.0 179s-02 
1.9983E-02 
1.979 OE-02 
1 -9600E-02 
109413E-02 
109228E-02 
1 -9046E-02 
1 -8848E-02 
1.8692E-02 
1.8519E-02 
1.8348E-02 
1.8 18 1 E - 0 2  
1.8016E-02 
1 7855E-02 
1 7696E-02 
1 -7539E-02 
1 738 S E - 0 2  
1 7234E-02 
1 J 0 8 4 E - 0 2  
106940E-02 
1 *6796E-O2 
1 665SE-02 
1 651 6E-02 
10638OE-02 
1 6245E-02 
106113E-02 
1 -5984E-02 
1 58 56E-02 
1 5730E-02 
1 5607E-02 
1 548SE-02 
1 5365E-02 
1 5248E-02 
1.5132E-02 
1 5018E-02 
1 -4906E-02 
1 479 5E-02 
1.4686E-02 
1 -4S79E-02 
1.4474E-02 
104370E-02 
104268E-02 
104167E-02 
I -4068E-02 
1.3970E-02 
1 3874E-02 
1 -3779E-02 
1 *3686E-02 
1 *3593E-02 
1.3503E-02 
1.3413E-02 

4=3226E-01 
4.2841E-01 
A*  2459 E-0 1 
4.208 3E-01 
40 17 1 OE-01 
4- 1343E-01 
4.098 2E-0 1 
4*0626E-01 
4. 0275E-0 1 
3-99  3 1 F-0 1 
3 9 59 2E-0 1 
3 92  59 E- 0 1 
3.893 1 E-01 
3.86 1 O E - 0 1  
3.829 4E-0 1 
3 79 8 3E-0 1 
3.7679 E - 0  1 
3.7379E-01 
3 708 5E-0 1 
3 -  679 7E-0 1 
3.6513E-01 
3.6235E-01 
3 59 6 1 E - 0  1 
3-5693E-01 
3 5429 E-0 1 
3.5 170E-0 1 
3.4916E-01 
3.4666E-01 
3 442 1 E- 0 1 
3. 41 79 E-0 1 
3 39 42E- 0 1 
3 3709 E-0 1 
3 348 1 E- 0 1 
3*3256E-01 
3 303 SE-0  1 
3 -28  17E-01 
3- 2604E-01 
3- 239 4E-0 1 
3.2 18 7 E - 0  1 
3.1984E-01 
3.1785E-01 
3- 1588E-01 
3*1395E-01 
3.1205E-01 
3.1018E-01 
3 08 34E-0 1 
3 0 6 53 E- 0 1 
3 047 5E-0 1 
3*0300E-01 
3 - 0  127E-01 
2.9957E-01 
2 9 79 OE- 0 1 
2.9 626E-0 1 
2 * 9 463 E- 0 1 

406092E-02 
4. 5665E-02 
4.5243E-02 
4. 4826E-02 
4. 4 4  13E-02 
4. 4007E-02 
4.3606E-02 
403211E-02 
402822E-02 
4 2 439 E- 0 2 
4.2063E-02 
4.169 3E-02 
4. 1329 E-02 
4.0971E-02 
40062OE-02 
40027SE-02 
3.93 35E-02 
3 9 6 0 2 E - 0 2  
3 - 9  27 4E-02 
3.8952E-02 
3.8636E-02 
3 -E3 326E-0% 
3.8030E-02 
3.7720E-02 
3.7426E-02 
3 7 1 3hE-02 
3. 63 52E-03 
306572E-02 
306297E-02 
306027E-02 
3-5761E-02 
3.5500E-02 
3. 5243E-02 
3 9 499 1 E-02 
3 0 47 42E-02 
3.-449EiE-02 
3042S8E-02 
3- 4022E-02 
3.3790E-02 
3.356 1 E-02 
3. 3336E-02 
3.3115E-02 
3.2897E-02 
3 268 3E-02 
3. 2472E-02 
302264E-02 
3.2060E-02 
3. 1858E-02 
3.1660E-02 
3 .  1465E-02 
3-1273E-02 
3. lO84E-02 
3. 0897E-02 
3e0713E-02 

6.5342E-01 
6.4737E-01 
6.4 139 E - 0  1 
603547E-01 
6 29 62 E-0  1 
6 2 38 5E-0  1 
6. 1817E-01 
60 1257E-01 
6 07 0 6 E - 0  1 
600163E-01 
5 9 630E-0  1 
5.9105E-01 
5*8589E-01 
5 e H 08 3E- 0 1 
5.7564F1-01 
5.709 5E-0 1 
5. 66 14E-0 1 
506141E-01 
5.5477E-01 
5. 5220E-01 
5. 4772E-01 
5.4333E-01 
5.3899E-01 
5.3474E-0 1 
5.3056E-01 
502646s-01 
502242E-01 
5*18.(16E-01 
5. 1456E-01 
5.1073E-OI 
500696E-01 
5 032 6E- 0 1 
4 99 6 2 E - 0  1 
4.9 604E-01 
4 09  2 52E-0 1 
4.89 Q6E-0 1 
4.8 566s-01 
4 8 23 1 E - 0  1 
4. 79 0 1 E-0 1 
407577E-01 
4.7258E-01 
40  69 45E-01 
a-6636E-01 
4. 6332E-01 
4-  6033E-01 
40 57 39 E - 0  1 
405449E-01 
405164E-01 
4.4883E-01 
4. 4606E-01 
4.4334E-01 
4- 4065E-01 
4.3801E-01 
4e354OE-0 1 

C S M A I  NS) 300+2 
4- 
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Appendix C .  CHART Code 

A.  S t a b i l i t y  Cr i te r ia  f o r  "CHART" 

HEATING3, l i k e  any o t h e r  h e a t  t r a n s f e r  code which u s e s  t h e  e x p l i c i t  

method f o r  i t s  t r a n s i e n t  c a l c u l a t i o n s  h a s  a l i m i t  on t h e  s i z e  of time 

s t e p  used i f  s t a b i l i t y  i s  t o  b e  guaranteed .  The b a s i c  h e a t  conduct ion 

e q u a t i o n  used i n  HEATING3 i s  ( s e e  Eq. 2-22, Ref ,  10) :  

and the s t a b i l i t y  c r i t e r i a  f o r  t h i s  e q u a t i o n  i s  (Eq. 2-23 i n  Ref,  10) :  

1 cJ 

min f o r  a l l  J htmax 5 (rn 
C K  
i= 1 J i  

c- 2 

The s t a b i l i t y  c r i t e r i a  g iven  i n  E q .  C-2 does n o t  i n c l u d e  t h e  h e a t  

g e n e r a t i o n  term Q This  i s  c o r r e c t  assuming t h a t  Q i s  n o t  i t s e l f  a J '  J 
f u n c t i b n  of tempera ture .  However, i n  o u r  case ( s e e  Eqs. 1.7 and 2 6 ) :  

Q,, = q"' - H(T - T ) .  C-3 
g 

The mathematical  s t a b i l i t y  f o r  E q .  (C-1.) i f  Q i s  i t s e l f  a f u n c t i o n  J 
of tempera ture  should  i n c l u d e  the c o e f f i c i e n t  of t h e  tempera ture .  I n  

g e n e r a l  any v e c t o r i a l  eqinati-on i n  the form 
-t -f- 3 

CY. v + a 2 V 2  4- . . . alIVn = 0 I 1  
3 j .  

where wl, a2 . . . ci are scalar  c o e f f i c i e n t s  o f  t h e  v e c t o r s  V 1' vz * ' * 
-? n 
V i n  o r d e r  t o  be s t a b l e  must_ s a t i s f y  t h e  c.ondition t h a t  n 

CY. + a 2 + .  . . a  > o .  1 n -  
I n  t h e  case o f  t h e  h e a t  conduct ion e q u a t i o n  t h e  system of v e c t o r s  

b e  comes m " 

J L - c  
i=l Ki,J (Ti - T ) f -r- ( T '  - T ) 0 J t J  J 

and t h e r e f o r e  t h e  s t a b i l i t y  c r i t e r i a  becomes l i k e  i n  E q ,  (C-2) 

I n  our  case t h e  system of v e c t o r s  becomes 

cJ m 
- c 

i=l  
K ( T ~  - T ~ >  -I= V ~ H ( T  - >r ) + at (ti - ill ) = o i J J g  3 

and t h e r e f o r e  t h e  s t a b i l i t y  c r i t e r i a  is  
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(At)max 5 (m J 

min f o r  a l l  C JKi 4- VJH 
i= 1 

c-4 

where V i s  t h e  volume o f  t h e  node element  and H i s  o u r  v o l u m e t r i c  h e a t  

t r a n s f e r  c o e f f i c i e n t .  T h i s  c r i t e r i a  i s  i n c o r p o r a t e d  now i n  CHART. The 

modif ied method i n c l u d e d  i n  HEATING3 ( s e e  Ref. 11) was changed h e r e  t o  

i n c l u d e  t h e  c o r r e c t  c r i te r ia  f o r  s t a b i l i t y  as g iven  i n  Eq. (C-4). 

J 

I n s e r t i n g  Eq. (8) f o r  c a l c u l a t i n g  t h e  c o o l i n g  gas  tempera ture  f o r  e v e r y  

increment  a long  i t s  flow c r e a t e d  an a d d i t i o n a l  s t a b i l i t y  problem. 

The d i f f e r e n t i a l  e q u a t i o n  added i s  ( s e e  Eq. 8):  

dT HA(T - Tg) 
.-&= - 

dx 8CpV A 
g 

For  such  an  e q u a t i o n  t o  b e  s t a b l e  w e  must have 

pCpVgA - - ’ O 
o r  

H 

C-5  

C-6 

T h i s  s t a b i l i t y  c r i t e r i a  was a l s o  i n c o r p o r a t e d  i n t o  CHART as p a r t  of 

t h e  HGNEN s u b r o u t i n e .  The modi f ied  method used i n  HEATING3 (see Ref. 11) 

was a l s o  used h e r e  a l though reduced t o  t h e  s i m p l e r  case of Eq. (C-5). 

T h i s  e l i m i n a t e s  t h e  requi rement  of us ing  t o o  many s u b d i v i s i o n s  a l o n g  t h e  

d i r e c t i o n  of gas  flow. 



T a b l e  C - l .  I n p u t  T a b l e  f o r  C U R T  

Card  C o l .  Fo rma t  V a r i a b l e  Name  Varlaj le  Meaning  U n i t s  

3 A 1-12 D12.4 B I G B l  @ I ) *  ?&;$;E~~OI.J.~&;I Tp:e&heat dl;e t o  Mww(t) /ic. 

BLGB2 ( B 2 )  R e a c t o r  c o n s t a n t  - b e t a  h e a t  d u e  t o  M w ( t ) / i n .  3 0. XXXXM-XX - 13-24 

25-36 

37-48 
49-60 

m e t h y l  i o d i d e  ( p .  1 5 )  

i o d i n e  d e c a y  (p .  15) 
R e a c t o r  c o n s t a n t  - g a m a  h e a t  d u e  t o  M w ( t ) / i n .  3 B I G G  (G) 

SMLS1 (bl) A t t e n u a t i o c  c o e f f l c i e n t  f o r  i o d i n e  D i m e f i s i o n l e s s  
S%32 (b,) A t t s n u a t i o n  c o e f f i c i e n t  €o r  

L 61-72 m e t h y l  i o d i d e  

13-24 O . X X X X x l > c s X  GDEN Gas d e n s i t y  l b / i n .  3 B 1-12 D12.4 G I T  (Tg)  Gas i n i t i a l  t e m p e r a t u r e  O F  

25-36 
37-48 

49-50 
61-72 

GSPH 
DELX 

D I M  
D X B  

S p e c i f i c  h e a t  of  g a s  B tu/ lb-OF 
T h i c k n e s s  oE d i v i s i o n  oE c h a r c o a l  
adso rbe - r .  
When more t h a i l  o n e  l a y e r  of 
c h a r c o a l  Is c o n s i d e r e d  DIYA 
r e p r e s e n t s  l a t t i c e  2 o i n t  w h e r e  
1st l a y e r  b e g i n s  and Dim r e p r e s e n t s  
b e g i n n i n g  of 2nd l a y e r  i n  f low 
d i r e c t i o n .  No n u m b e r - p r o g r a m  assumes  

I x c h e s  

z e r o .  

ra te  of i o d i n e  a c c u n u l a t i o n  on 
c h a r c o z l  ( s e e  pp.  1 6  and 8 8 )  

f i s s i o n i n g  and  b e g i n n i n g  o f  

C 1-12 D12.4 SUCOEF B u i l d u p  c o e f f i c i e n t  - g o v e r n s  l i i n .  

13-24 0.XXXIU)cXX - TYDLAY (t ,)  T i m e  d e l a y  b e t w e e n  e n d  of  Min. 

25-36 
37-48 

i o d i n e  a d s o r p t i o n  
BGGVEL (v,) B e g i n n i n g  gas v e l o c i t y  
ACGVEL A c c i d e n t  g a s  v e l o c i t y  

i n .  /min  
ic  . I n i n  

D1 1-15 D 1 5 . 6  AA(I) ( a i >  S e t a  h e a r l t h e - m a l  Nw 05 r a e c t o r  
power f o r  i n d i v i d u a l  i s o c o p e s  B tu / ;n in -* i ( t j  

power  €o r  i n d i v i d u a l  i s o t o p e s  Btu/min-Mw ( t ) 
16-30 0 .000000~XX GG(I) (p i )  Gamma h e a t l t h e r m a l  Mw o f  r e a c t o r  

31-45 LAME)DA(I) (1,) Decay c o n s t a n t  o f  i o d i n e  i s o t o p e s  1 / m i n d  
PdPEAT D2,D3 
Cards  f o r  HEATING3 folio+ ( n o t a t i c n  u s e d  i n  t e x c ,  see p a g e  1 6  a n d  A p p e n d i x  D ) .  

h e  c a r d  f o r  e a c h  i s o t o p e .  

I 
-4 
eo 

I 



The following t a h l e  i s  a concentrated summary of the  format arid information needed t o  pre- 
pare  t h e  input  da ta  deck. Except f o r  the IT cards,  columns 73 through 80 of  each card a r c  
reserved f o r  i d e n t i f i c a t i o n ,  and the user  may or may not choose t o  punch t h i s  information. 
The tnb le  jn t h i s  column gives proposed i d e n t i f i c a t i o n  names for the  cards and, i n  paren- 
theses ,  the re ference  sec t ions  in  the repor t  where more information can be found. The f i r s t  
l i n e  in  each format box includes the var iab le  name ac tua l ly  used i n  the  program and, i n  
parentheses,  the fonnat of t h a t  var iab le .  
of the input i n  t h a t  hox. In 5ome cards,  where Free space i s  ava i lab le ,  e.g . ,  G o r  I cards,  
addi t iona l  notes have been included t o  descr ibe  the way the input information w i l l  be used 
i n  the program i t s e l f .  

The r e s t  o f  the  hox includes a s h o r t  explanation 

JOBDES(I), Job  Description, Format 18h4, (3.5.1) Card 1 

‘TtK (E9.8) 
Y o r  0 

NDTllC (19) 
Y or 8 

ZG (EY.8) 
2 

NDZC (19) 
Z 

- 
S.me ss Ll csrds  except €or Y o r  0 d i r e c t i o n .  

Same 35 N I  cards excent f m  Y o r  ‘d di rec t inn .  

Same a s  L1 cards except f o r  2 di rec t ion .  

Same a s  Nl cards except f o r  2 d i rec t ion .  

Columns 
1-5 

N(I5) 
L a t t i c e  puiu t  
number. 

Columns Columns Columns Columns Columns Columns Columns Columns Columns Columna 
6-15 16-20 21-30 31-35 36-45 46-50 51-60 61-65 66-75 7h-80 

TI (N) (D1O.O) NUS) T1OQ (D10.0) Can he reneated up t o  1750 l a t t i c e  p o i n t s  (but equal t o  e n t r y  5 
Speci f ied  i n i t i a l  L a t t i c e  poin t  Specified i n i t i a l  i n  Card 3 ) .  IT2 
temperature of t h a t  nunher. temperature of t h a t  
po in t .  po in t .  

( 3 . 5 . 1 5 )  

Co luinn s Columns I Columns I Columns 1 columns I pColixnns I Columns 
10-18 19-27 28-36 37-45 46-54 55-63 

NIX(L\4 (19) NOREGT (19) 

2-Re 7-XY (Cards R 1  E R2) 
3 - R Z  8 - X Z  X x x i m i r m  100 
4-R 
5-2  

Columns I- 64-72  

InyT (19) 
I f  isothermal nl o t  
a r e  des i red ,  e n t e x  
2; otherwise l e a v e  
blank. 

olumns 
73-I30 

MATLT (19) 
Tota l  number 
of  mater ia l s .  
(Cards !.l) 

\ l a x i m u m  50 

Card 2 
(3.5.2) functions.  

Yoximum 20 
(Cards I )  (Cards P)  (Card3 G) (Cards T) 

I b x i m u m  SO ’ lax imum 20 ‘laximum 25 

I 
-4 
u3 

I 

Card 3 
(3 .5 .3)  

Krx (19) 
Tota l  number of 
gross  l a t t i c e  
l i n e s  in Z 
d i rec t ion .  
(Ent r ies  i n  L3)  
Flaximirm 50 

NBDTPT (19) 
Tota l  number of 
houndaries. 
(Cards B1 6 B2) 
‘faximum SO 

IMITE*l ( 1 9 )  
Tota l  number of 
lattice p o i n t s  
with temperature 
spec i f ied  on IT 
cards. 

NDTA (1’1) 
Plumber of t i n e  
s t e p s  hetneen 
pr in ted  o u t ~ i i t s .  
Next e n t r y  must 
he blank. 

JIN (19) JOUT (19) 
Unit number €or Unit number f o r  
roading i n i t i a l  punching f i n a l  
teninerature from temnerature on 
IT cards ( i f  anv). IT cards ,  
( 5  on I I O  (7 on IBI) 

I(;r (19) 
Total  n m h e r  of 
gross l a t t i c e  
l i n e s  i n  X or R 
d i r e c t i o n .  
(Entries i n  11) 
‘Vaximum 50 

NTYPC (19) 
Problem t y p e .  
1 steady s t a t e ;  
-1 t r a n s i e n t .  
(See sec t ion  
3.5.4(a) for  
o t h e r  typcs) 

JGT (19) 
Tota l  nunber 
of gross  l a t t i c e  
l i n e s  in  Y o r  0 
di rec t ion .  

P n t r i e s  i n  1.2) 
>laximum 50 

NOITX (19) 
‘laximu. number n f  
steady s t a t e  
i t e r a t i o n s .  
( R e c m e n d  300- 
500) 

- 
I D E W E  (ID) 
Tem e r a t u r e  u n i t s  
I f  C. and r a d i -  
a t i o n  i s  involved 
e n t e r  1; otheririsi , 
leave blank, 

F 

- 
TI‘IE (E9.8)  
Fina l  time. 

: E X 1  (19) 
Inac t ive ,  
leave blank. 

NPPINT (19) 
Nmher of  times 
output w i l l  be 
nr in ted .  
(Ent r ies  i n  C 
card) ,  preceding 
e n t r y  must be 
blank. ‘laximu? 10C 

NEX (19) 
Inac t ive ,  
leave blank. 

I 

hTlPCT ( In)  TI’i (Ecl.8) 
Factor hy which Init ial  t i m e ,  

EPI (E9.S)  
Steady s t a t e  con 
vergence c r i t e r -  
ion.  
(Recommend 10-5) 

ETA (E9.R) 
Steady s t a t e  over 
re laxa t ion  f a c t o r  
1.0 5 E < 2.0 
(Recommend 1.9) 

DELTAT (E9.8) 
Time increment 
f o r  t r a n s i e n t  
problem. 

yard 5 
(3 .5 .5 )  

i s  used. 

IWT (E9 .8 )  
Larger Y Qr e 
region dimension. 

ZZFR (E9.8) tZBK (E9.8) 
Smaller 2 Larger 2 

R R I N  (E9.8) 
Smaller X o r  R 
region dimension 

N B D I N  (19) 
Boundary condi- 
t i o n  un smaller 
X o r  R .  
(Card R) 

CONIITY (E9.8) 

~ Y E X ~  i f  
, temperature de- 
pendent, leave 
blank. 

MOREG (19) 
Region number. 
Xaximun 100 

lNT9I (19) 
Region i n i t i a l  
temperature 
function number. 
(Card I )  

MAT (19) 
‘ la te r ia l  number. 
% x i m u m  50 

twn. (19) 
Region mater ia l  
number. (Card ‘I) 

NGLN (19) 
Region heat 
generation 
function number. 

Material  name. 

V, (E9.8) 

NBDRT (19) 
Boundary conditio1 
on l a r g e r  Y o r  e .  
(Card 8) 

I 

NBDDK (19) BDFR (19) 

Z. (Card 8) 

NmnT ( 1 9 )  NBlILT (19) 
Uoundary condition Eoundary condi- 
on l a r g e r  X o r  R .  t i o n  on smaller 
(Card B) Y o r  0 .  (Card 8) 

DENSTY (89.8) SWEAT (E9.R) 
DENSITY i f  con- SPECIFIC IlEAT 
s t a n t ;  i f  tempera- i f  constant;  i f  
t u l e  dependent o r  temperature de- 

Istoady s t a t e  only,  pendent o r  stead 
leave blank. s t a t e  only, leav 

blank. 

v, (E9.8) (Can be reneated 

MSHT (19) NCON (19) NDEN (19) 

‘laximum 25 

!or up t o  25 o a i r s .  O m i t  f o r  constant ccnductivitv.)  T, (€9.8) T, (EY.8) 
Temnerature ICkdi rc t iv i tv  ITemnerature IConductivitv 1 

(Can be repeated f o r  up t o  25 F a i r s .  
steady s t a t e  nroblem.) 

l m i t  fo r  c o n s t w t  dens i ty  o r  I T1 (EY.81 
Tcanerature 

T1 (E9.8) Ifl (E9.8) T2 (€9.8) (Can be renented f o r  up t o  25 p a i r s .  fhit f o r  constant s n e c i f i c  heat 

Temperature ISpeci f i c  heat Temperature l ~ ~ e ~ ~ ~ ~ ~ h e a t  I Or Steady nrohlem‘) I 
N G N  (19) N G N T I  (19) NGNR (19) NGNTII (19) NGNZ (19) NoTE: The hea t  generation ail1 he 
lleat generation Time dependent Pos i t ion  depend- Posit ion denend- Pos i t ion  depend- o(x,y,z, t)  = F i ( x ) ~ P , ( v ) ~ F k ( ~ )  “rt(t) where 
function number. function number. e n t  func t ion  ent functfon I: (v) a r e  Dosit ion denendent func t ions ,  and T t ( f )  
Vaximum 20 1 (Card T) 1 number i n  X o r  R I nunher i n  Y o r  0 lent numher i n  Z 1 n 

d i r e c t i o n .  d i rec t ion .  d i rec t ion .  is Lth time deuendent func t ion ,  

r; 
(3.5.81 

I 
The i n i t i n l  temperature w i l l  be 

T - ( x , v , z )  = F; (x)*F,(Y).F,.(z) 
INTV (19)  ITIR (19) ITlZ (19) 
I n i t i a l  temnera- ]Pos i t inn  d e u e n d e n t l ~ ~ ~ ~ ~ i ~ ~ l l e g e n d -  (Pos i t ion  denendent I 

( 3 . 5 . 9 )  ‘ 1 ’  I where F,(v) a r e  ;oslt ion dependent functions.  
number. 
>laximum 25 

M a x i m u m  20 

TPIFN (E9.8)  
Time. 

NtUlTP (19) 
Boundary number. 
Maximum 50 

BYTELIP E9.8) NBYTFN (19) Boundary t a n e r a t i i r e  w i l l  be es tab l i shed  a s  
Boundary tempera. Boundary time de- 
tu re .  Tn pendent function Fn(t)  - Tn-T,(t) 

(Blank f o r  type 3 ) ; ~ ~ ~ ~ ’ f ~ ~ m ~ ’ 3 ,  where T t ( t )  is  time denendent function. 

I 
Boundary Type. 
1-surface to 

boundary 
2- i so themnl  
3-surface t o  

sur face  

BHNAT (E9.8) B m X P  (E9.8) BFLUX (E9.R) NOTE: The heat f lux w i l l  be es tab l i shed  as: 
Natural  convec- Natural  convection Prescribed heat 
t i o n  coef f ic ien t .  exponent. h e hn going t o  surface). where 

RG (E9.8)  
Next X o r  R 

q” = hf hcAT + hr(T14 - TZ4) + h n l d T p  (AT) f l u x  (pos i t ive  i f  

AT - TI - T2. 
hf 

RG (EY.8) n(; ( ~ 9 . 8 )  Can he rcneated f o r  up t o  SO grass l a t t i c e  l i n e s  (but equal t o  e n t r y  one i n  Card 2 ) .  

1.1 
(3.5.13) 

VI 
(5.5.13) 

L2 
(3.5.13) 

NZ 
(3.5.13) 

L3 
(3.5.13) 

43  
(3.5.13) 

~ -~ -~ 
PRTIPIE (E9.8) PRTIFE (E9.8)  
First time Dr in t -  I Second t i m e  n r i n t -  I Thrrd t l n e  n r i n t -  

PRTI’ZE (E9.8) Can be repeated for up t o  100 p r i n t o u t  t imes (but equal t o  e n t w  s i x  i n  Card 4 ) .  I yl 
(5 .5 .14)  

J o b  Description, Format 18A4 .I. 
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Appendix D. A p p l i c a t i o n  of CHART t o  a Research o r  Product ion  Type Reac tor  

In t h i s  a p p l i c a t i o n  of t h e  procedure f o r  e s t i m a t i n g  t h e  tempera ture  

d i s t r i b u t i o n  i n  a c h a r c o a l  a d s o r b e r ,  a d i f f e r e n t  t y p e  of r e a c t o r  system 

i s  cons idered .  The p r e v i o u s  examples ( S e c t i o n  V) were based on a 
pressur ized-water  power r e a c t o r  b u t  i n  t h i s  case w e  imagine a h y p o t h e t i c a l  

r e a c t o r  system which more n e a r l y  f i t s  t h e  s p e c i f i c a t i o n s  of r e s e a r c h  

r e a c t o r s  o r  some of t h e  product ion  r e a c t o r  systems.  Two major d i f f e r e n c e s  

a r e  e v i d e n t :  f i r s t  i s  t h e  much lower r e a c t o r  power and consequent ly  less 

c h a r c o a l  area i n  t h e  a d s o r b e r  and s e c o n d l y ,  t h e  l a t t e r  t y p e  d r i v e s  a i r  

c o n t i n u o u s l y  through t h e  f i l t e r s  and o u t  t h e  s t a c k  r a t h e r  t h a n  r e c i r c u l a t i n g  

t h e  e x i t  a i r  back i n t o  t h e  containment  b u i l d i n g .  

A second purpose of t h i s  a p p l i c a t i o n  i s  t o  p r o v i d e  a s tep-by-step 

example of a p p l y i n g  t h e  c a l c u l a t i o n a l  procedure which b e g i n s  w i t h  t h e  

b a s i c  e q u a t i o n  and ends w i t h  t h e  d a t a  c a r d s  t o  b e  punched i n  o r d e r , t o  run 

t h e  program. 

The two b a s i c  e q u a t i o n s  used i n  c a l c u l a t i n g  t h e  tempera ture  

d i s t r i b u t i o n  i n  t h e  charc.oa1 a d s o r b e r  are: 

a n d  

aT 
p C v = H(Tb - Tg).  

g Pg g ax 

from which t h e  v a l u e  of t may be determined.  
g 

The h e a t  g e n e r a t i o n  term i n  E q .  (D-1) i s  developed on page 16 of 

t h e  t e x t  and i n  t h e  g e n e r a l  form becomes: 

(D-3)  
3 -Xi(t + t D )  

q ” ’ ( x )  = _Î  F P ( t )  (a i  f f g i ) e  

The h e a t  g e n e r a t e d  by t h e  decay of t h e  i o d i n e  i s  c o n s i d e r e d  i n  two 

Btu/min-in. 
‘b 

p a r t s ;  t h a t  genera ted  by b e t a  a d s o r p t i o n  ( a i )  and t h e  gamma a d s o r p t i o n  

( g i ) .  
t h e i r  a d s o r p t i o n  i s  cons idered  t o  b e  uniform throughout  t h e  c h a r c o a l  

volume. Beta r a d i a t i o n ,  however, i s  adsorbed i n  t h e  immediate v i c i n i t y  

Because of t h e  p e n e t r a t i o n  of t h e  gamma r a y s  t h e  h e a t  produced by 
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where i t  i s  produced. Most of t h e  e l e m e n t a l  i o d i n e  i s  d e p o s i t e d  on t h e  

a i r  i n l e t  s i d e  of t h e  bed and t h e  p a r t  of t h e  i o d i n e  which becomes CH I 

is  less c o n c e n t r a t e d .  Fo r  t h i s  r e a s o n  the i o d i n e  d e p o s i t  f o r  b e t a  heat 

g e n e r a t i o n  must b e  c o n s i d e r e d  in more d e t a i l  as o u t l i n e d  on page 1 7  of 

t h e  t e x t .  This  i s  r e f l e c t e d  i n  t h e  f o l l o w i n g  e q u a t i o n :  

3 

-Ai ( t + t D )  3 + F*gi1 e Btu/min-in.  . D- 4 

where t h e  two terms i n  p a r e n t h e s e s  

methyl  i o d i d e ,  r e s p e c t i v e l y .  For  any p a r t i c u l a r  r e a c t o r  sys tem t h e s e  

terms are c o n s t a n t  and are g iven  t h e  d e s i g n a t i o n  B 

are e x p r e s s e d  h e r e  and are c a l c u l a t e d  f o r  t h i s  p a r t i c u l a r  problem on page 

85. 

r e p r e s e n t  t h e  l o c a t i o n  of t h e  e l e m e n t a l  

and B2 .  The terms 1 

P ( t > R  Blbl 

Vb(l  - e 1 
- 

-b 1% B1 - 

The terms r e p r e s e n t i n g  t h e  gamma h e a t  g e n e r a t i o n  i s  

A t  t h i s  p o i n t  q " '  i s  c a l c u l a t e d  as a f u n c t i o n  of t i m e  and p o s i t i o n  

i n  t h e  c h a r c o a l .  I f  w e  wish t o  i n c l u d e  t h e  p r a c t i c a l  c o n s i d e r a t i o n ,  

t h a t  t h e  i o d i n e  accumulates  on t h e  c h a r c o a l  a v e r  a p e r i o d  of t i m e  

depending on a i r  f low rate w e  need t o  add a t e r m  which de termines  t h e  

f r a c t i o n  of t h e  t o t a l  i o d i n e  t h a t  h a s  been adsorbed a t  any t i m e  ( s e e  

page 18 of t e x t ) .  
- (aRT /V) F r a c t i o n  of t o t a l  i o d i n e  adsorbed = 1 - e 

I n c l u d i n g  t h i s  f a c t o r  and summing t h e  h e a t  g e n e r a t i o n  due t o  a l l  t h e  

i n d i v i d u a l  i s o t o p e s  of  i o d i n e ,  we have: 
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-b x -b 2 x m -xi ( t - q  
+ ~ e  > C  aie 

i- 1 2 q " ' ( x , t )  = F1[(Ble 

- -h i ( t f tD)  - (aR/vt  ) m 
I- G g,e 3 ( 1 - e  (D-5) 

L i= 1 

where 

q " ' ( x , t )  -- h e a t  g e n e r a t i o n  rate p e r  u n i t  volume of c h a r c o a l  bed,  

x = d i s t a n c e  from f r o n t  f a c e  of c h a r c o a l  bed i n  d i r e c t i o n  of gas f l o w  

t = t i m e  e l a p s e d  from beginning  of i o d i n e  a d s o r p t i o n  by- the  c h a r c o a l  

bed 

tD = tiwe d e l a y  between end of fissi.c,ning and begi-nning of i o d i n e  

a d s o r p t i o n  

a = f r a c t i o n  of iodi.iie removed from t h e  a i r  as i t  passes through t h e  

c h a r c o a l  (assumed h e r e  t o  be  0 .9)  
3 R = gas flow rate ,  f t  /min 

V = volume of containment v e s s e l  

bl  = a t t e n u a t i o n  c o e f f i c i e n t  f o r  iodi.ne 

b2  = a t t e n u a t i o n  c o e f f i c i e n t  f o r  methyl i o d i d e  

F1 = f r a c t i o n  of t o t a l  i o d i n e  adsorbed by t h e  c h a r c o a l  f i l t e r .  

I n  o r d e r  t o  c a l c u l a t e  t h e  c o n s t a n t s  needed f o r  t h e  h e a t  g e n e r a t i o n  

p a r t  of t h e  computer code t h e  d a t a  l i s t e d  i n  Table  D - 1  i s  r e q u i r e d .  

Table  D-1 .  Data f o r  C a l c u l a t i n g  t h e  Temperature D i s t r i b u t i o n  i n  t h e  
Charcoal  Adsorher of  t h e  H y p o t h e t i c a l  Product ion  Reac tor  
Sys tern 

S p e c i f i c a t i o n s  o f  t h e  Reac tor  System 

Reactor  Power 350 %(t) 

Charcoal  Ads o r  be r 

Area of  c h a r c o a l  

Thickness  of c h a r c o a l  

Volume of c h a r c o a l  

Normal a i r  v e l o c i t y  

Containment volume 

600 f t 2  

2 i n .  (1) 

100 f t 3 ( 1 . 7 2 8 0  x l o 5  in .3) (Vb)  

40 f t / m i n  (R) 

451,880 f t 3  (V) 

Other  Cons tan ts  

6, = 0.9  ( f r a c t i o n  of  Iz) 

B 
b l  = 9.2104 l / n  (1 

b2 = 1.0234 l / n  (CH I a t t e n u a t i o n  c o e f f i c i e n t )  

= 0.1  ( f r a c t i o n  of  CH31) 2 
a t t e n u a t i o n  c a e f f i c i e n t )  2 

3 
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T i m e  e l a p s e  between r e a c t o r  shutdown and b e g i n n i n g  of i o d i n e  

a d s o r p t i o n  = 10 min 

a = 0.99 ( f r a c t i o n  o f  i o d i n e  adsorbed as the a i r  p a s s e s  through t h e  

c h a r  coal) 

-__ C a l c u l a t i o n  of. I n p u t  Data f o r  Computer Program 

O S 9  9'2104 -2 2. 3.3578 10 
-(9.2104 x 2) X 

350 
1.7280 x 10 1 - e  -blR) = 

= -  

0 . 1  x 1.0234 x 2 
~ 4.7608 10-4 

- (1 .0234 x 2) X 
B2b2gd 350 

1 - e  2 1,7280 x LO 1 - e  
-b Q) = 

- 
B2 - 

G = - - - - - - -  p ( t )  0 . 5  = 1.0127 x 
'b 

The t e r m s  ai and g i n  E q .  (11-5) refer t o  t h e  f r a c t i o n  of  the decay i 
power o f  t h e  i o d i n e  which i s  due t o  b e t a  and gamma, r e s p e c t i v e l y .  

are c a l c u l a t e d  f o r  each i s o t o p e  and t h e  dimensions are Btulmin-Mw(t). 
A sample c a l c u l a t i o n  f o r  131 I i s  as fo l lows:  ( r e f e r  t o  Table  D-2 f o r  

decay power of i o d i n e  i s o t o p e s  at r e a c t o r  shutdown).  

They 

a . ( I3 ' I )  = 118 wat t s /*( t )  x 0.0569 B t u /min (0.426) ( f r a c t i o n  for  
1 w a t t  b e t a )  

Btu/min (0.0574) ( f r a c t i o n  f o r  w a t t  
g i ( l 3 l 1 )  = 118 watts/Mw(t) x 0.0569 

g a m a )  

Btu/min 
m ( t >  

= 3.8540 

Corresponding values f o r  a l l  t h e  i s o t o p e s  and t h e  decay c o n s t a n t  are 

l i s t e d  i n  T a b l e  D-3. 



Table 0-2. Cons tan ts  f o r  I o d i n e  i s o t o p e s  Produced i n  a Reac tor  

Iod ine  Decay Constant  F r a c t i o n  of  Decay Heat Due t o  Watts/Mw(t) o f  Reac tor  Power 
I s o t o p e  -1 -1 Beta Gamma Discharge  F r o m  Beta F r o m  Gamma (set ( m i n  j 

1 2  7 
1 2  8 
129 
130m 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 

4.623-04 
1.29E-15 
1.26E-03 
1.55E-05 
9.973-07 
8,373-05 
9.17E-06 
2.19E-04 
2 .  S7E-05 
8.35E-03 
3. U6E-02 
1.17E-01 
3.47E-01 

2.77E-02 
7.74E-14 
7.563-02 
9.30E-04 
5.98E-05 
5.02E-03 
5.503-04 
1.31E-02 
1.72E-03 
5. 01E-01 
1.84E-00 
?. 02E-00 
2.08E-01 

0.827 
1 
I 
0.220 
0.426 
G 220 
0 .440  
6.186 
G .  160 
0.480 
1 

1 
7 
L 

0.173 
0.0 
0 .0  
0.780 
0.574 
3.780 
0.510 
0.814 
0.840 
0.520 
0 . 0  
0 .0  
0 .0  

0 .0  
1.99E-00 
5.373-07 
2.34E-01 
9.9 7E-00 
1.1SE 8 2  
6.553 02 
3.50E 3 2  
1 . 1 8 E  03  
6.45E 02 
5.10E 02 
5.43E 0 1  
1.02s 03 
4.91E 02 
5.04E 03 

5.37E-07 
2.433-01 
2.19E 00 
5.03E 00 
1.4LE 02 
1 . 7 2 E  02  
2.19E 02 
1.03E 02 
2.45E 02 
5.43E 0 1  
1.02E 0 3  
4.91E 02 
2.503 03 

7 .78E 00 
6.773 0 1  

1 .795  92 
9 .61E  02 
5.423 02 
2 .65E 02 

1 
03 
c 5.11E 3 2  1 

2.533 03 
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Table  D-3 .  Decay P o w e r  f o r  t h e  I o d i n e  I s o t o p e s  

i 

1 /min 

x gi I o d i n e  I s o t o p e  a i 
B tu lmin  / M w  (t ) Btu/min/Mw( t )  Decay Cons tan t ,  

128 0.0936 0.0196 2.7667 x l ov2  
1.30 0.1248 0.4425 9.2562 x 

1 3 1  2.8602 3.8540 5.9795 x 10-5 

132 8.1992 29 0702 5.0245 x 

1 3 3  9.7584 10.1569 5.5005 x 

134 12.4884 54.6539 1.3079 x l o e 2  

135 5.8720 30.8284 1.7253 x 
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The l a s t  t e r m  of E q ,  ( D - 5 ) ,  which de termines  t h e  f r a c t i o n  of t h e  t o t a l  

i o d i n e  adsorbed,  i s  c a l c u l a t e d  by t h e  computer u s i n g  v a l u e s  of a i r  v e l o c i t y  

and time which are s p e c i f i e d  i n  t h e  d a t a  c a r d s .  T h e r e f o r e ,  t h e  e x p o n e n t i a l  

i s  expressed  i n  t h e s e  terms by s u b s t i t u t i n g  f o r  R: 

R = a i r  v e l o c i t y  (v) x area of  c h a r c o a l  bed 

s o  t h a t  w e  have 1 - e - ( a  600 v t / v ) .  S u b s t i t u t i n g  v a l u e s  from Table  D - 1  

g i v e s  
2 

___ Vt I 0 . 9 9  x (600 x 1 4 4 )  i n .  

451.880 x 1728 i n .  3 - [  1 - e  

o r  

-1 .0954 x v t  1 - e  

The f i g u r e  1 , 0 9 5 4  x is  t h e  f i r s t  e n t r y  i n  d a t a  c a r d  ( c )  and i s  

r e f e r r e d  t o  as t h e  bui ldup  c o e f f i c i e n t  (BUCOEF).  T o  assume i n s t a n t  

l o a d i n g  of t h e  i o d i n e  on t h e  c h a r c o a l  t h e  f a c t o r  l oM4 can b e  changed t o  10  

and t h e  f r a c t i o n  w i l l  always b e  one. 

4 

The i n f o r m a t i o n  needed t o  punch t h e  c a r d s  f o r  t h i s  problem i s  l i s t e d  

i n  Table  C - 1  (Appendic C ) .  These ca-rds are punched as i n d i c a t e d  i n  Table  

D-4 and p l a c e d  i n  t h e  o r d e r  l i s t e d  a t  t h e  end of t h e  main deck. I f  i t  i s  

d e s i r e d  t o  run more t h a n  one case, a second d a t a  deck i s  p r e p a r e d  w i t h  t h e  

n e c e s s a r y  changes and p l a c e d  a f t e r  t h e  f i r s t  d a t a  deck w i t h  one b lank  

c a r d  s e p a r a t i n g  them. The las t  two c a r d s  shown on t h e  F o r t r a n  Sheet  

(Table  D - 4 )  appear  o n l y  once ( a f t e r  t h e  l as r  c a s e ) .  

Samples of t h e  output  f o r  t h i s  problem are shown i n  Table  D-5. 

F igure  D - 1  i s  a p l ~ o t  of maximum tempera ture  vs  t i m e  f o r  a i r  flows of 4 ,  

20 and 40 f t / m i n .  

t h a t  t h e  a v a i l a b l e  i o d i n e  i s  adsorbed immediately a t  time 0 .  Tables  D-b 

and D-7 are samples of t h e  p r i n t o u t  of v a r i a b l e s  t h a t  are a s s o c i a t e d  

w i t h  each problem. 

The tempera ture  r e p r e s e n t e d  i n  t h i s  graph assumes 



T a b l e  D-4. Data Deck which was Used t3 Make the C a l c u l a t i o n  of Temperature 
D i s t r i b u t i o n  w i t h  I n s t a n t  Loading and A i r  Flow 4 fr/min. 

COOED BY 

DATE R E Q U E S T  NO. F O R T R A N  PRO8LEM 

PROGRAM 

P A G E  ~ O F  ~ 



Table 3-4 (cont inued)  

CODED BY 

D A T E  REQUEST NO. F PROBLEM 

PROGRAM 

P A G E  ___ OF ~ 

1 
M 
03 

I 



Table  D-5. 

L AT T I C E PO I k T TEMPE RAT L P  E S 
POIh 'T I N D I C I E S  

NO. I J K 
1 1 1 1  
2 2 1 1  
3 3 1 1  
4 4 1 1  
5 5 1 :  
6 6 1 :  
7 7 1 1  
B 8 i l  
9 9 1 1  

1s 10 1 1 
11 I1 1 1 
12 12 1 1 
13 13 i 1 
14 14 1 1 
15 15 1 A 
16 16 1 1 
17 17 1 1 
18 18 1 L 
19 19 1 1 
20 20 1 1 
21 2 1  1 1 
72 22 1 1 
23 23 I 1 
24 24 1 1 
25 2 5  1 1 
24 26 1 I 
27 2 7  1 I 
28 2 8  1 1 
29 29 1 L 
30 3 0  I 1 
31 3 1  1 1 
32 32 i 1 
33 3 3  1 1 

P O I N T  
TEMPERAlUaE 

L l O .  9L42E 
:3C+ 1470E 
138. $33 '?E  
145. SC?CC 
150.256CE 
1 5 2 . 2 4 0 C 3  
lSlr65.524 

142 ,42464  
135.2Se3C 
126.2C7St 
11 6. 45076  

97,747tC 
89. EC52S 
83.2 C P 7 @  
7 8. c c 3 a  
7 3 ,  F 4 C 7 4  
70rGC143 
4 8 1  6 €4C5 
61.05923 
65.9E222 
b5r  2 C 0 c c  
54. 6 5 C 4 F  
64,25531 
63,97456 
53.76161 
53. 5 c r e 4  
63, 4723C 
63.  ? i f 5 2  
53.3C526 
6 3 . 2 6 1 4 1  
63,24613 

148.529~3 

io6.7514e 

P r i n t o u t  of t h e  Temperature P r o f i l e  of t h e  Charcoa l  F i l t e r  
8 min a f t e r  I o d i n e  was Depos i ted  

RESULTS F F C M  TRANSIFNT C b L C U L 4 T I C h ' S  
TIME = 8.585573 G C  T I M E  S T E P S  CCMPLETED = 3 9  

L P T T I C E  POINT TEMPEPbTLRES L P T T I C E  PCIPrT TEMPFRATURES L A T T I C E  P r I N T  TEYPEKATURES 

YC. 1 J K T E M F E R A l U R E  N'I. I .I K TEPPERATLRE NC. I J K TEYPFRATUPE 
P U I h l  I N C I C I E S  P C I N T  P O I h T  IhOICIES P r l I N T  P f l I N T  thCICIES P O I N T  

I 
03 
Lo 

Rate: Pointa 1 and 33 ind ica te  the temperature 

of the a i r  i n l e t  and outlet, respect ively,  

o i  t h e  charcoal f i l t e r .  

I 
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Table D-7. A P r i n t o u t  of V a r i a b l e s  f o r  the Heat Transfer S e c t i o n  of 
Computer Code" 

T H E  H E A T I N G  C O D E  b I T b  T F M P E P D T U R E - C F F E W D E N T  T I - E K F A L  P R G P E R T I  FS A N D  

N O N - L I V E A R  A N 0  S U R F A C E - T U - S U R F P C E  B C U N D A i l Y  C C h O I  T I C N S ,  

T H I S  V E R S I O N  0 6  H E A T I N G  C A N  F A h D L k  A M A X I M I J M  OF 1750 L A T T I C F  P O I N T S .  

I N P U T  R E T U R N  

J O B  D E S C R I P T I C N - -  C H A R C O P L  A C S C R C E R - - R E C b E C K  OF D E C K  4 F T / H I N  F A C T C R  2 0  1 2 / 2 / 7 ?  

G E U P E T R Y  T Y P E  NC. 9 

NUFnEER OF R E G I C h S  1 

NUMBER OF M A T E R I I L S  1 

NUMPER O F  I N I T f I L  T E Y P E P A l L R E  F U h C f I C N S  1 

NUMeER OF G E h E R A L  F C S I T I O N  O E P E N C E N T  F U N C T I C N S  2 

N U V E E R  O f  H E 6 1  t E h E R A T I i 2 N  F U N C T I C N S  1 

NUMRER O f  T I M E  CEPEFsDFNT F L N C T l C h S  0 

T Y P E  OF O U T P U T  C E Z I R E D  0 

NUMEER OF POI~TS ~h mnss  x CR R LATTICE 2 

NUPFJFR O F  P O I h T S  I h  GROSS Y CR T H E T A  L A T T I C E  0 

N U P B E R  OF P O l h T S  I h  G R O S S  2 L A T T I C E  0 

N U P e E R  OF C I F F E R E h i T  K I N D S  C F  B C U h C A R I E S  C 

NtJMRER UF L A T T I C E  P C I N T S  F C R  WHICI -  T H E  I N I T I A L  T E M P E R A T U R E S  ARE E h T E P E C  0 

P R O B L E M  TYPE: hUf'@EP -1 

M A X I M U M  NtJMBEF C F  S T E A D Y - S T A T E  I T E R A T I L N S  C 

NUMAER O f  S -S  I T E R A T I O N S  P E F C R E  C A L C  R E T D  0 

N U P B E R  OF S - S  I T E R b T I O N S  A E F C R E  E X T R A F O L A T I C N  0 

N(JIY8ER O F  D E L T A T S  PER M O N I T O R  P R I N T  0 

NUPleER OF T R A F S I E h T  P R I N T C L T S  S P E C I F I E D  e 

T H E  C O N O U C T I V I T Y t  C E N S I T Y t  A N 0  H E A T  C A P A C I T Y  ARE T E M P E R A T U R E  U E P E R C F N T .  

C O N V E R G F N C E  C P i T E R  I C N  0.C 

I N I T I A L  B E T A  1.&5$49962 

TIYE INCREMENT ~ . S G O O O ~ O C - O Z  

NUMBER O F  S T A @ L E  T I M E  STE-PS U N T I L  P O D I F I E O  E X P L I C I T  METHOD I S  A C T I V A T E C  20 

I Y I T I A L  T I M E  0.C 

FINAL T I M E  1 . 4 C C C C G O f l  01 
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Appendix E .  STACK: An XTRAN Computer Program f o r  C a l c u l a t i n g  Stack 
Parameter  vs F r a c t i o n  of Decay Heat Removed from Charcoa l  
Adsorbers .  

WRITE Cls99)  
99 F'TC I O / J $ P R ~ G R A M  STACKJ R E V I S E D  1 0 / 0 1 / 7 0 S >  
\!RITE C 1 s  100) 
100 F'TCSSTACK D I A S .  (FEET) ,  M I N J M A X I I N C R I M E N T  = $ J Z )  
A ' T  D l t D 2 ~ D 3  
WRITE C 1,101) 
101 F'TCSSTACK H E I G H T S  ( F E E T )  MINI MAX8 I N C R I M E N T  = SrZ) 
A ' T  Z l t Z 2 ~ 2 3  
bJRI T E  C 1 s  1 0 2 )  
1 0 2  F 'TCSCBNTAINMENT AMB. TEMP. CDEG F)  MINJMAX,INC = $02) 
A ' T  T l r T 2 + T 3  
k!RI T E  
103 F ' T C S T B T A L  HEAT I N  CHARC@AL RED (KW) = S J Z )  

C 1 J 1033 

H E 1  GIIT 

S T A C K  

F E E T  

1:***** 

BED STACK STACK 

V E L Q C I T Y  VELBCITY DP 

F E E T / M I N  F E E T / M I N  I N  

**k* ***** * *** *** * 



I FC RED. LT. 1 500.1 
I F C RED G T 1 50  0 AND RED L E 3 0 00 ) FD= 
IF( R E D * G T * 3 0 0 0 - )  FD= 001 4*. 125/C RED*** 32) 
DPD- .00002825~FD*VD~VD~DAVG 
IFCRES.LE.1500.) FS = Ih./RES 
IF (RES.GT*1500..AND.,~ES.LE.3000.P FS SOPI 
IF (RES.GT*3000.) FS z: -0014 + *125/(RES***32) 
DPS = (  1 *4104E-7*VS~VS:kZ:I:FS/DS) + ( 5 -2882E-8*VS*VS)  
IF( REB-LE.  4 0 0 . )  FB 24000. /REB 
I F ( REB GT 4 00 e .I AND 
IF( XEB. GT. 3 0 0 0 . )  FB 99*375/CREB** -225) 
DPB = -00010692*FB*VB*VB*DAVG + -00002704*VB*VB*DAVG 

FD= 1 6 * / R E B  
e 0 1 1 

REB L E 3000 1 F‘ B 2 6 Or1 ’7 S I  ( K E W *  629 ) 

DPT = DPB + DPS + DPD 
IFCDPT-GT-DPC) G0 TO 6 
CL = c 

1FCCU.EQ.O.QZ GOT0 4 
w ’ r L  =DPT 

GO T0 7 
6 C U = C  
DPTlJ = DPT 
7 F R  = CABSCDPT-DPC))/DPC 
IF(FR.LT*O.O00001Z G(3 TB 25 
c = ccu + CL)/2. 
GD TB 5 
25 WKI TEC 1 J 2 0 5 )  

17 CONTINUE 
16 G0NTINUE 
18 CBNTINUE 
END 
SUBROUTINE REYN(XJDAVGJVBJREB) 
IFCX*LE*O-C) VIS = - 0 3 9 3 9  
I F( < X  GT 0 0 )  .AND - ( X  L E .  100 1 1 
IFCCX*G‘I* 100.) .RND.(X.LE.200.))  VIS= , 04594  + 
* 0 0 0 0 5 9 9 * ( 2 0 0 . - X )  
IF( (X.GT.200.)  .AND. ( X . L E - 3 0 0 * ) )  
VIS = - 0 5 1 9 3  f .00005554:(300--X) 
IF( (X.GT.300.) *AND. ( X  .LE.  400.)  1 
VIS = -05748 + .0000518*(400.-x) 
IF( CX GT. 400. )  -AND. (X .LE. 47 5 .  ) ) 
VIS e 0 6 2 6 6  -+ . 0 0 0 0 4 8 9 3 3 * ( 4 7 5 . - X )  
I F ( X . G T . 4 7 S . )  VIS - 0 6 6 3 3  
IF(X.GT.475.) WRITE ( 1 ~ 2 9 5 )  
2 9 5  F’T($STUPID> YUUK AMBIENT TEMP IS GREATEF; THAN THE 

T A r  D S J Z J  V€3> V S J  DPTs C 
205 F’TC ~ X J I ~ J ~ X J F ~ . ~ J ~ X , F ~ * ~ , ~ X J F ~  * 3 t 3 X > F 8 * 3 ~  3X>F6*4> 3 X ~ F 6 . 4 3  

VI S ~ D  039 39 + O O U O 6 5 W  ( 100*-X) 

IGNITI0N TEMP .JF Y Q U R  CHARCOAL BEDS> 
DBz e00517  
REB = DB:k2880.*VB*DAVG/VI S 
RETURN 
END 
SUE:K0 UTI NE SPH CY J C P A )  
IFCY.LEs100.) C R  = -2406  
I F ( CY GT 1 0 0 > AN D ( Y I- E I 0 0 1 
IFC<Y*GT*200*) .AND.(Y.LE.300.)) CPAZ.2415 + .000016*CY-200.) 
I F ( < Y  .GT.300.) .AND.CY.LE.400.)) C I - ” A = * 2 4 3 1  + .000021;K<Y-300.) 
IFCCY .GT.400.) . A N D . ( Y  .LE.475.)) C ~ P A = * 2 4 5 2  d. .000025:kCY-400.) 
RET U R N  
F:N D :* ? 

20 0 1 ) C PA= e 2 40 6 + PO 0 009 4: C Y 
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FkBGKAM STACK,  REV1 SED 10/01/70 
STACK D I A S .  CFEETIs M I N ~ M A X J I N G R I M E N T  = 1 4 0.5 
STACK H E I G H T S  (FEE?’) M I N J  MAXJIMCRIMENT 5 100 5 
CDNTAINMENT AMBe TEMP. (DEG F) M I M , M A X a I N C  = 100 100 0 
TBTAL H E A T  I N  CHAKCldAL BED (Kid> = 732 

AMB. D I A M E T  HEIGHT BED STACK S’TACK F R A C T I B N  
TEMP STACK STACK VELUICT TY V E L 0 C I  TY DP BF HEAT 
D E G F  FEET F E E T  FEET/MIN FEET/MIN I N / H 2 0  CKATID)  **** ****** ****** ******** ***%**** ****** ******** 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
1oc 
100 
I00  
100 
100 
1 oe 
100 
100 
100 

100 
100 
1GC 
100 
1 Q O  
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

1 oe 

1 .ooo 
1 .eo0 
1.000 
1 .e00 
1.000 
1 .coo 
1 .coo 
1 .C@O 
1 .oc0 
1 .coo 
1.000 
1 .000 
1 .ooo 
1 .00c 
1.000 
1 .ooo 
1.000 
1.900 
1 .000 
1 .0OO 
1 500 
1 .so0 
1.5GO 
1 .so0 
1 . 500 
1 . 500 
1 500 
1.500 
1.500 
1.500 
1 500 
1.500 
1.500 
1.500 
1 * S O 0  
1 . 500  
1.500 
1 0 5 0 0  
1 500 

5.  00 
1 o . m  
15. (20 
2 G  0 00 
25.00 
30.00 
3 5 . C O  
40.00 
45.00 
5 0 - 0 0  
55.00 
60 00 
65.00 
7 0 - 0 0  
7 5 - 0 0  

85.00 
90.00 
95.0(! 

100.00 
5.00 

10.00 
1 5 - 0 0  
20.00 
25000 
30.00 
35.00 
40.00 
45.00 
s0.00 
55.00 
60 00 
65.00 
70.00 
7 5 . 0 0  
80.00 
8 5. 00  
90.00 
9 5 ~ 0 0  

ao.oB 

0.151 
0 . 208 
0.249 
0.23 1 
0 307 
0.329 
on 348 
U.365 
0.380 
0 .393 
0.405 
0.416 
0.426 
0.435 
0. A 4 3  
Cl.4S1 
0.458 
0.465 
0.471 
0.477 
0.333 
0.470 
0 -  570 
0.651 
0.718 
0.777 
0.828 
0.875 
0 - 9 1 6  
0.954 
0.989 
1.021 
1.051 
1.079 
1 0 1 0 4  
1 * 129 
1 .151  
1.173 
1.193 

672.618 
9P9 . 459 

1 1 1 0 0 ? 5 5  
1252.407 
1368 683 
1 467 C 4 0  
1 5 5  1 -9  69 
1626.419 
16920 455  
1751 = 58 1 
1804.933 
18 53.39 3 
1897.654 
19 35 28 1 
197S.734 
2010.39 1 
2042. 57 1 
207%. 547 
2 100.546 
21 26. 7 6 5  
660.022 
932.329 
1130.535 
1289 722  
1 423 7 1 4 
1539 686 
1641.965 
1733.402 
1816*004 
189 1.239 
1960.227 
2023 8 3 6  
2082. 799 
2 1 37 6 58 
2138.877 
2236.857 
228 1 e 9 2 5  
2324. 37 1 
2364.434 

0.0273 

0.08 20 
0.1093 
0 -  1367 
01 I 6 4 0  
0.19 14 
0 - 2 1 5 7  
0.2460 
0.2734 
0.2007 
0.3280 
0.3554 
01 3827 
0 *  41 01 
0.4374 
00 4647 
0.4921 
0.5194 
00  5467 
0.0273 
0.0547 
0.0820 
0.1093 
0.1367 
0.1640 
0.1914 
0.2187 
0.2460 
0.2734 
0. 3007 
0.3280 
0.3554 
0.3827 
O a 4 l O l  
O . A 3 ? 4  
0.4647 
0.4921 
0. 519 4 

0.0547 
0*0490  
0.0678 
0.0810 
0-0913 
Q*Q998 
0.1070 
011131 
0 0 1 1 8 6  
0.1234 
0 0  1277 
0.1316 
0.1351 
0. 1383 
0.1413 
0.1440 
0 -  1466 
0.1489 
0.1511 
0 -1531  
0.1551 
e. 1083 
0.1529 
0.1854 
0.2116 
0,2335 
0.2526 
0.2693 
0.2843 
0.2979 
0.3102 
0.3215 
0 - 3 3 2 0  
0.3417 
0.3507 
0.359 1 
01 3669 
013743 
0.3813 
013879 
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100 1 - 5 0 0  100.00 
100 2.000 5.00 
100 2.000 10.00 
100 2.000 15.00 
100 2.000 28.00 
100 2.000 25.00 
100 2 000 30.00 
100 2 - 0 0 0  35-00  
100 2.000 40.00 
100 2.000 45.00 
100 2.000 5 0 - 0 0  
100 2.000 55.00 
l O ( 1  2.000 60.00 

100 2 - 0 0 0  70.00 
100 2 000 7 5 - 0 0  
100 2.000 80.00 
100 2.000 8 5.00 
100 2.000 90.00 
100 2.000 95.00 
100 2.000 180.00 
100 2 - 5 0 0  5 - 0 0  
100 2 - 5 0 0  10.00 
100 2 -500  1 5 - 0 0  
100 2.500 20.00 
100 2 sco 2 S . Q O  
100 2.500 30.00 
100 2.500 35.00 
100 2 - 5 0 0  40. 00 
100 2.500 45.00 
100 2.500 50.00 
100 2 . so0 55-00 
100 2.500 6 0 - 0 0  
100 2.500 45.00 
100 2.500 70.00 
100 2.500 75.00 
100 2.500 80.08 
100 2.500 I; 5 - 0 0  
100 2.500 9 0 - 0 0  
1 CJ0 2. so0 9 5 - 0 0  
100 2 - 5 0 0  100.00 
100 3.000 5.00 
100 3 000 10.00 
100 3 000 15.00 
100 3.000 20.00 
100 3.000 2 5 - 0 0  
100 3 000 30.00 
100 3.000 35.00 
100 3.000 40 00 
100 3 . 000 45-00 
100 3 000 50.00 
100 3 000 5 5 - 0 0  
100 3.000 60. 00  
100 3 000 65.00 

100 2 - 0 0 0  6 5 a O O  

1-212  
0.568 
0 - 8  17 
1. 002 
1-153 
1.282 
1.394 
1.495 
1.586 
1 669 
1.745 
1.816 
1-86 1 
1 -943 
2 000 
2.054 
2.105 
2.154 
2.200 
2-243 
2 -285  
0 - 8 3 5  
1.226 
1 521 
1.763 
1-971 
2.155 
2.321 
2.471 
2.610 
2.738 
2.8 5’7 
2.968 
3.073 
3.172 
3.265 
3.354 
3.438 
3.518 
3.595 
3.668 
1.111 
1 672 
2.097 
2.450 
2.755 
3.024 
3.272 
3.496 
3 703 
3.895 
4.075 
4 -244  
4.403 

2 482.333 
633.160 
911.185 

1117.215 
128 5.339 
1428 773 
1554. 453 
1664.!370 
1767.892 
1860.360 
19 45.401 
2024- 104 
209 7 320 
2165.731 
2223 089  4 
229 0 -  2-70 
2342.245 
240% 150 
2452. 262 
2 5 0 0 - 8 3 5  
2547-  0 7 4  

595.545 
875.055 

1 oa 5.04s 
1257 0893 
1496- 59 0 
153’3.905 
1655.9 12 
11963.380 
1861 0952 
19 53. 2 5 5  
2038 263 
2117.804 
2192. 541 
2263.0 13 
2329 e 670 
2392.89 1 
2452.994 
251 0 -  254 
2564.9 12 
2617. 179 

550.707 
828.413 

1039 074 
1213.824 
1365.143 
1499 . 556 
1620-998 
1732.072 
1834.593 
1929.922 
2019.061 
2102.81‘3 
218 1.838 

0.5467 
0- 0273 
0.0547 
0. 0820 
0.1093 
0 -  136’7 
0. 1640 
0.19 14 
0. 2187 
0.2460 
0.2734 
0.3007 
0-  3280 
0.3554 
0.3827 
0.4101 
0-4374 
0- 4647 
0.4921 
0.5194 
0.5467 
0.0273 
0.0547 
0.0820 
0.1093 
0. 1367 
0.1640 
0 -  19 14 
0.2187 
0.2460 
0 -  2734 
0.3007 
0.3280 
0 - 3 5 5 4  
0.3827 
0-4101 
0 -  4374 
0-4647 
0.4921 
0 -  5 1 9 4  
0.5467 
0-0273 
0.0547 
0.0820 
0.1093 
0.1363 
0.1640 
0 -1914  
0.2187 
0. 2460 
0.2’934 
0-3007 
0.4280 
0.3554 

0-3941 
0.1846 
6- 2657 
0.3258 
0.3748 
0.4163 
0.4533 
0.4860 
0 - 5 1  56 
0-  5425 
00 5673 
0.5903 
0.6116 
0.6316 
0.6503 
0.6699 
0.6845 
0-7002 
0.71511 
0.7293 
0.7428 
0.2714 
0- 3987 
0.4944 
0.5932 
0 -  6409 
0. 7008 
0.7545 
0.8035 
0.8 48 4 
Q.8900 
0.9288 
0.9650 
0.999Q 
1.0312 
1.0615 
1.0903 
1.1179 
1 1438 
1.1687 
1 1925 
0.3613 
0- 5436 
0.68 $8 
0.7964 
0.89 57 
0.9839 
1.0636 
1.1365 
1.2038 
1.2663 
1 3243 
1 3798 
1-4316 
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100 3 000 70.00 
100 3 000 75.00 
100 3 000 80.00 
100 3.000 8 5 - 0 0  
100 3.000 90.00 
100 3 000 95.00 
100 3.000 100.00 
100 3 500 5.00 
i o0  3 0 5 0 0  10.00 
1 0 G  3.500 15.00 
100 3.500 20.00 
100 3.500 25. 00 
100 3.500 313.00 
1 OD 3.500 3 5 * 0 0  
1 oo 3.500 4 0 - 0 0  
100 3-500 45.00 
100 3 500  50.00 
100 3 - 5 0 0  55.00 
100 3.500 60.00 
s 00 3 - 5 0 0  65.00 
1 eo 3 - 5 0 0  70.00 
100 3 .500  75.00 
100 3.500 80.00 
100 3.500 85.00 
E00 3.500 90.00 
100  3.500 95 .00  
100 3.500 100.00 
100 4.000 S o  GO 
100 4.000 10.00 
100 4.000 15.00 
100 4.000 20.00 
100 4.000 25.00 
100 4.000 30.00 
100 4.000 35. 00 
100 4.000 40.00 
100 4.000 4 5 - 0 0  
100 4.000 50.00 
100 4.000 5s. 00 
100 4.000 60.00 
100 4 . 000 65.00 
100 4.000 70 = 00 
100 40 000 75-00 
100 4.000 80.0(3n 
100 4 . 000 E; s. 00 
100 4.000 90.00 
100 4.000 95.00 
100 4.000 100.00 
100 1 .eo0 5.00 
100 1 .ooo 10.00 

ESC: < S M A I N S ) 2 0 5  
4. 

4.554 
4.698 
4.834 
4.964 
5.089 
5.208 
S o  322 
1.379 
2* 126 
2.699 
3.178 
3.595 
3.968 
4.306 
4.616 
4.9 04 
5.172 
5.424 
5.661 
5.88 6 
6.099 
6.303 
6.496 
6 *  682 
6-860 
7 - 0 3 1  
7 .  195 
1 o 622 
2 .563 
3 .295 
3.912 
4.452 
4.937 
5.378 
5.78 5 
69 163 
6.517 
6.8 51 
7. 166 
7.465 
7.749 
8.021 
8.281 
8 530 
8 770 
9.001 
9 0 2 2 3  
0.151 
0.2013 

2256; .  638 
2327 659 
239 S o  2 6 4  
2459 7 6 4  
2521 430 
2580.49 1 
2637 0 152  

502.054 
773.898 
982.564 

1 156.939 
1308.805 
1 444.37 0 
1 567 402 
1680.390 
1785.082 
1882. 773  
19 7 4- 443 
2060.865 
2 142.656 
2220.321 
229 4. 28 0 
23640886 
2432.439 
2477.198 
2 5 5 9  0 389 
2619 0205 

451 - 9 6 4  
714.353 
918.471 

109 01 363 
1240.914 
1375.932 
1498 * 9  60  
1612.356 
17 17. 780  
18 16.460 
190530333 
1997.132 
2080.  453 
2 1  59 0776 
2235. 502 
2307 e97 1 
2377.468 
2444.244 
2508 51 1 
2570.460 

672.618 
929 0 459 

0.3827 
0 - 4 1 0 1  
0.4374 
0. 4647 
0.4921 
0.519 4 
0. 5467 
0.0273 
0.0547 
0.0820 
0.1093 
0- 1367 
0.1640 
0. 19 14 
0.2187 
012460 
0.2734 
00 3007 
0.3280 
0.3554 

0.4101 
0.437 4 
0 -  4647 
0 -  4921 
0.519 4 
0. 5467 
0. 0273 
0.0547 
0.0320 
0 -  1093 
00 1367 
0.1640 
0.19 14 
0 -  2 187 
0.2460 
0 - 2 7 3 4  
0.3007 
0.3230 
0.3554 
0.3827 
0 . 4 I O I  
0.4374 
0.4647 
0.4921 
0.5194 
0.5467 
0.0273 
0.0547 

0.3827 

1.4807 
1 5273 
105716  
1.6140 
1 6544 
1.6932 
1. 7304 
0.448d 
0.6912 
0 - 8 7 7 5  
1.0333 
1.1689 
1.2900 
1 3998 
1 5007 
1.5942 
1.6815 
1.7634 
1.8405 
1 e9 136 
1 e9829 
2.0490 
2.1121 
2.1724 
2-  2302 
2.2858 
2.3392 
0.5272 
0.8333 
1.0714 
1.2719 
1.447s 
1 - 6050 
1.7485 
1.8808 
2.0038 
2.1189 
2.2272 
2.3296 
2.4268 
2.5193 
2.6077 
2- 69 22 
2.7733 
2.8512 
2.9261 
2 - 9 9 8 4  
0. 049 0 

c 
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