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HTGR EXPERIMENT HRB-15b: PARTICLE LOADINGS AND 
IRRADIATION I N  THE H I G H  FLUX ISOTOPE REACTOR V 

7 W. E. Thomas J. A. Conlin 
E. L. Long, Jr. B. P. Johnsent * 

ABSTRACT 

Candidate high-temperature gas-cooled r e a c t o r  f i s s i l e  and 
f e r t i l e  p a r t i c l e s  were i r r a d i a t e d  i n  t h e  High Flux Iso tope  Re- 
a c t o r  removable beryl l ium r e f l e c t o r  f a c i l i t y  (RB-5) f o r  e i g h t  
r e a c t o r  cycles .  The experiment contained 18 d i f f e r e n t  "types" 
of  f i s s i l e  p a r t i c l e s  and f i v e  d i f f e r e n t  "t es" of f e r t i l e  par- 
t i c l e s .  The l o o s e  par- 
t i c l e s  were loaded i n t o  " t r ays"  t h a t  resemble f l a t  g r a p h i t e  
washers, each  having 116 d r i l l e d  ho le s  i n  one face.  One hun- 
dred eighty-four  t r a y s  were s tacked i n  columns i n  an a l t e r n a t e  
f e r t i l e  p a r t i c l e - f i s s i l e  p a r t i c l e  sequence. The p a r t i c l e s  were 
i r r a d i a t e d  f o r  169.4 f u l l  power days. Peak f u e l  burnup i n  per- 
c e n t  f i s s i o n s  per  i n i t i a l  heavy metal atom (FIMA) was as  f o l -  
lows: -20.5% f o r  mixed-oxide f i s s i l e  p a r t i c l e s ,  -33.5% f o r  t h e  
o t h e r  f i s s i l e  p a r t i c l e s ,  and -7% f o r  f e r t i l e  p a r t i c l e s .  Maxi- 
mum f a s t  neutron f luence  (E > 183 KeV)  a t  t h e  end of t h e  tes t  
was -7 x neutrons/m2. The r e p o r t  d i s c u s s e s  methods used 
t o  spec i fy  p a r t i c l e  loadings  and con ta ins  thermal and neutron- 
i c s  results a p p l i c a b l e  t o  t h e  i r r a d i a t i o n  tes t  period. 

A l l  uranium was 20% enriched i n  2TPu. 

INTRODUCTION 

In high-temperature gas-cooled r e a c t o r s  (HTGRs), a l l  f i s s i l e  and 

f e r t i l e  materials are contained i n  t i n y  microspheres c a l l e d  coated par- 

t ic les .  The kerne l  of t h e  coated p a r t i c l e  con ta ins  t h e  i n i t i a l  (pre- 

i r r a d i a t i o n )  f i s s i l e  material ,  235U,  and/or  t h e  i n i t i a l  f e r t i l e  material, 

232Th. 

on t h e  kerne l  may be seve ra l  l a y e r s  of carbon and ca rb ide  material (e.g., 

S ic ) .  

and t h e  va r ious  coa t ings  and may be f u r t h e r  c l a s s i f i e d  as B I S O  o r  TRISO, 

depending on t h e  number and type of coa t ings  depos i ted  on t h e  kernel .  A 

convent ional  BISO p a r t i c l e  has two coa t ings  depos i ted  over t h e  ke rne l ;  

innermost i s  t h e  b u f f e r ,  which i s  a low-density pyrocarbon (PyC) whose 

Kernel d iameters  may range from about 300 t o  -500 pm. Deposited 

A coated p a r t i c l e  i s  usua l ly  def ined  as c o n s i s t i n g  of t h e  kerne l  

*Metals and Ceramics Division. 

tGraduate S tudent ,  The Univers i ty  of Tennessee. 
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purpose i s  t o  ( 1 )  provide a volume f o r  s t o r i n g  gaseous f i s s i o n  products ,  

( 2 )  accommodate f u e l  swe l l ing ,  and ( 3 )  a t t e n u a t e  f i s s i o n  r e c o i l .  The 

ou te r  i s o t r o p i c  PyC coa t ing  a c t s  as  a p res su re  v e s s e l  t o  c o n t a i n  t h e  f i s -  

s i o n  products.  

f e r ,  which s e r v e s  t h e  same purpose as f o r  t h e  BISO p a r t i c l e ;  a n  i n n e r  

i s o t r o p i c  PyC coa t ing  t o  provide mechanical support  f o r  t h e  p a r t i c l e  and 

t o  p r o t e c t  t h e  next  l a y e r  from de t r imen ta l  r e a c t i o n s  wi th  f u e l  and f i s -  

s i o n  products ;  a coa t ing  of S i c  t o  provide containment f o r  t h e  gaseous 

and s o l i d  f i s s i o n  products ;  and an o u t e r  i s o t r o p i c  PyC coa t ing  t o  prevent  

evapora t ion  of t h e  S i c  l a y e r  and t o  p r o t e c t  t h e  p a r t i c l e  from damage dur- 

ing handling. The purpose of coated p a r t i c l e s  i n  HTGRs, t h e r e f o r e ,  i s  

t o  con ta in  t h e  f i s s i o n  products  and t o  prevent  t h e i r  escape i n t o  o t h e r  

reg ions  of t h e  r e a c t o r ,  such  as t h e  g r a p h i t e  moderator and t h e  helium 

coolant .  

A convent ional  TRISO p a r t i c l e  has  fou r  coa t ings :  a buf- 

Experiment HRB-15b t e s t e d  some convent ional  TRISO and BISO p a r t i -  

cles. 

t h e  Si-BISO, t h e  Z r  b u f f e r ,  and p a r t i c l e s  t h a t  had an  a d d i t i o n a l  t h i n  

However, many of t h e  p a r t i c l e s  t e s t e d  were of new des ign  such as 

l a y e r  of Z r C  depos i t ed  d i r e c t l y  on t h e  k e r n e l ,  t h a t  i s ,  an  a d d i t i o n a l  

l ayer  between t h e  ke rne l  and t h e  buf fer .  See Tables  1 ( f i s s i l e  p a r t i -  

c les)  and 2 ( f e r t i l e  p a r t i c l e s )  f o r  a d e s c r i p t i v e  summary of p a r t i c l e  

types  i n  t h e  experiment. 

A l l  f e r t i l e  par t ic les  con ta in  Tho2 i n  t h e  kerne l  (Table  2) ;  how- 

e v e r ,  t h e  kerne l  may b e  of  d i f f e r e n t  d iameters  o r  may have been produced 

by d i f f e r e n t  manufacturing processes.  F i s s i l e  p a r t i c l e s  (Table 1) can 

have mixtures  of  Tho2 and U02 i n  t h e  ke rne l  (mixed-oxide k e r n e l s ) ,  o r  

they  can have k e r n e l s  of U02, UC2, o r  UCxOy wi th  va r ious  O/U r a t i o s .  

Thus, t h e  purpose of experiment HRB-15b was t o  provide i r r a d i a t i o n  expe- 

r i e n c e  wi th  a v a r i e t y  of candida te  HTGR coated particles.  

nium contained i n  t h e  coated p a r t i c l e s  was 20% enr iched  i n  235U. 

A l l  t h e  ura- 

PURPOSE AND SCOPE OF REPORT 

An experiment such as  HRB-15b begins  wi th  t h e  manufacture of  t h e  

candida te  p a r t i c l e s .  Next, t h e  p a r t i c l e s  are encapsulated and i r r a d i a t e d  

i n  a nuc lea r  r eac to r .  Following t h e  i r r a d i a t i o n  per iod ,  t h e  p a r t i c l e s  
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Table 1. Experiment HRB-l5b, f i s s i l e  p a r t i c l e s  

T e s t  p l an  Pa ren t  b a t c h  Kernel D e s c r i p t i o n  of 
d e s i g n a t i o n  number m a t e r i a l  p a r t i c l e  c o a t i n g s  

1 
1 

2 
3 
4 
5 

6a 
6b 
6c 

7 
8 
9 

10 
11 
12 

13a 
13b 
13c 
14 

6155-05-010 
6155-05-020 

6157-08-020 
6157-08-030 
6157-09-010 
6152-01-010 

6152-02-010 
6152-03-010 
6152-03-020 

6151-21-010 
6445-01-010 
6448-02-010 
6448-01-010 
6448-00-010 
6447-00-010 

6447-01-010 
6447-02-010 
6447-02-020 
6449-00-010 

uo2 
uo2 
uo2 

uc 2 
(Th,U) 02 
UCO (O/U = 0.5) 
uco ( O / U  = 1.0) 
UCO ( O / U  = 1.5) 
uo2 

TRIW 
TRISO 

TRISO 
TRISO 
TRI SO 
TRISO 

TRISO, Z r  b u f f e r h  
TRISO, 5-m Z r C C  
TRISO, ~ O - W I  Z r C C  

TRISO 
Si-BI SOd 
Si-RISO 
Si-BISO 
Si-RISO 
Si-RISO 

Si-BISO, Z r  b u f f e  
Si-BISO, 5-m Z r C  
Si-BISO, 10-WI ZrCf 
Si-BISO 

~~ 

a L o w d e n s i t y  g r a p h i t e  b u f f e r ,  i n n e r  PyC, SIC, o u t e r  PyC. 

hBuffer  is PyC + Z r C ;  o t h e r  c o a t i n g s  same a s  a. 
CThin l a y e r  of Z r C  ove r  k e r n e l ;  b u f f e r  and c o a t i n g s  same a s  a. 

dLow-density g r a p h i t e  b u f f e r ;  o u t e r  c o a t l n g  i s  PyC + SIC. 

eBuffer  is PyC + Z r C ;  o u t e r  c o a t i n g  same a s  d. 

fThin l a y e r  of Z r C  ove r  k e r n e l ;  b u f f e r  and o u t e r  c o a t  same a s  d. 

Tab le  2. Experiment HRB-l5b, f e r t i l e  p a r t i c l e s  

T e s t  p l a n  Pa ren t  b a t c h  Kernel  D e s c r i p t i o n  of 
d e s i g n a t i o n  number m a t e r i a l  p a r t i c l e  c o a t i n g s  

15 6252-15-010 Tho 2 T R I S O ~  
h 16 6542-27-015 Tho 2 BISO - 

17a 6542-42-010 Tho 2 Si-BISO' 

17b 6542-42-010 Tho 2 Si-BISO 

ORNL Tho 2 RISO , 
(i 

a 

'Low-density g r a p h i t e  b u f f e r ,  o u t e r  PyC. 

Low-density g r a p h i t e  b u f f e r ,  i n n e r  PyC, SIC, o u t e r  
PyC. 

L o w d e n s i t y  g r a p h i t e  b u f f e r ,  o u t e r  c o a t i n g  is C 

PyC + sic. 
dSol-Gel process.  



are  removed from t h e  capsule  ( i n  a ho t  ce l l )  f o r  subsequent p o s t i r r a d i a -  

t i o n  t e s t ing .  The scope of t h i s  r e p o r t  i s  confined t o  t h e  in - r eac to r  ir- 

r a d i a t i o n  of t h e  candida te  f i s s i l e  and f e r t i l e  p a r t i c l e s .  The purpose of 

t h e  r e p o r t  i s  t o  document t h e  models and d a t a  used t o  s p e c i f y  p a r t i c l e  

loadings  and t o  r e p o r t  p a r t i c l e  temperatures ,  f u e l  burnup, and f a s t  neu- 

t r o n  f luence  during t h e  i r r a d i a t i o n  period. Details of t h e  theory  are 

presented  i n  v a r i o u s  s e c t i o n s  of Appendix A. 

DESCRIPTION OF EXPERIMENT 

The loose  p a r t i c l e s  were loaded i n t o  t r a y s  t h a t  resemble f l a t  graph- 

i t e  washers,  each having 116 ho le s  d r i l l e d  i n  one face. The t r a y s  were 

s tacked  i n  columns i n  an  a l t e r n a t e  f e r t i l e  p a r t i c l r f i s s i l e  p a r t i c l e  se- 

quence. There were 46 t r a y s  per  u n i t  o r  subassembly. A column of f o u r  

u n i t s  (184 t r a y s )  w a s  then  sea l ed  i n  a s t a i n l e s s  s tee l  primary vesse l .  

The primary v e s s e l  w a s  contained i n  a secondary s t a i n l e s s  s teel  v e s s e l  t o  

provide double-wall containment f o r  t h e  experiment when i n  t h e  reac tor .  

Heat i s  removed from t h e  experiment by t h e  f low of r e a c t o r  coo lan t  (wa- 

ter)  through an annulus  e x t e r n a l  t o  t h e  secondary vessel. 

The i n s i d e  r a d i u s  of t h e  primary v e s s e l  w a s  12.3 mm, and t h e  o u t s i d e  

r a d i u s  of the secondary v e s s e l  was 16.4 mm. 

105.6 mm ( t o t a l  ax i a l  l e n g t h  of t h e  specimen r eg ion  was -422 mm). 

The l e n g t h  of each u n i t  w a s  

There was a t o t a l  of e i g h t  thermocouples, w i th  t h e  junc t ion  of each 

l o c a t e d  a t  approximately t h e  t r a y  i n s i d e  r a d i u s  (-5.6 mm); i n  t h e  a x i a l  

d i r e c t i o n ,  t h e r e  are  two thermocouples per  un i t .  The c e n t r a l  r eg ion  of 

t h e  s t a c k  of t r a y s  provided space f o r  t e s t i n g  some a d d i t i o n a l  i n e r t  par- 

t i c l e s  ( i . e . ,  p a r t i c l e s  t h a t  d i d  no t  con ta in  f u e l  i n  t h e  kerne ls ) .  

When t h e  experiment w a s  ope ra t ing  in - r eac to r ,  t h e  temperature  of t h e  

p a r t i c l e s  was c o n t r o l l e d  by varying t h e  composition of t h e  gas  mixture  

( i . e ,  by varying t h e  thermal conduc t iv i ty )  i n  a gap between t h e  o u t s i d e  

r a d i u s  of t h e  s t acked  t r a y s  and t h e  i n s i d e  r a d i u s  of t h e  primary vesse l .  

The t r a y  o u t s i d e  r a d i u s  was one of t h e  des ign  parameters t o  be evaluated.  

The experiment r e s ided  i n  t h e  High Flux I so tope  Reactor (HFIR) re- 

movable bery l l ium r e f l e c t o r  f a c i l i t y  (RB-5). 

c o n t r o l  plates  ("rods")  are pos i t i oned  between t h e  HFIR c o r e  and t h e  RB-5 

The c y l i n d r i c a l  r e a c t o r  

i 
b 

" 
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f a c i l i t y .  Control  rod management in t roduces  cons iderable  v a r i a t i o n  i n  

the neut ron  f l u x  during a r e a c t o r  cycle.  

i n  d e t a i l  i n  Appendix A,  Sect. A.5.) The H F I R  is a batch-loaded r e a c t o r ,  

ope ra t ing  about 2 1  f u l l  power days per  cycle. 

r e a c t o r  f o r  e i g h t  cycles .  F i r s t  cyc le  ope ra t ion  began a t  4:15 PM (EDT) 

on J u l y  6, 1978; l as t  cyc le  ope ra t ion  ended a t  5:59 PM (EST) on January 

4, 1979. Therefore ,  t h e  experiment w a s  in - reac tor  f o r  182.11 ca lendar  

days o r  169.44 f u l l  power days [ L e . ,  equ iva len t  ca lendar  days of opera- 

t i o n  a t  H F I R  r a t e d  power- 100 MW(t)]. HFIR ope ra t ing  d a t a  during t h e  

t i m e  t h e  experiment was in- reac tor  are shown i n  Table 3. The two mid- 

cyc le  shutdowns, one during cyc le  1 and t h e  o t h e r  during cyc le  6 ,  began 

a t  0900 on 7/14/78 and a t  0815 on 11/13/78, respec t ive ly .  

(Neutron f l u x e s  are d iscussed  

The experiment w a s  i n -  

PARTICLE LOADINGS PER TRAY 

The types  of f i s s i l e  p a r t i c l e s  (Table 1 )  and f e r t i l e  p a r t i c l e s  

(Table 2 )  t o  be loaded i n t o  each of t h e  184 t r a y s  were p respec i f i ed  and 

were no t  s u b j e c t  t o  change. 

t o  be loaded i n t o  each t r a y  and t h e  t r a y  r a d i u s  were q u a n t i t i e s  t h a t  had 

t o  be evaluated. The number of p a r t i c l e s  loaded i n t o  each t r a y ,  c r o s s  

re ferenced  t o  test p l an  des igna t ion  numbers and t h e  t r a y  r a d i u s ,  i s  shown 

i n  Tables 4 through 7 f o r  each of t h e  f o u r  subassemblies. 

subassemblies are numbered 15b-1 through 15b-4 ( t o p  t o  bottom) i n  t h e  

experiment. 

t h i s  repor t .  

The number of p a r t i c l e s  of a p a r t i c u l a r  type  

The u n i t s  o r  

How t h e s e  loadings  were obtained i s  t h e  s u b j e c t  f o r  most of 

MODEL FOR COMPUTING REGIONAL TEMPERATURES 

The a i m  i s  t o  load  each t r a y  and a r r i v e  a t  va r ious  gap th i cknesses  

(between t r a y  and primary v e s s e l )  t h a t  i d e a l l y  produce a smooth and a l -  

most f l a t  axial  temperature  p r o f i l e  i n  t h e  specimen reg ion  a t  a l l  times 

dur ing  t h e  h i s t o r y  of t h e  experiment. The a l t e r n a t e  f e r t i l e  p a r t i c l e -  . 

f i s s i l e  p a r t i c l e  s t ack ing  p a t t e r n  and t h e  thermal con tac t  r e s i s t a n c e  be- 

tween ad jacen t  t r a y s  sugges t  use of a one-dimensional c y l i n d r i c a l  hea t  

t r a n s f e r  model. The specimen reg ion  was assumed t o  have a uniformly 



Table 3. HFIR o p e r a t i n g  d a t a  f o r  experiment  HRB-15b 

Reactor  schedule  
Experiment Reac tor  Cycle t i m e '  ( h r )  Ac c umul a t  ed 

F P f l  
R 0 M Tota l  

c y c l e  S t a r t  up Shutdown energy 
NO ( W d )  

Date Time Date Time 

1 7 /6 /78  1615 7130178 2350 2147.0 21.47 518.45 65.133 583.58 
2 7 /31 /78  1752 8/22/78 0030 2124.1 42.71 18.035 510.63 528.67 rn 
3 8 /22 /78  1838 9/13/78 0400 2137.9 64.09 18.150 513.35 531.50 
4 9 /15 /78  1824 10/6/78 2115 2110.0 85.19 62.400 506.85 569.25 

6 10 /29 /78  1725 11/22/78 0225 2091.1 127.38 18.583 502.75 58.083 579.42 

520.31 

5 10 /7 /78  1650 10/28/78 2400 2128.0 106.47 19.583 511.17 530.75 

7 11/22/78 2147 12/14/78 0140 2113.8 148.52 19.366 507.89 527.26 
8 12/14/78 1945 1 /4 /79  1759 2092.0 169.44 18.083 502.23 

Tota l  174.20 4073.3 123.22 4370.7 

&FPD = f u l l  power days. 

'R = r e f u e l i n g ;  M = midcycle downtime; 0 = o p e r a t i n g ,  b u t  no t  n e c e s s a r i l y  a t  100 MW(t). 

-5 . 8 , 
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Table 4. Experiment HRB-l5b, t r a y  s i z e  (in.) and 
p a r t i c l e  l oad ings  f o r  subassembly 15b-1 

Q 

~ ~~ ~ ~~~ ~ ~ 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

No. Radius I D  NO. No. Radius I D  No. 

1 
3 
5 
7 
9 

11 
13 
15 
17 
19 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 

0.439 
0.439 
0.439 
0.439 
0.439 
0.448 
0.448 
0.448 
0.454 
0.454 
0.454 
0. 454 
0. 458 
0.458 
0.458 

n. 458 
0.458 

0.458 

0.461 

0.461 
0.461 
0.461 

0.461 

ORNL 
O R N L  
17b 
ORNL 
ORNL 
ORNL 
ORNL 
15 
ORNL 
ORNL 
17b 
15 
ORNL 
ORNL 
ORNL 
16 
17b 
ORNL 
ORNL 
ORNL 
ORNL 
15 
ORNL 

58 2' 0.439 
85 4 0.439 

116 6 0.439 

58 10 0.439 
1 06 12 0.448 

58 a 0.439 

106 14 0.448 
116 16 0.448 
111 18 0.454 
111 20 0.454 
116 2 2  0.454 
116 24 0.454 
112 26 0.458 

102 32 0.458 

116 38 0.461 

112 28 0.458 
112 30 0.458 

116 34 0.458 
103 36 0.458 

105 40 0.461 

116 44 0.461 
105 42 0.461 

105 46 0.461 

8 116 
12 106 
10 65 
1 116 
1 116 
3 83 
3 83 
5 ' 114 
2 65 
14 77 
4 73 
13a 97 
4 69 

2 63 
5 116 
7 68 
5 113 
7 76 
6b 99 
6b 99 
4 66 
7 68 

13b 108 

Table 5. Experiment HRB-l5b, t r a y  s i z e  (in.) and 
p a r t i c l e  l oad ings  f o r  subassembly 15b-2 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

No. Radius I D  No. No. Radius I D  No. 

c 

47 
49 
51 
53 
55 
57 
59 
61 
63  
65 
67 
69 
71 
73 
75 
77 
79 
81 
83 
85 
87 
89 
91 

0.461 
0.461 
0.461 
0.461 
0.461 

0.461 
0.461 
0.461 
0.461 
0.464 
0.464 
0.464 
0.464 

0.464 
0.464 
0.464 
0.464 

0.464 
0.464 
0.464 

0.461 

0.464 

0. 464 

16 
ORNL 
17b 
ORNL 
ORNL 
16 
ORNL 
ORNL 
ORNL 
ORNL 
17b 
ORNL 
15 
ORNL 
ORNL 
16 
ORNL 
17b 
ORNL 
ORNL 
15 
ORNL 
ORNL 

69 48 0.461 

104 52 0.461 
72 50 0.461 

75 54 0.461 
75 56 0.461 
72 58 0.461 

78 62 0.461 
78 64 0.461 
78 66 0.461 

116 68 0.464 
109 70 0.464 

78 60 0.461 

116 72 0.464 
108 74 0.464 

103 78 0.464 

116 82 0.464 

108 76 0.464 

107 80 0.464 

107 84 0.464 
107 86 0.464 
116 88 0.464 

86 92 0.464 
107 90 0.464 

1 116 
1 116 
1 116 
1 116 
1 116 
1 116 
1 116 
1 116 
1 116 
1 116 
9 55 
13c 91 
11 57 
3 65 
3 62 
3 62 
3 62 
3 62 
4 54 
3 6 2  
6b 85 
7 59 
1 114 
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Table 6. Experiment HRB-15b, t r a y  s i z e  ( i n . )  and 
p a r t i c l e  l oad ings  f o r  subassembly 15b-3 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

No. Radius I D  No. No. Radius I D  No. 

93 
95 
97 
99 

101 
103 
105 
107 
109 
111 
113 
115 
117 
119 
121 
123 
125 
127 
129 
131 
133 
135 
137 

0.464 

0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

0.464 

0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

0.464 

0.464 

0.464 

15 
QRNL 
16 
ORNL 
ORNL 
17a 
15 
17a 
ORNL 
ORNL 
ORNL 
ORNL 
16 
ORNL 
16 
ORNL 
ORNL 
17a 
ORNL 
15 
ORNL 
ORNL 
16 

114 94 
107 96 
103 98 
107 100 
107 102 
105 104 
116 106 
105 108 
107 110 
109 112 
87 114 

110 116 
105 118 
114 120 
109 122 
114 124 
114 126 
115 128 
116 130 
116 132 
116 134 
116 136 
116 138 

0.464 
0.464 
0.464 
0.464 

0.464 
0.464 

0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

1 
7 
6b 
3 
5 
3 
3 
3 
3 
3 
8 
10 
1 2  
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 

114 
59 
85 
61 
98 
62 
62 
62 
62 
66 

116 
66 

105 
98 
98 
98 
98 

105 
105 
105 
105 
112 
112 

Table 7. Experiment HRR-15b, t r a y  s i z e  ( i n . )  and 
p a r t i c l e  l oad ings  f o r  subassembly 15b-4 

R a y  F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

No. Radius I D  No. No. Radius I D  No. 

139 0.458 ORNL 70 140 0.458 1 ‘116  
141 0.458 17a 90 142 0.458 3 62 
143 0.458 ORNL 70 144 0.458 1 116 
145 0.458 15 116 146 0.458 3 6 2. 
147 0.458 ORNL 99 148 0.458 5 108 
149 0.458 ORNL 99 150 0.458 2 55 
151 0.458 ORNL 99 152 0.458 4 60 
153 0.458 16 95 154 0.458 13c 94 
155 0.454 ORNL 107 156 0.454 1 3a 103 
157 0.454 ORNL 107 158 0.454 14 72 
159 0.454 ORNL 107 160 0.454 4 66 
161 0.454 17a 105 162 0.454 6C 104 
163 0.448 15 116 164 0.448 6c 103 
165 0.448 ORNL 99 166 0.448 7 69 
167 0.448 16 95 168 0.448 4 63 
169 0.448 ORNL 99 170 0.448 6b 99 
171 0.448 ORNL 100 172 0.448 7 75 
173 0.448 ORNL 93 174 0.448 5 116 
175 0.448 17a 91 176 0.448 6b 101 
177 0.448 QRNL 93 178 0.448 7 70 
179 0.448 ORNL 93 180 0.448 9 59 
181 0.448 15 116 182 0.448 13b 100 
183 0.448 ORNL 93 184 0.448 11 64 

” 
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dispersed heat source contributed by one tray of fertile particles and one 
tray of fissile particles. The graphite trays and the stainless steel 

vessels expand with increasing temperature; thus, thermal expansion was 

included in the heat transfer model. Thermal conductivities of the 

graphite trays, the stainless vessels, and the gas in the gaps (i.e., 
helium, neon, or helium-neon mixtures) are temperature dependent. Ther- 

mal conductivity of graphite is also affected by neutron damage. 

perature and neutron fluence effects on thermal conductivity were in- 

cluded in the thermal analysis computer program. The thermal analysis 

program is discussed in Appendix A, Sect. A.l, and the thermal properties 

of materials are listed in Appendix A ,  Sect. A.2.  The Poco graphite 
trays also "grow" as a function of fast neutron damage. Dimensional 

change of the trays attributable to graphite "growth" (discussed in Ap- 

Tem- 

pendix A, Sect. A.3) was also incorporated into the thermal analysis 

program. 

The heat source in the stainless steel vessels results from nuclear 

(primarily gamma ray) heating in the metal. Part of the heat source in 

the specimen region is contributed by nuclear heating in graphite. Nu- 
clear heating varies as a function of both axial position and time into 

e'ach reactor cycle. (See Appendix A, Sect. A.4, for data on nuclear heat- 

ing in both graphite and stainless steel.) 

of the particles in each tray contributes the remaining part of the heat 

source in the specimen region. Fission power (watts) per particle resulted 

from fuel depletion calculations, discussed in the next section. 

Nuclear fission in the kernel 

FUEL DEPLETION 

To calculate fuel depletion, fissile particles were reclassified 

into seven types according to initial amounts of fissile material con- 
tained in the kernel. Data for each particle type, cross referenced to 

test plan designation, are shown in Table 8. 
est are the fission power (watts) per particle and the fuel burnup in 

units of fissions per initial heavy metal atom (FIMA). 

The two quantities of inter- 

To calculate the above quantities, solutions for nuclide concentra- 
tion (atoms per barn-cm) must first be obtained for each nuclide of 
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Table 8. P a r t i c l e  c l a s s i f i c a t i o n  f o r  
f u e l  dep le t ion  s tudy 

T e s t  p lan  Kernal l oad ing ,  
mg ( U / T h )  

Kernel material Type des igna t ion  

I 
I1 
I11 
IV 
V 

VI 
v IT. 

I 
I1 

I I1 
IV 
V 

F i s s i l e  p a r t i c l e s  

1, 8 (Th , U )02 
2, 9 uco (o/u =: 0.5) 
4 ,  11 uco ( O / U  = 1.5) 
3,  10 uco (o/u = 1.0) 
7, 14 uc 2 
5, 12 uo2 
6abc, 13abc U 0 2  

Fe r t i l e  p a r t i c l e s  

17b 7302 
15 7302 
17a 7302 
16 Tho2 
ORNL Tho2 

0.111/0.109 
0.258/0 

. 0.237/0 
0.207/0 
0.2 16/0 
0.130/0 
0.150/0 

O/O. 412 
O/O. 430 
O/O. 590 
O/O. 600 
o/o. 575 

i n t e r e s t  shown i n  t h e  cha in  d e s c r i p t i o n  (Fig.  1). With t h e  except ion  of 

t h e  mixed-oxide p a r t i c l e s ,  t h e  f i s s i l e  p a r t i c l e s  d i d  no t  c o n t a i n  thorium; 

t h u s ,  t h e  n u c l i d e s  t o  t h e  l e f t  of 235U i n  Fig. 1 would no t  be a p a r t  of 

the cha in  d e s c r i p t i o n  f o r  t hose  type  p a r t i c l e s .  Each d e p l e t i o n  case con- 

s i d e r s  a s i n g l e  p a r t i c l e  a t  a s p e c i f i e d  axial  p o s i t i o n  and o b t a i n s  solu-  

t i o n s  f o r  t h e  nuc l ide  concen t r a t ion  as a f u n c t i o n  of exposure t i m e .  A 

series of cases were run  a t  s e v e r a l  (24) a x i a l  p o s i t i o n s  f o r  each p a r t i -  

c l e  c l a s s i f i c a t i o n  l i s t e d  i n  Table 8. These c a l c u l a t i o n s  were performed 

wi th  t h e  CACA-2 codel  (w i th  some modif icat ion) .  

The system of o rd ina ry  d i f f e r e n t i a l  equat ions  of t h e  form 

-e dN(t) f ( t , N )  , 
d t  

are  so lved  i n  CACA-2 by using numerical  i n t e g r a t i o n  formulas. The pro- 

cedure i s  based on t h e  s e l f - s t a r t i n g  Runge-Kutta method.2 

l a r  i so tope ,  t h e  rate of change i n  nuc l ide  concen t r a t ion  (aN/a t )  depends 

For a pa r t i cu -  
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on its rate of production by radiative capture and/or beta decay minus 

its loss rate attributable to fission and/or radiative capture and/or 
beta decay - symbolically represented above by f(t,N). The principle 

behind the Runge-Kutta formulas2 is to develop an integration formula for 

the differential equation above of the form 

i 

where the ai, ti, and Ni are chosen to make the integration formula 
agree with the Taylor series expansion of N(t) to some order. The 

fourth-order integration formulas are as follows: 

= NR + (h/6)(K1 + 2K2 + 2K3 + K4) , NR+l 

where 

Th 2 ' s  in the above equation are time indi 
step h is 6 hr in CACA-2. 

S. Th len th f ach time 

Once the nuclide concentrations have been computed, then fuel burnup 

and power per particle can be evaluated. The code maintains a file on 

cumulative fissions per unit volume of fuel so that fuel burnup can be 

evaluated from the following equation: 

As seen from the above equation, fuel burnup (FIMA) is the time- 

integrated fission rate (fission per cubic centimeter) per atom density 

(atoms per cubic centimeter) of preirradiation heavy nuclides in the par- 

ticle kernel N(k,o,z). Heavy nuclides are defined as the isotopes 232Th, 

., 
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5 

.# 

Y 

235U, and 238U. 

of the space-time-dependent total neutron flux +(t,z), the weighted fis- 
sion cross sections Uf(J), and nuclide concentration N(J,t,z) for each 

238Np, 239Pu, and 241Pu constitute the list of fissionable nuclides. 

Fission rate for fuel at axial position z is the product 

fissionable nuclide J. The isotopes 232Th, 234pa, 233u, 235u, 238u 9 

Fission power per particle P(i,T,z) is the product of a constant, 
the kernel volume V(i), and the fission 

time T. 

P(i,T,z) = (2.884 x l0-l1) V(i) 

rate occurring in the kernel at 

J 

The index i in the above equation relates to particle classi- 

fication, that is, each particle type shown in Table 8. The quantity 

2.884 X 

energy release per fission locally within the specimen region will be 

180 MeV per fission. 

J per fission is based on the assumption that the useful 

At the end of the third cycle of operation, the experiment was re- 
positioned in the facility (axially moved) so that a fuel particle, which 

had been irradiated at axial position z, thereafter would be exposed to a 
different flux magnitude characteristic of the new position z + Az. 
nuclide concentrations at the end of the third cycle were saved and 
used for restarting each case. As can be seen from the equation above 

for fission power per particle, if +(T,z) were changed to +(T,z + Az), 
that calculation would be continued properly. The saved nuclide concen- 

trations would begin depleting at rates characteristic of +(T,z + Az), 
which is also a proper continuation. 

two-part problem; that is, the numerator of the burnup equation now be- 

comes the sum of two integrals, with the first integral reflecting fis- 
sion rate (at position z) during the first three cycles of operation and 

the second integral reflecting the change in fission rate at the new 

position ( z  + Az) during subsequent cycles. 

The 

Fuel burnup had to be treated as a 

One-group microscopic cross sections3 used to calculate fuel de- 

pletion are shown in Table 9. 

from sensitivity studies with previous rod-type HRB experiments. 
The values in parentheses were results 

The 
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Table 9. One-group microscopic  
c r o s s  s e c t i o n  (barn)  

Nuclide Capture F i s s i o n  

232Th 
23 3 ~ a  
234pa 
233u 
2 3 4 ~  
235u 
236u 
237u 
238u 
237Np 

8Np 
23 'Np 
238Pu 
23 9Pu 
24OPu 
241Pu 
242Pu 

3.96 (2.77) 
32.2 
150.0 
16.1 
40.1 
27.9 
10.2 
110.0 

65.6 
13.0 

8.44 (5.908) 

8.3 
130.0 
142.0 
287.0 
109.0 
36.5 

0.008 (0.006) 

1500.0 
151.0 

144.0 

0.033 (0.023) 

570.0 

281.0 

239.0 

c r o s s  s e c t i o n s  no t  i n  parentheses  were found t o  be more realist ic f o r  

t h e  very d i l u t e  HRB-15b experiment. 

PROCEDURE FOR COMPUTING PARTICLE LOADINGS 

A t  t h i s  s t a g e  of t h e  c a l c u l a t i o n ,  t h e  time-dependent f i s s i o n  power 

(wa t t s )  per  s i n g l e  p a r t i c l e  is known f o r  each p a r t i c l e  c l a s s i f i c a t i o n  a t  

24 d i s c r e t e  a x i a l  p o s i t i o n s  over  t h e  l e n g t h  of t h e  experiment. For exam- 

p l e ,  t h e  d a t a  i n  Fig. 2 i l l u s t r a t e  t h e  f i s s i o n  power per  p a r t i c l e  dur ing  

t h e  i r r a d i a t i o n  h i s t o r y  f o r  one type  of U02 f i s s i l e  p a r t i c l e  ( t y p e  V I ,  

Table 8) and one type  of f e r t i l e  p a r t i c l e  ( type  V, Table 8) i f  pos i t i oned  

near  t h e  ex t r emi ty  of  t h e  experiment. A s  s t a t e d  previous ly ,  HFIR c o n t r o l  

rods  are l o c a t e d  between the  experiment and t h e  r e a c t o r  core .  The rods 

are more proper ly  descr ibed  as "p la t e s "  o r  as two concen t r i c  c y l i n d e r s ,  

. 
i 

Y 

with  t h e  smaller diameter  c y l i n d e r  moving toward t h e  bottom of t h e  c o r e  

and t h e  l a r g e r  diameter  cy l inde r  moving toward t h e  t o p  of  t h e  c o r e  dur ing  
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Fig. 2. Experiment HRB-l5b, power per particle vs fuel residence 
time . 
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each r e a c t o r  cycle .  The neutron absorbers  i n  t h e  c o n t r o l  p l a t e s  ( cy l in -  

d e r s )  t h e r e f o r e  are moved p rogres s ive ly  i n  a d i r e c t i o n  from r e a c t o r  hor i -  

zonta l  midplane (HMP) a t  beginning of cyc le  (BOC) toward each ex t remi ty  

of t h e  c o r e  during t h e  cycle .  Each piecewise d iscont inuous  curve i n  

Fig. 2 shows t h e  v a r i a t i o n  i n  f i s s i o n  power per  p a r t i c l e  dur ing  each  re- 

a c t o r  cycle. There are -21 f u l l  power days pe r  r e a c t o r  cycle.  

I n  developing t h e  equat ion  f o r  computing p a r t i c l e  l oad ings ,  t h e  f o l -  

lowing must be considered.  

1. There i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  the amount of f i s s i l e  mate- 

r i a l  i n  t h e  kerne l  of t h e  va r ious  type  f i s s i l e  p a r t i c l e s .  The va r ious  

types  of f e r t i l e  p a r t i c l e s  a l s o  con ta in  d i f f e r e n t  i n i t i a l  amounts of Tho2 

i n  t h e  kernel .  The type  of f i s s i l e  p a r t i c l e  and t h e  type  of f e r t i l e  par- 

t i c l e  t o  be loaded i n t o  each t r a y  i s  spec i f i ed .  

2. The power per  p a r t i c l e  i s  both p o s i t i o n  and t i m e  dependent;  t h a t  

i s ,  t h e  shape and magnitude of t h e  power per  p a r t i c l e  shown i n  Fig; 2 i s  

d i f f e r e n t  a t  o t h e r  axial  p o s i t i o n s  f o r  t h e  same type  p a r t i c l e .  

3. The magnitude of nuc lea r  hea t ing  i n  both g r a p h i t e  and s t a i n l e s s  

s tee l  i s  a f u n c t i o n  of both a x i a l  p o s i t i o n  and t i m e  i n t o  a r e a c t o r  cycle .  

(See Figs.  A.2 and A.3 of Appendix A,  Sect.  A . 4 . )  

4. The temperature  of t h e  p a r t i c l e s  can be c o n t r o l l e d  only by vary- 

ing  t h e  composition of t h e  gas  i n  t h e  gap between t h e  s t a c k  of t r a y s  ( a l l  

184)  and t h e  primary vesse l .  

5. The gap may be t h e  same over  s e v e r a l  t r a y s  but  must become pro- 

g r e s s i v e l y  wider from HMP t o  each ex t remi ty  of t he  experiment. 

of narrow gap-wide gap-narrow gap should be avoided. 

A p a t t e r n  

6. The maximum number of p a r t i c l e s  t h a t  can be loaded i n t o  any t r a y  

i s  116. 

no t  be less than  about  60. 

It w a s  d e s i r a b l e  t h a t  t h e  minimum number of p a r t i c l e s  per  t r a y  

7. The hea t  source  i n  t h e  specimen r eg ion  has  been modeled by con- 

t r i b u t i o n s  from t r a y  p a i r s ,  t h a t  i s ,  from a t r a y  of f e r t i l e  p a r t i c l e s  

p l u s  a n  ad jacen t  t r a y  of f i s s i l e  p a r t i c l e s .  

Because of HFIR c o n t r o l  rod management, a f l a t  a x i a l  temperature  

p r o f i l e  i n  t h e  specimen reg ion  cannot be maintained throughout t h e  cycle .  

The t r a y s ,  however, can be loaded so t h a t  a t  two po in t s  i n  t i m e  (dur ing  

c 
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t h e  h i s t o r y  of t h e  experiment) t h e  r a t i o  of 

made cons t an t ;  t h a t  is, f o r  each t r a y  p a i r ,  

o b t a i n  a common va lue  f o r  t h e  cons tan t  c i n  

I n  t h e  above equat ion ,  N 1  i s  t h e  number 

power per  t r a y  p a i r  can be 

t h e  t r a y s  can be loaded t o  

t h e  fol lowing equat ion:  

of f i s s i l e  par t ic les  i n  a 

t r a y ,  and N2 i s  t h e  number of f e r t i l e  p a r t i c l e s  i n  t h e  ad jacent  t ray .  

The denominator i s  t h e  power per  t r a y  p a i r  e a r l y  i n  t h e  h i s t o r y  of t h e  ex- 

per iment;  we chose t h e  beginning of f u e l  l i f e t i m e  (BOL), t h a t  i s ,  s h o r t l y  

a f t e r  t h e  i n i t i a l  s ta r t -up .  The numerator is  t h e  power per  t r a y  p a i r  

l a t e r  i n  t h e  h i s t o r y  of t h e  experiment - t h e  middle of cyc le  7 w a s  cho- 

sen. Therefore ,  Pi1 i s  t h e  power per  f i s s i l e  p a r t i c l e  a t  BOL, and P i 2  i s  

t h e  power per  f i s s i l e  p a r t i c l e  a t  middle of cyc le  7. Likewise, P21 and 

P22 a re  power per  f e r t i l e  p a r t i c l e  a t  BOL and midcycle 7,  r e spec t ive ly .  

Maximizing t h e  va lue  f o r  c i n  t h e  above equat ion  is advantageous. The 

h ighes t  va lue  poss ib l e  f o r  c w i l l  reduce t h e  l i k e l i h o o d  of using argon 

sweep gas  and having t o  cope with 41A a c t i v i t i e s .  

helium and neon were prefer red .  

H e l i u m  and mixtures  of 

A va lue  of 0.5 f o r  c was adequate. 

A more use fu l  form of t h e  above equat ion  i s  expressed i n  terms of 

t h e  r a t i o  of t h e  number of f e r t i l e  p a r t i c l e s  t o  t h e  number of f i s s i l e  

par t ic les  R, f o r  each t r a y  p a i r ,  t h a t  i s ,  

L e t  M be def ined  as t h e  minimum number of p a r t i c l e s  t o  be loaded i n  a 

t r a y  (i.e., M -60 from c o n s t r a i n t  No. 6 above). 

loading  t o  be accep tab le  implies  t h a t  R must l i e  wi th in  t h e  fol lowing 

range : 

For any t r a y  p a i r  

(M/116) - < R - < (116/M) 

Note t h a t  R depends on t h e  power per  p a r t i c l e  a t  two p o i n t s  i n  t i m e  

and t h e  choice  f o r  t h e  cons tan t  C. 

type of p a r t i c l e  t o  be loaded i n t o  each t r a y  and t h e  a x i a l  p o s i t i o n  of 

t h a t  t r a y  i n  t h e  experiment. The type of p a r t i c l e s  t o  go i n t o  each of 

The power per  par t ic le  depends on t h e  
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t h e  184 t r a y s  was s p e c i f i e d ,  a long wi th  a d e s i r e d  minimum number of par- 

t i c l e s  t o  be loaded i n t o  a t ray .  The value f o r  t h e  cons t an t  c ,  of 

course ,  w i l l  be t h e  same f o r  each of t h e  92 t r a y  pa i r s .  Thus, t h e  l a r g -  

es t  va lue  f o r  c must be found so  t h a t  R i s  always wi th in  accep tab le  range 

f o r  t h e  type  of p a r t i c l e s  t o  be loaded i n  each t r a y  pa i r .  

I f  R = 1.0, then 116 f e r t i l e  p a r t i c l e s  and 116 f i s s i l e  p a r t i c l e s  

could be loaded i n  t h e  t r a y  pa i r .  I f  R < 1.0, then only t h e  t r a y  con- 

t a i n i n g  f i s s i l e  p a r t i c l e s  could be f i l l e d ;  R > 1.0 impl ies  that  only the 

t r a y  conta in ing  f e r t i l e  p a r t i c l e s  could be f i l l e d .  The more p a r t i c l e s  

loaded i n t o  a t r a y  p a i r ,  t h e  h igher  t h e  f i s s i o n  power p e r  t r a y  p a i r  w i l l  

be. Thus, i f  one o r  t h e  o t h e r  (o r  both)  of t h e  t r a y s  are  f i l l e d ,  then 

maximum f i s s i o n  power p e r  t r a y  p a i r  is  achieved. The range on R f o r  an  

accep tab le  load ing  a l s o  i m p l i e s  t h a t  both of t h e  t r a y s  may be only par- 

t i a l l y  f i l l e d .  For example, i f  R > 1.0, t h e r e  can be M (about  60) f i s -  

s i l e  p a r t i c l e s  per  t r a y  and somewhat more ( t h e  product MR) f e r t i l e -  par- 

t i c l e s  (M < MR - < 116) i n  an  ad jacen t  t r ay .  Thus, t h e  f i s s i o n  power per  

t r a y  p a i r  f o r  accep tab le  loadings  can range from some minimum power t o  

some maximum power. 

I f  one po in t  i n  time is  s e l e c t e d  (e.g., BOL) and t h e  maximum f i s s i o n  

power per  t r a y  p a i r  i s  t abu la t ed ,  a long  wi th  t h e  minimum f i s s i o n  power 

p e r  t r a y  p a i r ,  then when the  c o n t r i b u t i o n  from nuclear  hea t ing  i n  each 

t r a y  p a i r  i s  included,  t h e  range of t h e  hea t  source  i n  t h e  specimen 

r eg ion  a t  each a x i a l  p o s i t i o n  w i l l  have been de f ined ,  a t  one time i n  t h e  

h i s t o r y  of t h e  experiment,  f o r  a l l  accep tab le  p a r t i c l e  loadings.  Knowing 

t h e  range of hea t  source  as a f u n c t i o n  of axial  p o s i t i o n ,  t hen  t h e  gap 

th i ckness  must be s p e c i f i e d  ( i . e . ,  t r a y  o u t s i d e  diameters)  t o  g ive  t h e  

des i r ed  a x i a l  temperature  p r o f i l e ;  t h a t  i s ,  a t  t h e  a x i a l  p o s i t i o n  of 

each t r a y  p a i r ,  t h e r e  w i l l  be some "bes t  compromise" f i s s i o n  power per  

t r a y  p a i r ,  P*, and some t r a y  diameter t h a t  w i l l  g ive  t h e  d e s i r e d  a x i a l  

temperature  p r o f i l e  i n  t h e  specimen region. 

l i e  somewhere between t h e  maximum and t h e  minimum f i s s i o n  power per  t r a y  

pa i r .  The t r a y  d iameters  were s e l e c t e d  so  t h a t  t h e r e  is  a s tepwise  in- 

c r eas ing  gap from t h e  middle of t h e  experiment t o  each extremity.  Once 

P* was determined, then  the  f i n a l  p a r t i c l e  loadings  were computed. A sum- 

mary o f  express ions  a p p l i c a b l e  t o  pa r t i c l e  load ing  i s  given i n  Table 10. 

The magnitude of P* must 
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Table 10. Summary of expressions for particle loading 

. 

* 

Range of particles per tray 

Maximum No. Minimum No. 

Express ion Fertile Fissile Fertile Fissile 

R > 1.0 116 116/R MR M 
R < 1.0 116R 116 M M/R 

Range of fission power per tray pair 

Expression Maximum power Minimum power 

Number of Darticles loaded Per tray 

Expression Fertile Fissile 

Once the loadings,were computed, but before the experiment was 

placed in-reactor, several additional thermal cases were run. The pur- 

pose of these calculations was to (1) check the computed temperature pro- 
files at various times during a cycle and over the expected irradiation 

history (many cycles); (2 )  check the sensitivity of computed temperatures 

to uncertainties in basic thermal data, such as thermal conductivity, 
surface emissivity, and coefficient of linear expansion; and ( 3 )  include 

graphite growth in the model (see Appendix A, Sect. A . 3 )  and test the ef- 

fect of graphite growth on temperature control. 

ter (23.57 mm) was established from consideration of anticipated graphite 
growth during the history of the experiment. Results of these additional 

The maximum tray diame- 
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c a l c u l a t i o n s  confirmed t h a t  t h e  loadings  s e l e c t e d  would meet t h e  va r ious  

r eq u i r eme n t s . 
MODELS FOR COMPUTING PARTICLE SURFACE TEMPERATURES 

One of t h e  requirements  on temperatures  was t h a t  t h e  maximum p a r t i -  

c l e  s u r f a c e  temperature  should no t  exceed 1000°C f o r  any p a r t i c l e  i n  t h e  

experiment. The one-dimensional ( l - D )  c y l i n d r i c a l  model can  be used f o r  

p r e d i c t i n g  t h e  c e n t e r l i n e  temperature  and a l s o  t h e  s u r f a c e  temperatures  

a t  t h e  i n s i d e  and o u t s i d e  s u r f a c e s  of t h e  secondary v e s s e l ,  t h e  primary 

v e s s e l ,  and t h e  t r ay .  

Loose p a r t i c l e s  are  r e s t i n g  i n  d r i l l e d  ho le s  i n  the t r ays .  There- 

f o r e ,  a method was needed t o  estimate temperature  d i f f e r e n c e s  from t r a y  

t o  p a r t i c l e  sur face .  I f  we assume t h a t  t h e  p a r t i c l e s  " f l o a t "  i n  the 

d r i l l e d  h o l e s ,  then  an  equ iva len t  l-D s p h e r i c a l  model can be used .to es- 

timate p a r t i c l e  s u r f a c e  temperatures.  The equat ions  f o r  the l-D spher i -  

cal  model are der ived  i n  Appendix A ,  Sect.  A . l .  An equ iva len t  volume 

s p h e r i c a l  annulus  surrounding a p a r t i c l e  does n o t  adequate ly  r ep resen t  

t h e  a c t u a l  par t ic le  r e s t i n g  i n  t h e  t r a y  and tends t o  ove rp red ic t  AT ( t r a y  

t o  p a r t i c l e  su r face ) .  

s i d e r e d ,  a n d ,  t h e  HEATING code4 w a s  used f o r  c a l c u l a t i n g  p a r t i c l e  s u r f a c e  

temperatures.  The r e s u l t s  f o r  maximum p a r t i c l e  s u r f a c e  temperature  from 

a series of such c a l c u l a t i o n s  could  then  be c o r r e l a t e d  as func t ions  of 

p a r t i c l e  power P, t r a y  mean temperature  7, and gas  composition. 

ample ,  i f  helium gas  surrounds t h e  800-pm p a r t i c l e ,  maximum AT ( t r a y  t o  

A l t e r n a t i v e l y ,  mult idimensional  models were con- 

For ex- 

p a r t i c l e  s u r f a c e )  can be obta ined  from t h e  fo l lowing  equat ion:  

AT(UBX) = P[2915.7387 - TJ/19. 1415 

I f  P = 1.32 W pe r  p a r t i c l e  and r = 800°C, AT from t h e  above ex- 

p re s s ion  i s  146°C. For t h e  same problem, t h e  equiva len t  l - D  s p h e r i c a l  

model p r e d i c t s  average AT = 183OC. 

code had not  been completed by t h e  t i m e  t h e  experiment began in - r eac to r  

operat ion.  Therefore ,  during t h e  f i r s t  c y c l e ,  r e s u l t s  from t h e  l-D 

s p h e r i c a l  model were used t o  estimate p a r t i c l e  s u r f a c e  temperature.  

a l l  t h e  results were i n  f o r  t h e  mult idimensional  models, a n  equat ion  of 

The series of cases ' f rom t h e  HEATING 

Once 
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t h e  form 

could be included i n  t h e  thermal program t o  compute f i s s i l e  p a r t i c l e  and 

f e r t i l e  p a r t i c l e  maximum su r face  temperatures.  Of course ,  power per  par- 

w i l l  depend on t h e  type  o r  c l a s s i f i c a t i o n  of t h e  p a r t i -  t i c l e  P 

c l e  J, i t s  a x i a l  p o s i t i o n  i n  t h e  experiment z, and t h e  t i m e  8 t h a t  t h e  

experiment w a s  in-reactor .  The cons tan t s  g l  and g2 depend on t h e  gas  

composition t h a t  surrounds t h e  p a r t i c l e s ;  va lues  f o r  g1 and g2 are l i s t e d  

i n  Table 11. To be conserva t ive ,  we assumed t h a t  t r a y  "mean" temperature  

T a t  axial  p o s i t i o n  z and t h e  t r a y  i n s i d e  su r face  temperature ( a t  t h e  

same a x i a l  l o c a t i o n )  were i d e n t i c a l .  

( J , z  ,e) 

- 
(2) 

Table 11. Constants f o r  t h e  equat ion  

su r face  temperatures  
used t o  compute t r a y  t o  p a r t i c l e  

Mole f r a c t i o n  
of helium i n  

gas  mixture 
he1 ium-neon g l  8 2  

1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.45 
0.4 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
0.0 

2915.74 
2648.5 
2605.0 
2625.0 
2666.92 
2773.0 
2839.6 
2928.0 
3010.5 
3087.0 
3194.7 
3311.2 

3584.3 
3759.0 
3974.44 

3448. a 

19.14 
16.1 
14.8 
14.0 
13.49 
13.3 
13.3 
13.4 
13.5 
13.6 
13.8 
14.02 
14.4 
14.75 
15.25 
15.88 
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TEMPERATURES, FUEL BURNUP, AND 

Par t ic le  load ings  and t r a y  d iameters  

s p e c i f i e d  so t h a t ,  wi th  helium gas  i n  t h e  

FAST NEUTRON FLUENCE 

(Tables  4 through 7 )  were 

t r a y  t o  primary v e s s e l  gap, t h e  

thermocouples near  HMP ind ica t ed  about  8 O O O C  e a r l y  i n  t h e  f i r s t  cyc le ;  

t h a t  i s ,  t h e  junc t ion  of each thermocouple is l o c a t e d  a t  approximately 

t h e  t r a y  i n s i d e  r a d i u s ,  and t h e  computed temperatures  a t  t h e s e  r a d i a l  

p o s i t i o n s  (and near  HMP) were approximately 800°C. 

of power ope ra t ion ,  t h e  thermocouple i n  t h e  bottom of u n i t  15b-2 and 

those  i n  t h e  t o p  and bottom of u n i t  15b-3 peaked a t  775, 795, and 8 1 O o C ,  

r e spec t ive ly .  Agreement between computed temperatures  and measured t e m -  

p e r a t u r e s  appeared t o  be very good i n  t h a t  p a r t  of the experiment. A l l  

thermocouple readings  are l i s t e d  i n  t a b l e s  of Appendix A, Sect.  A.6, wi th  

one t a b l e  of d a t a  f o r  each of t h e  e i g h t  cyc le s  t h a t  t h e  experiment w a s  i n  

t h e  r eac to r .  F igure  3 shows t h e  a x i a l  temperature  p r o f i l e  a t  the ' end  of 

one f u l l  power day of operat ion.  Calcu la ted  temperatures  shown i n  t h e  

f i g u r e s  result from s e p a r a t e  1-D h e a t  t r a n s f e r  ca l cu la t ions .  The t e m -  

p e r a t u r e s  are connected by s t r a i g h t  l i n e s  t o  form t h e  axial  p r o f i l e s .  I n  

each f i g u r e ,  one of t h e  curves  w i l l  i l l u s t r a t e  p a r t i c l e  s u r f a c e  tempera- 

t u r e s ,  which are the maximum p a r t i c l e  s u r f a c e  temperatures  as computed by 

t h e  method descr ibed  i n  t h e  prev ious  sec t ion .  Another curve i n  each  f i g -  

u re ,  t h e  one l a b e l e d  t r a y  maximum, is f o r  computed temperatures  a t  t r a y  

i n s i d e  rad ius .  The t r a y  maximum temperatures  can be compared wi th  t h e  

measured (thermocouple) temperatures  t o  demonstrate  agreement between 

computed and measured temperatures  a t  t h e  va r ious  a x i a l  p o s i t i o n s  over  

t h e  l e n g t h  of t h e  experiment. Each symbol i s  drawn a t  t h e  a x i a l  loca-  

t i o n  e i t h e r  of each  of t h e  92 t r a y  p a i r s  o r  of each  thermocouple. A l l  

measurements are re ferenced  t o  t h e  t o p  of t h e  HFIR a c t i v e  core.  Tota l  

l e n g t h  of t h e  a c t i v e  c o r e  i s  508 mm (20 in . ) ;  t hus ,  HMP w i l l  be a t  254 mm 

i n  each of t h e  f i g u r e s .  

Af t e r  about  one day 

The ax ia l  temperature  p r o f i l e  shown i n  Fig. 3 was expected t o  be 

more symmetrical about  HMP than  t h e  e a r l y  r e s u l t s  ind ica ted .  It w a s  d i s -  

covered t h a t  t h e  middle of t h e  experiment was pos i t i oned  about  0.02 m 

above HMP, which is probably t h e  primary reason  f o r  t h e  asymmetric a x i a l  

temperature  d i s t r i b u t i o n .  H e l i u m  sweep gas  was used throughout cyc le  1. 

b 
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7.2 

F i g .  3. Experiment HRB-l5b, temperature vs axial position at one day 
into cycle 1. 
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A t  t h a t  t i m e ,  t h e  r e s u l t s  from t h e  1-D s p h e r i c a l  model were a l s o  used f o r  

e s t ima t ing  t h e  maximum p a r t i c l e  s u r f a c e  temperatures.  The p a r t i c l e  sur-  

f a c e  temperatures  shown i n  Figs. 3 and 4 are results from r e c a l c u l a t i o n s  

and are based on t h e  mult idimensional  models descr ibed  i n  t h e  previous 

sec t ion .  The change i n  t h e  shape of t h e  curves  (Fig. 3 v s  Fig. 4 )  shows 

how HFIR c o n t r o l  rod management a f f e c t s  temperatures  i n  t h e  experiment 

during a r e a c t o r  cycle .  

Beginning wi th  cyc le  2,  mixtures  of helium and neon were used t o  

c o n t r o l  p a r t i c l e  s u r f a c e  temperatures.  The temperatures  shown i n  Figs.  5 

and 6 are c h a r a c t e r i s t i c  of e a r l y  cyc le  2 and l a t e  cyc le  2 ope ra t ion ,  re- 

spec t ive ly .  By t h e  end of cyc le  3 (9/13/78),  a procedure and t h e  neces- 

s a r y  p a r t s  were a v a i l a b l e  f o r  cen te r ing  t h e  experiment wi th  r e s p e c t  t o  

r e a c t o r  HMP. A s  i l l u s t r a t e d  by Fig. 7 ,  a x i a l  temperature  d i s t r i b u t i o n  

w a s  more symmetrical about  r e a c t o r  HMP t h e r e a f t e r .  

Thermal c a l c u l a t i o n s  were made f r equen t ly  throughout t h e  i r r a d i a t i o n  

h i s t o r y  of t h e  experiment. The results from those  c a l c u l a t i o n s  were then  

used t o  spec i fy  t h e  c o n t r o l l i n g  thermocouple temperature ,  t h a t  is, t o  

e s t a b l i s h  t h e  maximum thermocouple temperature  so  t h a t  t h e  maximum p a r t i -  

c l e  s u r f a c e  temperature  would no t  exceed t h e  1000°C l i m i t .  The d a t a  i n  

Fig. 6 i n d i c a t e  t h a t  p a r t i c l e s  i n  t r a y s  near  t h e  ex t r emi ty  of t h e  exper i -  

ment have h ighes t  temperatures  during t h e  l a s t  few days of a cycle.  A t  

o t h e r  t i m e s  dur ing t h e  cyc le  (Figs.  3, 5, 7,  and 81, p a r t i c l e s  i n  trays 

a t  o t h e r  a x i a l  p o s i t i o n s  may be a t  h ighes t  ope ra t ing  temperatures.  

ing  t h e  f i f t h  cyc le  of ope ra t ion  (Fig. 8) ,  t h e  su r face  temperatures  of 

some of t h e  f e r t i l e  p a r t i c l e s  equaled o r  exceeded t h e  s u r f a c e  tempera- 

t u r e s  of t h e  f i s s i l e  p a r t i c l e s .  Therefore ,  during t h e  l as t  few cyc le s  

of ope ra t ion ,  t h e  s u r f a c e  temperature  of f e r t i l e  p a r t i c l e s  w a s  of primary 

concern. 

Dur- 

Fuel burnups i n  u n i t s  of f i s s i o n  per  i n i t i a l  heavy metal atom (FIMA) 

are  shown i n  Figs. 9 and 10 f o r  t h e  f i s s i l e  and t h e  f e r t i l e  p a r t i c l e s ,  

r e s p e c t i v e l y  (1% of f u e l  f i s s i o n e d  i s  -9500 MWd/metric ton) .  

burnups are  r e s u l t s  from t h e  d e p l e t i o n  c a l c u l a t i o n  as descr ibed  i n  a pre- 

v ious  s e c t i o n  of t h i s  r epor t .  

s p a c i a l l y  averaged over  t h e  specimen r eg ion  ( r a d i a l  and az imutha l ) ,  and 

Fuel 

The burnups shown i n  t h e s e  f i g u r e s  are 
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Fig. 10. Experiment HRB-l5b, particle average burnup for f e r t i l e  
part ic les  a t  end of t e s t .  
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t h e  magnitudes r e f l e c t  t h e  t o t a l  t i m e  t h a t  t h e  experiment w a s  i n  t h e  re- 

ac to r .  The a b s c i s s a s  of t h e  graphs are graduated i n  u n i t s  of l e n g t h  

equal  t o  t h e  l e n g t h  of each u n i t  i n  t h e  experiment. For example, 0.0 t o  

105.6 mm corresponds t o  u n i t  15b-1. The symbols on t h e  burnup curves 

correspond t o  t h e  24 d i s c r e t e  a x i a l  p o s i t i o n s  of t h e  d e p l e t i o n  ca l cu la -  

t i o n s  and should not  be i n t e r p r e t e d  t o  mean t h a t  t r a y s  of p a r t i c l e s  w i l l  

indeed ex is t  a t  t hose  loca t ions .  The d a t a  shown i n  Figs.  9 and 10 must 

be used wi th  t h e  information on Tables 4 through 7 f o r  e x t r a c t i n g  f u e l  

burnup. 

F a s t  neut ron  f luence  ( E  > 183 keV) is shown i n  Fig. 11 as a f u n c t i o n  

of axial  p o s i t i o n  i n  t h e  experiment. Fas t  neut ron  f l u x  used t o  produce 

t h e  f luence  curve i s  d iscussed  i n  Appendix A, Sect.  A.5. It i s  a spa- 

c i a l l y  averaged f l u x  i n  t h e  specimen reg ion  ( r a d i a l  and azimuthal)  a t  

d i s c r e t e  a x i a l  p o s i t i o n s  over  t h e  l e n g t h  of t h e  experiment. Another pa- 

rameter, t h e  , "equiva len t  HTGR f luence  f o r  damage i n  g r a ~ h i t e , " ~  can be 

obtained by mul t ip ly ing  the  magnitude of t h e  ax ia l  posit ion-dependent 

f luence  i n  Fig. 11 by t h e  f a c t o r  0.940. 

C ONCLUS IONS 

The methods f o r  computing p a r t i c l e  l oad ings ,  t h e  models f o r  com- 

put ing temperatures ,  and t h e  b a s i c  d a t a  given i n  t h i s  r e p o r t  r e s u l t e d  i n  

a des ign  f o r  t h i s  experiment which w a s  very p r e d i c t a b l e ;  t h a t  is, t h e  

p r e i r r a d i a t i o n  computed temperatures  and t h e  observed thermocouple t e m -  

p e r a t u r e s  (once ope ra t ion  began) were i n  very  good agreement. The f l u x  

g r a d i e n t s  i n  t h e  HFIR removable bery l l ium r e f l e c t o r  f a c i l i t i e s  are very 

s t e e p  a t  t h e  e x t r e m i t i e s  of t h e  experiment,  but  they are p red ic t ab le .  A 

c o n s i s t e n t  se t  of d a t a  f o r  neutron f l u x e s ,  c r o s s  s e c t i o n s ,  and thermal 

p r o p e r t i e s  of materials must be used. 

would be r equ i r ed  f o r  designing another  experiment of similar des ign  t o  

HRB-15b have been included i n  t h i s  r epor t .  

A l l  of t h e  necessary  d a t a  t h a t  

. 
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Appendix A 

DATA AND CALCULATIONAL PROCEDURES 

The appendix i s  subdivided i n t o  seven s e c t i o n s  according t o  s u b j e c t  

matter. Two computer programs ( t h e  thermal program and the  u t i l i t y  pro- 

gram) were w r i t t e n  s p e c i f i c a l l y  f o r  experiment HEU3-I5b. Nei ther  of t h e s e  

programs w i l l  be publ ished i n  a s e p a r a t e  r epor t .  

each of t h e  programs i s  discussed i n  Sec ts .  A . l  and A.7  of t h i s  appendix. 

The fundamental theory i n  

A . l  Thermal Analysis  Program 

The purpose of t h i s  s e c t i o n  i s  t o  desc r ibe  t h e  hea t  t r a n s f e r  equa- 

t i o n s  used i n  t h e  thermal a n a l y s i s  computer program and t o  i n d i c a t e  t h e  

necessary assumptions requi red  f o r  reducing t h e  genera l  equat ions  t o  s i m -  

p l e r  forms. 

and are descr ibed i n  t h i s  sec t ion .  Units  f o r  t h e  var ious  terms appearing 

i n  t h e  equat ions  have gene ra l ly  been omit ted;  a c o n s i s t e n t  se t  of u n i t s ,  

of course,  i s  implied. The var ious  reg ions  of t h e  experiment can be mod- 

e l e d  wi th  concent r ic  cy l inde r s ;  however, as a sepa ra t e  problem, the re  was 

i n t e r e s t  i n  su r face  temperatures of t h e  s p h e r i c a l  p a r t i c l e s  r e s t i n g  i n  

Numerical techniques were a l s o  used i n  t h e  o v e r a l l  program 

t h e  d r i l l e d  holes  of each t ray.  

are developed in both t h e  c y l i n d r i c a l  coord ina te  system and t h e  sphe r i ca l  

coord ina te  system. 

The hea t  t r a n s f e r  equat ions t h a t  fo l low 

The genera l  hea t  conduction equat ion is  as follows: 

where 

p = dens i ty  of material, 

c = s p e c i f i c  hea t ,  

k = thermal conduct iv i ty ,  

T = temperature ,  

8 = t i m e ,  

G = heat  generated by i n t e r n a l  sources ,  

V ~ T  = Laplacian operator .  
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Assume steady state (aT/ae = 0.0) and uniform heat generation rate 

(G = q, the volumetric heat rate). 
equation to the Poisson6 equation: 

These assumptions reduce the general 

V2T = -q/k . 
For a cylinder of radius r, neglecting the axial gradient (aT/az = 

0.0) and the azimuthal gradient (aT/aJ, = 0.0) simplifies the Laplacian to 

the following expression: 

For a sphere of radius r, neglecting the polar and the azimuthal 

gradients gives 

The solution for temperature rise AT across a solid cylinder of 
radius rl i s  

2 
AT = q1r1/4kl , 

where q1 i s  the volumetric heat rate in the cylinder and kl i s  the ther- 

mal conductivity evaluated at mean temperature. 

tric cylindrical annuli (n > 1) then the temperature rise across the 
n'th region is  

If there are n concen- 

X 
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The above equation i s  strictly applicable for conduction in the n'th 
The region having an outside radius of r 

heat transfer rate is  Q, and A i s  the surface area through which heat must 
flow. 

and inside radius of r(n-l)o (n) 

The solution for AT across a solid sphere of radius rl is 

AT = qlr:/6kl , 

and for n concentric spherical annuli (n > l), AT for the n'th region is  

as follows: 

The above equations illustrate the difference in conductive heat 
transfer for spheres and 1-D cylinders. 

Some of the transparent regions, such as the gas gaps, will trans- 
port part of the heat by conduction Qc and the remainder by radiation Qr. 
Convection should be negligible and was ignored. 
transparent (n > l), the heat balance equation would be 

If the n'th region was 

n- 1 

m= 1 Q(m> 
Qr + Qc = 

The rate of heat transfer by conduction across a cylindrical annu- 

lus, with no internal heat generation, i s  



The rate of heat transfer by conduction across a spherical annulus, 

also with no internal heat generation, is 

The radiative heat transfer rate for both concentric cylinders and 

concentric spheres is 

We call the factor F a "shape" factor. 

been called the geometric, view, or angle factor. For Concentric cylin- 
ders and concentric spheres,7 F is a function of emissivity i and sur- 
face area. 

In the literature, F has also 

For cylinders, 

= r(n-l>/r(n> 

For spheres, 

' = 'r(n-l)'r(n) l 2  

Temperature-dependent thermal conductivity appearing in the conduc- 
tion equations has been expressed in polynomial form: 

Coefficients c for polynomials of degree N are generated from (i) 
basic thermal conductivity data by the utility program (see Sect. A.7). 

Values for k in the above equation are based on the arithmetic mean 

temperature (T) of the annulus. Temperature rise AT across any region 
depends on k, and k depends on the inside and outside surface tempera- 

(n) 
L 

tures of that region; thus, an iterative procedure was required. First 
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estimate for k was based on a known outside surface temperature for the 
region, then AT across the region was computed using that estimate for k. 
Thermal conductivity was reevaluated based on the first estimate for mean 
temperature of the annulus before repeating the process. Five iterations 
were considered adequate to obtain converged temperatures. These are de- 
fined as the "inner" iterations. 

Once the temperatures have been computed for each regional surface 
of the model, the radii are then corrected for thermal expansion. Sur- 
face temperatures are then recomputed based on new estimates for the 
radii. These are the "outer" iterations. 

Thermal expansion coefficient, a, for the material in each region 

was calculated from the following equation: 

The expansion coefficients are the average from 70°F to T, where r is the 
region mean temperature. Values for the constants el  and f32 must be sup- 

plied to the code as input data. 
The estimate for radii for the (J + 1) outer iteration is based on 

radii from the previous iteration (J) as indicated by the following ex- 

pres s ion : 

' '(J+l) = r(J) + Y {roll + a(r - 70)l - r(Jl} . 
The radius ro is the "cold" (7O0F) radius, and y is a relaxation 

factor. A value of one-third was satisfactory for y. Eight outer it- 
erations were maximum. 

The thermal code treats temperature dependence of thermal conduc- 
tivity (inner iterations) and thermal expansion of solid materials (outer 
iterations). The procedures are the same as used in the GENGTC8 code. 

The thermal program was, in fact, an outgrowth from GENGTC and, as in 
GENGTC heat transfer from the secondary vessel to reactor coolant, is 

evaluated by the following expression: 
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Ts is the outside surface temperature of the secondary vessel; Tco is the 
bulk temperature of the reactor coolant (water) flowing in the annulus 
external to the secondary vessel (assumed to be 130'F). 

heat transfer coefficient h was assumed to be 3490 Btu/hr*ft2*OF for the 

experiment in the RB-5 facility. Total heat load Q and external surface 
area A are each per unit length of experiment. 

sion of thermal properties of the materials in the experiment. 
growth was also included in the thermal model. 

The convective 

See Sect. A.2 for discus- 
Graphite 

See Sect. A.3 for details. 

A.2 Properties - Emissivity, Thermal Conductivity, 

Materials in Experiment HRB-15b 
Coefficient of Expansion, and Density for 

The purpose of this section is to document the density and thermal 
properties of the materials in the experiment, that is, to list the 

values that were used in the thermal program. 
Surface emissivity was required for both graphite and stainless 

steel in computing radiative heat transport. Values of 0.9 for graphite 
and 0.7 for stainless steel were assumed. 

Coefficient of linear expansion was required to compute hot dimen- 
sions for the center spine (graphite), graphite trays, and the stainless 
steel primary and secondary vessels. Consistent with the equation for 
the expansion coefficient described in Sect. A . 1 ,  the constants are as 
follows : 

Ma t er ial f3za 

Stainless steel 8.9 0.0013 
Graphite 4.7 0.0 

a The constants are appli- 
cable if temperatures are de- 
grees Fahrenheit. 

Density of materials was used in computing heat sources from nuclear 

heating; see Sect. A.4 for a discussion of nuclear heating in graphite 
and stainless steel. Allowing for the penetrations in the graphite parts, 
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the effective room temperature density for graphite was 1.555 g/cm3. A 
value of 7.98 g/cm3 was used for stainless steel (at room temperature). 

The true temperature-dependent thermal conductivity9 for the graph- 
ite trays must be adjusted to account for the holes or penetrations in the 

trays and for radiation damage. Accounting for the drilled holes in the 
trays yields an effective k that is about 60% of the true graphite thermal 
conductivity. Effective k was determined from a separate 3-D mock-up of a 
single graphite tray. Fortunately, the effective conductivity was rela- 

tively insensitive to temperature change over the range of expected tray 

operating temperatures (700 to 95OOC) and could be assumed temperature 

independent. 
Effective tray (graphite) thermal conductivity used in the thermal 

analysis program is as follows: 

Time k (Btu/hr* f to OF) - 
BOC-la 17.14 
BOC-2 14.0 
Midcycle 2 11.18 
Cycles 3+ 10.28 

aBOC-l = beginning of 
cycle No. 1. 

Thermal conductivity for the stainless steel vessels9 was assumed 

to have a linear temperature dependence; k was computed from the following 
equation for the 300 series stainless: 

= 8.5 + 0.00417t , 
k(t) 

where t is the arithmetic mean temperature of the vessel in degrees 
Fahrenheit, and k is in units of Btu/hr*ft*OF. 

Helium, neon, and mixtures of helium and neon were used as sweep gas 

and for particle temperature control. Temperature-dependent thermal con- 

ductivity for the binary gas mixture was computed by the method described 

in Sect. A.7 on the utility program. For a specific gas mixture, thermal 

conductivity as a function of temperature! (degrees Fahrenheit) could be 
represented by second-degree polynomials, that is, computed from equations 
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of t h e  form 

The c o e f f i c i e n t s  A o ,  A I ,  and A2 are  l i s t e d  i n  Table A . l .  

c o e f f i c i e n t s  is  a p p l i c a b l e  t o  a s p e c i f i c  helium-neon gas  mixture  as ind i -  

ca t ed  i n  t h e  tab le .  

Each set of 

Table A . l .  Data f o r  equat ion  used t o  compute temperature-dependent 
thermal conduc t iv i ty  f o r  mixtures  of helium and neon 

HOLE-FRAC T I O N  0 0 0 0 0 0 0 0  COEFFICLENTS o o o o o o o o  

OF HE IN H I X o  A J A 1  A2 

0.81361E-01 
Q. r 3746~-13 1 
0 67026 E -0 1 
Oo60950E-01 
0 o54301E-0 1 
00 496216-01 
0o46953E-01 
Do44979E-01 
00 42040E-01 
'3o43256E-3 1 
90 37496E-01 
0 36 196E-G 1 
003328 1 E-9 1 
00 32381E-01 
0 2936015 1 
0o282116~01  

A . 3  Graphi te  Growth 

The Poco g r a p h i t e  (AFX-9Q) t r a y s  w i l l  "grow" as a f u n c t i o n  of f a s t  

neutron f luence  and perhaps a l s o  as a func t ion  of temperature.  

ing  temperature  e f f e c t s  and normalizing t h e  ax ia l  posit ion-dependent f a s t  

neut ron  f luence  ( J t )  t o  1.0 x 1021 neutrons/cm2, t h a t  i s ,  

Neglect- 
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allowed us to compute the ratio of tray radius r* after exposure relative 
to the initial (unirradiated) tray radius r from the following ex- 

pression: 
0 

The coefficients l o  are as follows : 

al = 6.69103E-03, 

a2 = 9.14204E-04, 
a3 = -4.06037E-04, 

a,+ = 2.58982E-05. 

Neutron flux $(E,z) is discussed in Sect. A.5.  

Graphite growth was assumed to be isotropic, that is, not preferen- 

tial in any particular direction. 

in the l -D cylindrical heat transfer model by correcting both the radius 

of the graphite components, r = ro(r*/ro), and the graphite density, 

P = ~,/(r*/r,)~. 
on tray physical dimensions. 

Growth can be properly accounted for 

Thermal expansion was treated as an additional effect 

The factor f was included in the growth equation as a means for nor- 

malizing the expression to the "true" growth. There will be some unique 

value for the gross correction (f) which minimizes the deviation between 

the eight measured (thermocouple) temperatures and the corresponding com- 

puted temperatures. 

A.6. The justification for including f in the equation is: ( 1 )  graphite 

growth may be a function of temperature as well as a function of fast 
neutron fluence, and, if true, the equation (when f = 1 )  could be repre- 

sentative of graphite growth at specimen temperatures other than the 

actual graphite operating temperatures in the experiment; and (2) the 
growth equation also may be somewhat sensitive to the type or grade of 

graphite subjected to irradiation. The value for f was determined only 

from thermocouple readings taken during the time the experiment was 

operated with 100% helium sweep gas. The reason for this is that 

temperature-dependent thermal conductivty for helium gas appears to be 

well known, whereas there may be some uncertainty in thermal conduc- 

tivity for mixtures of helium and neon. 

The thermocouple temperatures are listed in Sect. 
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During t h e  ope ra t ing  h i s t o r y  of t h e  experiment,  a c o n t r o l  p l o t  s i m i -  

l a r  t o  t h a t  shown i n  Fig. A . l  was maintained f o r  g r a p h i t e  growth. The 

d a t a  shown i n  Fig. A . l  are a p p l i c a b l e  t o  t h e  t r a y s  i n  t h e  v i c i n i t y  of 

r e a c t o r  h o r i z o n t a l  midplane (HMP). Radius r a t i o s  p red ic t ed  by t h e  equa- 

t i o n  (with f = 1.0) are compared wi th  r a d i u s  r a t i o s  ( l a b e l e d ,  "bes t  f i t  

t o  Exp.") which would be r equ i r ed  t o  o b t a i n  agreement between c a l c u l a t e d  

temperatures  and measured temperatures .  During f i r s t  cyc le  ope ra t ion  

( f luence  < 1.0 x 102' neutrons/cm2),  we could o b t a i n  agreement between 

c a l c u l a t e d  and measured temperatures  only i f  g r a p h i t e  growth were assumed 

t o  be e s s e n t i a l l y  zero. Tray average temperatures  during t h e  f i r s t  cyc le  

were, a t  most, about 775'C. S t a r t i n g  wi th  t h e  second cyc le ,  t r a y  average 

temperatures  were increased  about  75°C i n  t h e  t r a y s  around HMP. 

be seen  by t h e  d a t a  i n  Fig. A . l ,  a sudden and s i g n i f i c a n t  i n c r e a s e  i n  

r a d i u s  r a t i o  was requ i r ed  t o  produce agreement between calculatued and 

measured temperatures .  

A s  can 

F i n a l l y ,  a l though computed temperatures  f o r  experiment HRB-15b were 

very s e n s i t i v e  t o  gap th i ckness ,  we cannot guarantee t h a t  the "bes t  f i t "  

t r end  i n  r a d i u s  r a t i o  shown i n  Fig. A . l  i s  n e c e s s a r i l y  c o r r e c t .  The f o l -  

lowing assumptions were made: (1) the  c o e f f i c i e n t  of expansion f o r  

g r a p h i t e  (Sect .  A.2) i s  unaf fec ted  by i r r a d i a t i o n ;  however, i t  may no t  

be; ( 2 )  t h e  specimen t r a y s  are always p e r f e c t l y  centered  wi th  r e spec t  t o  

t h e  primary v e s s e l  i nne r  w a l l ;  t h i s  a l s o  may n o t  be t r u e ;  ( 3 )  t h e  shape 

of t h e  t r a y s  remained p e r f e c t  circles throughout t h e  i r r a d i a t i o n  h i s t o r y ;  

neut ron  g r a d i e n t s  a c r o s s  t h e  experiment may create a nonc i r cu la r  geometry 

, 

with  increased  exposure which might a f f e c t  c a l c u l a t e d  temperatures;  and 

( 4 )  t h e  thermocouple readings  were always c o r r e c t ,  t h a t  i s ,  t h a t  t h e  

e i g h t  type  k Chromel-Alumel thermocouples are s t a b l e  and d i d  no t  deca l i -  

b r a t e  during the t i m e  t h e  experiment r e s i d e d  in- reac tor .  

On. t h e  p o s i t i v e  s i d e ,  t h e r e  is  a t  least a b i t  of ev idence l1 , l2  t h a t ,  

a t  moderate tempera tures ,  high-densi ty  g r a p h i t e  can be dimensional ly  

q u i t e  s t a b l e  (see t h e  curve l a b e l e d  "P i tne r "  i n  Fig. A . l ) .  

t 
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Fig. A. 1. Dimensional stability of Poco graphite. 
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A. 4 Nuclear Heating in Graphite and Stainless Steel 

Basic data for nuclear heating in both graphite and stainless steel 

were obtained from the literature.13 

data were experimentally determined from calorimeters placed in the 

HFIR-RB facilities. A reasonable assumption is that the integral mea- 
surements would include neutron scattering, as well as beta-gamma inter- 

actions with matter, and, thus, the quantity is defined as nuclear heat- 
ing. The product of three terms - nuclear heating in a particular 
material (watts per gram), the effective density of that material in a 
particular region of the experiment (grams per cubic centimeter), and the 

regional volume (cubic centimeter) - yields a regional heat source that 
is independent of the fissions occurring in the particle kernels. The 

above heat source would be present even if the trays were empty. 

It was our understanding that the 

The magnitude of nuclear heating in both graphite and stainless steel 

from the literature comprises the data base. 

gram, it was necessary to compute watts per gram of graphite (or watts per 

gram of stainless steel) as a function of both axial position and time 
into each cycle. We chose to subdivide cycle time into increments of one 

full power day. Using the method of least squares (Sect. A.71, magnitude 
of nuclear heating vs axial position at some discrete time into the cycle 
could be expresed by analytical functions. Good fits to the basic data 

were obtained with polynomials of fourth degree. 
full power days into each cycle, nuclear heating in graphite (or stain- 

less steel) at some axial position z can be expressed by equations of the 
following form: 

For use in the thermal pro- 

At a particular time t 

where a(t,Il) is the Il'th coefficient for the polynomial and P(t,z) is 

watts per gram of graphite (or watts per gram of stainless steel) at times 

t and z inches from the top of the active core. 

the a's in the above equation) for graphite and stainless steel are given 

The coefficients (i.e., 
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i n  Tables A.2 and A . 3 ,  r e spec t ive ly .  The c o e f f i c i e n t s ,  of  course ,  re- 
s u l t e d  from s t a t i s t i c a l  a n a l y s i s  of t h e  b a s i c  data .  

The above equat ion  w a s  programmed i n  our thermal code f o r  use i n  com- 

put ing  nuc lea r  hea t ing  i n  both t h e  g r a p h i t e  t r a y s  and t h e  s t a i n l e s s  steel 

vesse ls .  We found t h a t  t h e  method (and t h e  c o e f f i c i e n t s )  descr ibed  i n  

t h i s  s e c t i o n  gave good r e s u l t s  f o r  nuc lea r  hea t ing  i n  both t h e  g r a p h i t e  

t r a y s  and t h e  s t a i n l e s s  steel v e s s e l s  a t  a l l  times during t h e  i r r a d i a t i o n  

h i s t o r y  of t h e  experiment. 

Results f o r  nuc lea r  hea t ing  i n  g r a p h i t e  as a func t ion  of d i s t ance  

from t h e  t o p  of t h e  a c t i v e  r e a c t o r  co re  are shown i n  Fig. A.2. 

The curves  i n  Fig. A.2 a l s o  i l l u s t r a t e  t h e  change i n  magnitude (wat t s  

per  gram of g r a p h i t e )  during a t y p i c a l  r e a c t o r  cyc le ,  t h a t  is ,  from begin- 

ning of cyc le  (BOC) t o  end of cyc le  (EOC) (-21 f u l l  power days). 

results f o r  nuc lea r  hea t ing  i n  s t a i n l e s s  steel are shown i n  Fig. A.3. 

Note t h a t  t h e  peak nuc lea r  hea t ing  tends t o  occur s l i g h t l y  above t h e  re- 

S imi la r  

a c t o r  HMP (HMP = 254 mm). 

A.5 Neutron Fluxes 

Fas t  neutron f l u x  (E > 183 KeV)  i n  u n i t s  of neut rons  per  square cen- 

timeter per  second a t  Z inches  from t h e  t o p  of H F I R  a c t i v e  core  can be 

eva lua ted  from t h e  fol lowing equat ion:  

4 
+(Z) +(E,Z)dE = c(2)Zg . 

E>O. 18 MeV 0.18 M e V  R=O 

The c o e f f i c i e n t s  are  as fol lows:  

c (0 )  = 1.83215 x 

c(1) = 3.84547 x 1014, 

c ( 2 )  = 3.04433 x 1012, 

c (3 )  = -5.43494 x 1011, 

~ ( 4 )  = 1.44914 x 

i *  
C o e f f i c i e n t s  f o r  t h e  above equat ion  were generated by t h e  u t i l i t y  

program (Sect.  A.7). Data f o r  magnitude of a x i a l  position-dependent f a s t  
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Table  A . 2 .  Time-dependent a x i a l  n u c l e a r  h e a t i n g  f o r  
g r a p h i t e  i n  HFIR RB-5 f a c i l i t y  

.I . 
1. 
2. 
3 .  
4. 
5. 
b. 
7. 
d. 
9. 

1 .J . 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
I d .  
1Y. 
27. 
21. 
22. 
23. 

7 .17477t  00 
7.95573E O J  
7.12385L O J  
7.15707f- 30 

7.23148E 03 
7.27397k 07 
7 . 3 ~ 9 6 5 E  OJ 
7.347,)lE 01 
7.34541F 0') 

7.42838E 0 3  

7.32611E 00 
7 .544JqNE 00 
7 . ~ 7 6 4 7 E  03 
7.63361)E OU 
7.65653E rJ0 
7.b9644F 3J 
7.74551F 0 )  
7.79995c 00 
7.82396E 01) 
7.86476F 03 
7.94515E 03 

7.19414E 3.) 

7.38a70t 01 

7.4B787F 03 

5.Y1907E-04 
5.M4365E-04 
5.82976t-34 
5.71366E-04 
5 .a2584E-04 
5 .75338 t -04  
5.53455E-04 
5 .b858d t -J4  
5 .35544 i -04  

5.19 1 7 1  E-04 
4.84493E-J4 
4.95395E- j 4  
4 .b4892 t -04  
4.33387E-34 

3.372456-04 
3.61495E-34 
3.33436E-04 
2 .84542 i -34  
2 .47083 t -04  
1.3855YE-04 
1.4433 )E-n4 
9.77415E-05 

5.2691 l t - C 4  

4. J8827E-04 

Table  A.3.  Time-dependent a x i a l  n u c l e a r  h e a t i n g  f o r  
s t a i n l e s s  steel i n  HFIR RB-5 f a c i l i t y  
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Fig. A . 2 .  
HFIR Facility RB-5. 

Nuclear heating in graphite for experiment HRB-15b in 
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Fig. A . 3 .  Nuclear heating i n  s t a i n l e s s  s t e e l  for experiment HRB-15b 
i n  HFIR Fac i l i ty  RB-5. 
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neut ron  f l u x  were obta ined  from dosimeter  experiments3 i r r a d i a t e d  i n  HFIR 

f a c i l i t y  RB-3. Experiment HRB-15b r e s ided  i n  t h e  RB-5 f a c i l i t y .  The two 

f a c i l i t e s  are each i n  t h e  removable beryl l ium r e f l e c t o r ,  and each are a t  

t h e  same r a d i u s  from co re  center .  Azimuthal f l u x  symmetry i s  g e n e r a l l y  

assumed f o r  t h e  HFIR; t h e r e f o r e ,  f l u x  d a t a  obta ined  i n  RB-3 should a l s o  be 

a p p l i c a b l e  t o  RB-5. F a s t  neutron f l u x e s  i n  t h e  RB-5 f a c i l i t y  are not  sym- 

metrical about  r e a c t o r  HMP i n  t h e  a x i a l  ( t o p  t o  bottom) d i rec t ion .14  F a s t  

neut ron  f l u x e s  peak -1 cm above HMP. Axial f l u x  asymmetry is  r e f l e c t e d  i n  

t h e  above equat ion  f o r  t h e  f a s t  neutron f lux .  

Reasons f o r  asymmetric a x i a l  f l u x  d i s t r i b u t i o n  i n  t h e  RB-5 f a c i l i t y  

can be expla ined  wi th  t h e  a i d  of a schematic diagram f o r  t h e  r e a c t o r  (Fig. 

A . 4 ) .  HFIR i s  a f l u x  t r a p  r e a c t o r ,  c y l i n d r i c a l  i n  shape. I n  t h e  inner- 

most ( t a r g e t )  r eg ion  are  f a c i l i t i e s  f o r  i r r a d i a t i o n  t e s t i n g  which r e q u i r e  

t h e  maximum f l u x  magnitude. 

d r i c a l  r e a c t o r  core.  The a c t u a l  core  c o n s i s t s  of two concen t r i c  c y l i n d r i -  

cal s e c t i o n s ,  which, t o  avoid confusion,  have not  been shown i n  Fig. A.4. 

Externa l  t o  t h e  co re  are t h e  c y l i n d r i c a l  r e a c t o r  c o n t r o l  "p la tes . "  The 

innermost c y l i n d r i c a l  r e a c t o r  con t ro l  p l a t e  moves toward t h e  bottom of 

t h e  core  as f u e l  d e p l e t e s  during t h e  cycle.  The outermost c y l i n d r i c a l  

r e a c t o r  c o n t r o l  "p l a t e "  c o n s i s t s  of f o u r  quadrants  which can be moved 

independent ly  (but  u sua l ly  are moved as a group) toward t h e  top  of t h e  

c o r e  wi th  f u e l  burnout. We t h e r e f o r e  can b e s t  desc r ibe  HFIR c o n t r o l  

p l a t e s  ( o r  c o n t r o l  rods)  as being two concen t r i c  c y l i n d e r s ,  one smaller 

than  t h e  o t h e r ,  w i th  t h e  innermost moving toward t h e  bottom of t h e  co re  

and t h e  outermost moving toward t h e  t o p  of t h e  co re  as f u e l  d e p l e t e s  dur- 

ing  t h e  cycle.  Externa l  t o  t h e  r e a c t o r  c o n t r o l  reg ion  i s  t h e  beryl l ium 

r e f l e c t o r .  The bery l l ium r e f l e c t o r  is a l s o  f a b r i c a t e d  i n  two p a r t s ;  t h e  

innermost r eg ion  i s  c a l l e d  t h e  removable beryl l ium r e f l e c t o r  and t h e  

outermost r eg ion  i s  c a l l e d  t h e  permanent beryl l ium r e f l e c t o r .  F a c i l i t y  

RB-5 i s  i n  t h e  innermost (removable) beryl l ium r e f l e c t o r  region. The 

r e a c t o r  i s  cooled (and neut rons  moderated) by l i g h t  water. 

present  i n  t h e  t a r g e t  and co re  and surrounds t h e  c o n t r o l  plates and flows 

through an  annulus e x t e r n a l  t o  t h e  experiment i n  t h e  RB-5 f a c i l i t y .  The 

c o n t r o l  p l a t e s  have a s e c t i o n  con ta in ing  tantalum (cross-hatched i n  F ig .  

A . 4 ) ,  a s e c t i o n  con ta in ing  europium oxide (shaded reg ion  i n  Fig.  A . 4 ) ,  and 

Surrounding t h e  t a r g e t  region i s  t h e  cy l in-  

Water is  
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Fig. A . 4 .  Schematic diagram of HFIR to illustrate location and 
management of control "rods. " 

aluminum followers (unshaded region in Fig. A . 4 ) .  The control poisons 
(tantalum and Eu203) are positioned approximately as shown in Fig. A . 4  

at the beginning of cycle. 

trons born in the core, escaping and heading toward the experiment (in 
RB-5) first encounter the aluminum-water region of the inner control 
plates and then the absorber region of the outer control plates before 

In the upper half of the reactor, fast neu- 
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e n t e r i n g  t h e  beryl l ium r e f l e c t o r s .  Many escaping neut rons  w i l l  s u f f e r  

s c a t t e r i n g  c o l l i s i o n s  i n  t r a v e r s i n g  t h e  aluminum-water s e c t i o n ,  and p a r t  

of t h e  s c a t t e r e d  neut rons  w i l l  be r e tu rned  t o  t h e  core.  

tu rned  t o  t h e  c o r e  can cause f i s s i o n  with f u e l  n u c l e i  and thus  inc rease  

the source of next  gene ra t ion  f a s t  neut rons  i n  t h a t  p a r t  (upper h a l f )  of 

t h e  core.  Neutrons escaping t h e  bottom ha l f  of t h e  r e a c t o r  f i r s t  en- 

counter  t h e  c o n t r o l  absorbers .  

and not  r e f l e c t e d  back t o  t h e  co re  from t h a t  region. 

energy neut rons  w i l l  pass  through t h e  tantalum and Eu203 absorbers  and 

may s u f f e r  s c a t t e r i n g  c o l l i s i o n s  with t h e  aluminum-water s e c t i o n  and/or  

t h e  beryl l ium r e f l e c t o r .  Some s c a t t e r i n g  events  w i l l  send t h e  neut rons  

back toward t h e  core. However, t h e  energy-degraded neutrons must then 

r e t u r n  through t h e  c o n t r o l  absorbers  wi th  a much h igher  p r o b a b i l i t y  f o r  

abso rp t ion  wi th  t h e  absorber  atoms. 

a lower p r o b a b i l i t y  of  being re turned  t o  t h e  co re  i n  t h e  bottom ha l f  of 

t h e  r e a c t o r  than i n  t h e  t o p  ha l f  of t h e  r eac to r .  Therefore ,  t h e  f i s s i o n  

r a t e  (and source  of next  genera t ion  f a s t  neut rons)  w i l l  be somewhat 

g r e a t e r  i n  t h e  t o p  h a l f  of t h e  r e a c t o r ,  which he lps  t o  exp la in  f a s t  neu- 

t r o n  peaking above HMP i n  t h e  RB-5 f a c i l i t y .  

Any neut rons  re- 

Most low-energy neut rons  w i l l  be absorbed 

Many very high- 

Neutrons escaping t h e  core  thus  have 

Low energy (E < 0.414 eV) neut rons  peak s l i g h t l y  below HMP i n  t h e  

RB-5 f a c i l i t y .  l4 With r e a c t o r  c o n t r o l  p l a t e s  pos i t ioned  as shown i n  Fig. 

A . 4 ,  a l a r g e  f r a c t i o n  of t hese  thermal neut rons  escaping t h e  core  are ab- 

sorbed i n  t h e  c o n t r o l  reg ion  and do not  a r r i v e  a t  t h e  RB-5 f a c i l i t y .  It 

is t h e  slowing down source  which probably accounts  f o r  t h e  asymmetric 

thermal neutron d i s t r i b u t i o n  i n  t h e  f a c i l i t y .  Neutrons wi th  h igher  en- 

e r g i e s  escaping t h e  lower ha l f  of t h e  co re  have a g r e a t e r  p r o b a b i l i t y  than  

thermal neutrons f o r  pene t r a t ing  t h e  c o n t r o l  r eg ion  ( i n n e r  con t ro l  p l a t e s )  

and may subsequent ly  s u f f e r  s c a t t e r i n g  c o l l i s i o n s  i n  t h e  aluminum-water 

r eg ion  of t h e  o u t e r  c o n t r o l  p l a t e s  and i n  t h e  beryl l ium r e f l e c t o r  on t h e  

way toward t h e  RB-5 f a c i l i t y ,  t hus  augmenting t h e  slow neut ron  f l u x  i n  t h e  

lower ha l f  of t h e  RB-5 f a c i l i t y .  Some of t h e  epi thermal  neutrons escaping 

t h e  t o p  h a l f  of t h e  c o r e  are f i r s t  slowed down i n  t h e  aluminum-water re- 

g ion  of t h e  inne r  c o n t r o l  p l a t e s  before  a r r i v i n g  a t  t h e  s t rong  absorber  

r eg ion  ( o u t e r ' c o n t r o l  p l a t e s ) .  Thus, a l a r g e r  f r a c t i o n  of escaping epi-  

thermal neut rons  are subsequent ly  absorbed i n  t h e  r e a c t o r  c o n t r o l  p l a t e s  
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in the top half of the reactor compared with the epithermal neutrons that 

escape the bottom half of the core. Toward the end of the cycle, axial 
distribution of slow neutrons will approach symmetry about HMP in the RB-5 

facility. 
Most of the fissions occurring in fuel contained in the experiment 

result from slow neutron fission (i.e., with neutrons whose energies are 

less than a few electron volts). 
the product of total neutron flux and effective (or weighted) microscopic 

fission cross section for the fissile nuclides. To account for axzal flux 
asymmetry, the time-averaged total neutron flux was assumed to peak about 

In a one-group model, fission rate is 

1 cm below HMP in the RB-5 facility. 

Because of HFIR control rod management, time-averaged total neutron 

flux is not adequate for computing fission rate (and fission heat source) 

at all times during a cycle, especially at the extremities of the experi- 

ment. To approximate the real flux-time behavior, the experimentally de- 
termined time-averaged total neutron flux3 (+total) was multiplied by 

normalized time distribution functions Y(Z,8) (Ref. 9). The product is 

an effective flux cp(Z,8) at a specified axial position Z and time 8 which, 

when multiplied by the weighted cross sections, yields a true reaction 

rate. Effective total flux is defined as follows: 

where 

8 Z full power days into a reactor cycle (0 < 8 - < 2 1 ) .  

The coefficients [e(II), II = 0, 1 ,  2 ,  ..., 7 1  and time-averaged total neu- 
tron flux at discrete axial positions Z are given in Table A . 4 .  

t 

4 
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Table A . 4 .  Data for the position-dependent, time-dependent total neutron f lux 
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9. lY22E- 1 1  
Y. Z Y S l t - J l  
9 .4294 t -  1 
9.5796c-.  I 
9 . 7 2 7 6 ~ - j l  
9 .85bat-J  A 
P .9543t-  J 1 
1.1012c 3 J  
1.0025t 3~ 
1 .0331 t  ) J  

9 . 9 8 7 6 ~ - j l  
9 .9230t-31 
9.8178E- 1 
9.6884c-. t l  
9 .5466t-31 
9.4?59€- 11 
9.279JE-I1 

9.08356- 1 

8.7542;-.)1 
8 .0993 t -  )I 

9 .1737 f -31  

8 e969 1 E-) 1 
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Because HFIR i s  a batch-loaded r e a c t o r ,  t h e  imp l i ca t ion  i s  t h a t  t h e  

f l u x  magnitude a t  each d i s c r e t e  a x i a l  p o s i t i o n  w i l l  be i d e n t i c a l  a t  cor- 

responding times i n  each r e a c t o r  cycle.  Caution: t h e  polynomial t i m e  

d i s t r i b u t i o n  func t ions  are not  a p p l i c a b l e  from r e a c t o r  s t a r t -up  u n t i l  ap- 

proximately t h e  end of f i r s t  day ope ra t ion ;  t h a t  is ,  t h e  shape of t h e  

curves  does no t  r e f l e c t  t h e  i n i t i a l  approach t o  equi l ibr ium xenon. 

A.6 Thermocouple Temperatures 

A cont inuous record  of thermocouple temperatures  w a s  recorded on 

s t r i p  cha r t s .  I n  a d d i t i o n  t o  t h e  c h a r t  r eco rds ,  thermocouple tempera- 

t u r e s  were a l s o  read  and recorded on d a t a  shee ts .  

t aken  a t  random times during each cyc le  throughout t h e  i r r a d i a t i o n  h i s -  

t o r y  of t h e  experiment. The records  of t h e s e  temperatures  are shown i n  

Tables A.5 through A.12 f o r  each cyc le  t h a t  t h e  experiment was in-  

r eac to r .  I The d a t e  and t i m e  corresponding t o  beginning of cyc le  (BOC) 

and end of cyc le  (EOC) are l i s t e d  a t  t h e  t o p  of each tab le .  The d a t e  

and t i m e  t h a t  t h e  readings  were taken,  t h e  mole f r a c t i o n  of helium i n  

t h e  sweep gas  mixture  (helium and neon), and t h e  thermocouple tempera- 

t u r e s  are a l s o  g iven  i n  each t ab le .  There were two thermocouples i n  each  

of t h e  f o u r  subassemblies  ( e i g h t  t o t a l ) .  The junc t ion  of one of t h e  p a i r  

of thermocouples w a s  pos i t i oned  about  midlength of t h e  s t a c k  of t r a y s  i n  

t h e  upper ha l f  of each subassembly, and t h e  junc t ion  of t h e  o t h e r  thermo- 

couple  w a s  l o c a t e d  about  midlength of t h e  s t a c k  of t r a y s  i n  t h e  lower 

h a l f  of each subassembly. 

l a b e l e d  TC-1 i n  each  t a b l e  (TCs 1 and 2 are i n  u n i t  15b-1, TCs 3 and 4 

are i n  u n i t  15b-2, etc.). 

The readings  were 

The t o p  thermocouple i n  t h e  experiment i s  

Note t h a t  some of t h e  temperatures  l i s t e d  f o r  TC-8 ( t h e  bottom ther -  

mocouple) and, on occasion,  TC-6 are zero. 

pera tures .  

connectors  t h a t  caused some erroneous readings  f o r  both TC-8 and TC-6. 

The connector  was even tua l ly  rep laced  and t h e r e a f t e r  t h e  t r o u b l e  disap- 

peared. 

readings.  

The zeros  are not  t r u e  tem- 

There was a poor con tac t  i n  one of t h e  thermocouple l e a d  wire 

A l l  nonzero temperatures  i n  t h e  a t t ached  t a b l e s  are "good" 
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e. . .  THcRMOCOUPLt T c M Y t R A T U R E S i l C ~ L S I U S ) . . . .  HELIUM 
D A T E  T I M E  T C - 1  T C - 2  TC-3 TC-4 1C-5 T C - 6  TC-7 TC-8 MOLE FHAC. 

3 7 / 3 6 / 1 8  1710 
0 7 / 3 6 / 1 8  l U 3 J  
0 7 /  ) 7 / 1 8  a145 
37 / '7 /78  8 3 d  
0 7 /  17/18 153 I 

0 7 / 1 0 / 1 8  7 5 )  
3 7 / 1 0 / 7 8  113J 
01/11/18 ,155 
3 7 / 1 1 / 7 8  153 I 
0 7 / 1 2 / 7 8  '752 

3 7 / 1 3 / 7 8  1 5 1 )  
0 7 / 1 4 / 7 8  ,815 
3 7 / 1 5 / 7 8  160 I 
0 1 / 1 1 / 7 8  0755 
3 1 / 1 7 / 7 8  .I931 
0 7 / 1 8 / 1 8  18O'l 
3 7 / 1 8 / 7 8  ,845 
3 7 / 1 9 / 7 8  , Y O 5  
0 7 / 2 0 / 7 8  9845  
37 /20 /78  lL'25 
3 7 / 2 1 / 7 8  ' 8 3 0  
3 7 / 2 1 / 7 8  1415 
0 7 / 2 4 / 7 8  ' 8 0 5  
3 7 / 2 4 / 7 8  , ~ 8 4 5  
0 7 / 2 1 / 7 8  1515 
3 7 / 2 8 / 1 8  de20 
3 1 / 2 8 / 7 8  134.' 
01/30/18 1133 

3 r / w n  143 1 

3 7 / 1 3 / 7 8  ' ) t i35  

618. 
623 
647 .  
6 5 ) .  
655. 
655.  
651 .  
653.  
65 I .  
6 5 3 .  
649 .  
650 .  
653.  
6 5 3 .  
6 5 3 .  
648 .  
6 5 ) .  
653 .  
6 5.3. 
6 5 5 .  
663. 
6 5 7 .  
662 .  
6 6 4 .  
6 8 9 .  
690 .  
6 6 0 .  
703. 
7 7 5 .  
775.  

628 .  
6 3 5 .  
673. 
675 .  
68.7. 
6 8 5 .  
68 J .  
680 .  
6 8 0 .  
bU3. 
679. 
675. 
678. 
b75. 
6 7 5 .  
6 7 8 .  
ban. 
bM2. 
685.  
6 8 5 .  
6 Y  0 
b9a 
7 J r l .  

690. 
1 2 2 .  
125. 
6 Y J .  
733. 
734 .  
758.  

677 .  
6 1 5 .  
733. 
7 3 5 .  
745.  
7 5 3 .  
744 .  
145 .  
7 4 2 .  
742 .  
141 .  
735. 
7 3 1 .  
735.  
735. 
735 .  
735 .  
736. 
735.  
140 
743.  
7 4 0 .  
7 4 5 .  
742 .  
745 .  
745.  
733 .  
750. 
1 4 9 .  
751 .  

698 .  
735 .  
767.  
7 6 5 .  
175.  
775 .  
7 6 4 .  
765.  
I S M .  
76.9. 
754.  
750. 
75d .  
75.1. 
7 4 2 .  

735.  
735 .  
735.  
735 .  
73u. 
73u.  
7 3  J. 
729.  
7 2 2 .  
72u. 
115.  
725. 
7 2 4 .  
715.  

737 .  

726. 
735.  
787.  
793 .  
195.  
793.  
1 7 1 .  
78 J .  
771 .  
77J. 
761 .  
760.  
161. 
76 I .  
755.  
744.  
145. 
745.  
745.  

740. 
136 .  
735.  
734. 
7 2 6 .  
725.  
72d. 
7 3,). 
7 2 7 .  
72 1. 

140.  

I 3 L .  
735 .  
195. 
7Y5. 
8 13. 
d '4. 
781.  
785. 
7UJ.  

7 7 6 .  
772.  
I l l .  
7 7 ~ .  
7b5. 
757.  
755. 
1 3 6 .  
755. 
7 5 d .  
75,.  
75 J .  
15 I .  

746.  

74U. 
735 .  
743.  
7 4 6 .  
735.  

78J. 

7 4 J .  

715. 
72.l. 
7 7 0 .  
779.  
775 .  
189. 
7 7 2 .  
7 7 ) .  
767 .  
765. 
762. 
760. 
763. 
763. 
763.  
755 .  
7 5 5 .  
7 5 5 .  
755.  
763.  
760. 
758.  
763 .  
762.  
7 6 4 .  
765. 
7 5 2 .  
175 .  
771. 
7 7 3 .  

1. 

11 . 
3 .  
3 .  
J .  

:I . 
1. 

0 .  

LJ 
7 7 :I . 
7 6 5 .  
166 .  
7 6 5 .  
765 .  
7 6 3 .  
765.  
7 6 4 .  
765 .  
773 .  
7 7 3 .  
772 .  
1 7 5 .  

7 9 7 .  
795. 

J .  
3 .  

7 7 8 .  

2. 

I .  

Table A . 6 .  Data for cycle 2 
BOC= 7 / 3 1 / 7 8  AT 1752 HHS.  EUC= 8 / 2 2 / 7 0  AT 0333 HRS. 

1 . 0 '  
1.0 ' 
1 .o J 
1.01 . 
1.0.' 
1.0 ' 
1.0' 
1.0 ' 
1.0 
1.0' 
1.0 
1.q 1 

1 .o, 
1.0 1 

1 .0 ,  
1.9 
1.0 1 

1 .G 
1.0 

1.0j 

1.0j 
1 0.J 
1 . O j  
1.0 
1.0 1 

1 .o 
1.0' 

1.0 2 

1.0 8 

1 . 0 J  

.... rHER.wcouPLE TEMPER*TUR~S, (C~LSIUS) . . . .  HELIUM 
D A T E  T I M E  T C - I  T C - 2  T C - 3  TC-4 TC-5 T C - 6  TC-7 T C - 8  MULE F R A C .  

3 I /  3 1 / 7 8  l U O 3  
3 6 / l l / 7 8  8833 
08/<12/18 184> 
0 6 / ~ 2 / 7 8  905 
Od/ 1 2 / 7 8  1025 
0 6 / 3 3 / 7 8  ) A 4 5  
0 8 /  ) 4 / 7 8  1335 
081 ) 7 / 7 a  1845 

o u / n 7 / 7 8  i d 3 5  
3 t ) / J ? / 7 8  '94.1 

3d /L17 /18  1125 
0 8 / . J 8 / 7 8  O83J 
O W  1U/78  1757 
5 8 / 1 1 / 7 8  ) 8 3 3  
0 8 / 1 1 / 7 8  1833 
3 d / 1 4 / 7 8  M 9 C  
0 6 / 1 4 / 7 8  ,830 
o U / 1 5 / 7 8  JU3J 
3 d / 1 5 / 1 8  'I545 
O i ( / 1 5 / 7 8  1315 
3 0 / 1 5 / 7 d  1435  
0 8 /  1 5 / 7 8  1515 
0 8 / 1 6 / 7 8  I M ~ I J  
0 8 / 1 7 / 7 8  j7511 

3 8 / 1 7 / 7 8  2245 
at)/ I 7 /  7 8  233 5 

0 8 /  1 7 / 7 8  ,845 

D~II 1 8 / 7 8  

590.  
6 1 5 .  
620.  
617. 
807. 
8 1 0 .  
8 1 3 .  
813.  
8 0 Y .  
613. 
810 .  
8 2 0 .  
82). 
8 2 1 .  
815.  
8 2 9 .  
815 .  
824.  
8 2 0 .  
821 .  
631. 
826. 
8 3 4 .  
829.  
8 2 5 .  
8 3 5 .  
818. 
8 2 2 .  

5Y5. 
623. 
6 3 5 .  
6 3 3 .  
825. 
83U. 
8 2 8 .  
8 2 5 .  
8 2 7 .  
b26.  
83.J. 
8 3 5 .  
043. 
b4u. 
835.  
643 .  
840 .  
850. 
u45.  
847. 
6 5 8 .  
856. 
864 .  
ase. 
8 5 5 .  
862 .  
643 .  
847. 

623. 
6 7 3 .  
680 .  
682 .  
880. 
&83. 
8 8 3 .  
875. 

671.  
88'). 
885. 
881. 
8 9 3 .  
8 8 5 .  
095. 
885 .  
885.  
883. 
881.  
6 9 1 .  
888.  
892 .  
878.  
875. 
877 .  
867 .  
860. 

818.  

630. 
6 8 5 .  
690.  
6 8 7 .  
880 .  
895.  
8 8 2 .  
875.  
877.  
6 1 4 .  
880. 
8 8 5 .  
883. 
8 8 J .  
875 .  
875. 
860 .  
862. 
863.  
858. 
6 7 2 .  
86+. 
865.  
845 .  
8 4 5 .  
8 4 5 .  
828 .  
821. 

6 5 5 .  
7 3 ) .  
7 3 ) .  
733.  
YJ 1. 
903. 
894.  
885 .  
806.  
6 7 9 .  
891. 
895.  
891.  
889.  
8 8 5 .  
984. 
679 .  
870. 
865 .  
066. 
679 .  
871.  
871. 
855. 
855. 
8 5 2 .  
835 .  
835. 

645 .  
7 1 4 .  
7 'J .  
7 ' 2 .  
8 13. 
9 $5. 
Y 10. 
895 .  
U Y L .  
6 8 7 .  
897.  
9?0. 
89b .  
8 9 8 .  
8 Y 5 .  
u94. 
8 U  ). 
819. 
d75.  
M74. 
6 9 4 .  
8 U J .  
882 .  
ebb. 
U65. 
864 .  
846 .  
847.  

640 .  
693 .  
703.  
698 .  
9 0 1 .  
905. 
900.  
8 9 5 .  
896. 
692 .  
9OD. 
905 .  
901.  
909.  
905 .  
915. 
9 3 2 .  
905.  
903.  
903.  
713.  
Y38. 
912. 
YO). 
895.  
899.  
862 .  
887.  - - - -. - . - . - - 

O d / 1 8 / 7 8  )825 7 9 7 .  82J. 8 3 2 .  810. 808. 8 2 2 .  858. 

0 8 / 2 1 / 7 8  1753  845 .  823-  824. 786.  793. 836.  850 .  
9 6 / 2 1 / 7 8  1223  7 1 5 .  l r ! l .  694 .  662. 668. 679. 123. 

0 8 / 1 8 / 1 8  1845 800.  823. 8 3 5 .  8)J. 813 .  B L J .  8 6 ) .  

0 8 / 2 1 / 7 8  1225 7 1 5 .  6 9 1 .  683. 6 5 2 .  666. 6 7 6 .  709.  753. 1.0 ' 

2 .  1.0 J 
3 .  1.3, 
0. 1.0 1 

. 7 . 5  I 

-1 . >.49 
7 .  ".48 
0. 3 -46 
I .  3 . 4 7  
J .  1.0 8 

1. 1.41 
0. 0.46 
3 .  2 -46  
-I . ?. 4b 
.' \ . :I .4 7 
3.' 3.46 

1. '1.48 
3 .  j .4d 
9. 7 - 5 1  
0 .  3.51 
3 .  1. 0t.l 
0. :I - 5 3  
j. -.CY 
). 1.53 
3 .  Q.54 
d. 3.53 
.i. 1-51 
0. .I. 58 

?. 6 4  
"* 3.6j  J .  
0. '9.66 

165.  1.3. 

2 .  1.0j 
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505. 
593. 
595. 
83Y. 
83). 
8 9 9 .  
d l 6 .  
>92. 
823. 
814. 
013.  
037 .  
832. 
3 9 6 .  
026. 
0 3 8 .  
83'). 
8 4 0 .  
024. 
825. 
619. 

025. 
029. 
Rq9. 
857. 

862. 
6 8 4 .  

a l a .  

8 3 7 .  

5 9 3 .  
b ?3.  
b:)d. 
t \25.  
817. 
d 2  7. 
535. 
b16. 
8 4 b .  
a 3 4 .  
6 2 7 .  
632. 
n57 .  
61.'. 
d > , j .  

d12. 
8 8 3 .  
d5d. 
86 .?. 
0 3 6 .  
J3YJ. 
8h : . 
6 6 3 .  
J*L. 
d 7 2 .  
& 5 J .  
n58. 
6 7 Y .  

8 r 2 .  

6 3 3  
640.. 
650. 
875. 
0 6 5 .  
077. 
0 0 3 .  
647. 
Baa. 
883.  
8 8 3 .  
902.' 
Y35. 
655. 
9013. 
915. 
912. 
Y l 8 .  
892. 
891. 
675. 
0 0 4 .  
893. 

071. 
0 1 7 .  
0 5 8 .  
8 5 6 .  
601. 

n a 8 .  

6 3 7 .  
6 4 U .  
b 5 u .  
672 .  
8 S B .  
86 1.  
u 7 3 .  
b + 4 .  
8 7 9 .  
(114. 
0 7 L .  
8 9 L .  
89d. 
6 4 2 .  
8 8 3 .  
8db. 
8 8 ~ .  
0 3 4 .  
b3-i. 
856. 
6 4 9 .  
84 i .  
855. 
853.  
8 3 3 .  
833 .  
d l 4 .  
8 1 2 .  
6 4 3 .  

657. 
bb5. 
b67. 
8 0 8 .  
b l b .  
884. 
691. 
b b J .  
896. 
692. 
089. 
JJd.  
Yd6. 
15'). 
9J1. 
YSJ. 
d94. 
dY8.  
8 7 5 .  
d 7  ./. 
b65. 
S b l .  
865. 
865. 
8 4 5 .  
8 4 3 .  
625. 
822. 
b j b .  

0 3 3 .  
O b 3 .  

bbb .  
888. 
d 7 5 .  

*H9. 
bb  1 .  

J .  

00  . 
8 6 7 .  

7 .  
9 86. 
bt iL .  
9 ' I .  
J L .  
0911 
i I I. 

(177.  
d75. 
067. 

dUL. 

5 b Y .  

874. 
3 > * .  

837 .  
d 3 > .  

0 7 5 .  

033. 

cor. 

65J. 
6 6 0 .  
6 6 d .  
8Y2. 
802. 
8Y2. 

6 6 6 .  
'4J4. 
9 O J .  
69J. 
Y i d .  
Y2L. 
6 7 5 .  
Y l b .  
Y3). 
928. 
935. 
9 1  I .  
911. 
693. 
903. 
9 1  I .  
911. 
69L. 
903. 
0 8 3 .  
0 0 3 .  
70d. 

899. 

658. 
0 7  (. 
6 7 3 .  
899. 
8 R . I .  
0 0 0 .  
H96.  
6 1  e .  

JJ'I. 
8 9 0 .  
894. 
7 1 4 .  
Y16. 
679. 
Y I  a .  

9.28. 
929. 
94.). 
918. 
Y 1 Y .  
7 1  1. 
914. 
92 !. 
923. 
9 ) ) .  
932. 
913.  
92 I .  

7 4 6 .  

1.3 
1 . 9 
1 . 3 .  

.41  
'1.42 

. 3 Y  :. 3 3  
1.3 3 

1 .o 
' . 3 0  

. 3 #  
-3.34 

.34  
1 . 3 .  
,.3b 
*. jb 

-,. 37 
1.37 
'.4/ 
' . 4 3  
1-01 
1.44 
. 4 3  
. 4 3  
.4 9 

.4o 
'.53 
1.5'1 
1.3 

Table A . 8 .  D a t a ' f o r  cyc le  4 
MOL= 9 / 1 5 / 7 8  AT 1 0 2 4  h R S .  EUC=13/ 8 6 / 7 0  A T  2115 HHS. 

, 
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Table A . 9 .  Data for cycle 5 

n o c = i o / 0 7 / 7 8  A T  1653 URS. EOC=11~/28/7o 2405 HRS. 
~ 

.e. THERMOCOUPLE TEMPERATURtSm (CZLSIUSI... HELIUM 
D A T E  l l M i  FC-1  T C - 2  T C - 3  TC-4 TC-5 TC-6  TC-7 TC-8 MULE FRAC. 

1d/.19/78 l8d5 
1 ~ / 3 9 / 7 8  *Y27 
1 J /  I!]/ 78 8 73 
1 J /  1 t V 7 8  363 1 
1 ~ / 1 1 / 7 8  I 2 2 5  
1 . ~ / 1 1 / 7 8  1353 

1 1 / 1 3 / 7 8  7 4 5  
1 1 / 1 3 / 7 8  1325 
1 1 / 1 3 / 7 0  1345 
1 /13/7c) 1415 
1 1 / 1 6 / 7 8  '145 

1 ) /18 /18  75, 
1 I /  1 9 / 7 8  ,752 
1 J /  20/ 78 
1 / 2 0 / 7 b  M25 

1 ~ / 1 2 / 7 8  J 7 5 d  

1 1 / 1 7 / 7 8  ,745 

1 1 / z w 7 n  p i 5  

1 ~ / 2 4 / 7 8  , 852  

1 / 2 4 / 7 8  1415 
1 - / 2 4 / 7 8  1306 
1 J /  2 5 /  78 ) 7 5 5  
1 & / 2 6 / 7 8  1759 
1 i / 2 7 / 7 8  a755 
1 ) / 2 7 / 7 M  1132 

1 J /  23/  ?I( ,945 

l J /  2 4 / 7 8  1335 

593. 

848 
1350. 

864. 
856. 
870. 
872. 
869. 
869. 
583. 
873. 
8 6 4 .  
862. 
862 
862. 
864. 
591. 
862. 
875. 
8 8 3 .  
8 1 8 .  
622. 
880. 
867. 
874. 
877. 
6 5 8 .  

587. 
872. 
868 
684. 
87Y. 
895. 
U98. 
897. 
d95. 
5d2. 
8Y5. 
dY5. 
895. 
897. 
89Y. 
930. 
596. 
Y 1 1 .  

910. 
Y15. 
9 1  1. 
62-8. 

H90. 
88". 
87 J. 
627. 

91 J. 

634. 
923. 
Y 1 7 .  
935. 
Y3J. 
948. 
950. 
95).  
94M. 
622. 
Y48. 
Y4Y. 
948. 
947. 
945. 
942. 
623. 
943. 
935. 
932. 
926. 
627. 
926. 
900. 
d84. 
M72. 
623. 

628. 
93M. 
Y31. 
Y2C. 
914. 
9 3 4 .  
937. 
935. 
Y33. 
613. 
936. 
937. 
945. 
936. 
932. 
934. 
612. 
932. 
929. 
92L. 
9 1  7. 
615. 
Y l t l .  
886. 
873. 
867. 
612. 

639. 
Y 17. 
Y 1 ) .  
Y32. 
924 
5 4 2 .  
945. 
Y45. 
Y44. 
625. 
Y45. 
Y45. 
943. 
945. 
943. 
Y43. 
622. 
943. 
Y45. 
942. 
937. 
627. 
937. 
YO8. 
8Y4. 
88 I .  
023. 

b27. 
9 14. 
9.)3. 
Y18. 
913. 
Y 5 2 .  
937. 
Y 35. 
934. 
b10. 
'135. 
Y5U.  
938. 
94c. 
942. 
942. 
617. 
9 4 i .  
45.f. 
94U.  
944. 
628. 
944. 
917. 
9J5. 
892. 
627. 

6 0 3 .  
Lie>. 
877. 
892. 
881.  
9 0 3 .  
90r .  
907. 
907. 
5911. 
91 j .  

919. 

922. 
928. 
933. 
612. 
93>. 
95  j. 
958. 
952. 
635. 
953. 
Y32. 
923. 
Yl3.  
639. 

921. 

592. 
865. 
862. 
8 l 7 .  
872. 
887. 
890. 
892. 
893. 
592. 
8 9 ~ 1 .  
897. 
898. 
953. 
9.3b. 
913. 
691. 
913. 
935. 
948. 
945. 
635. 
v47. 
932. 
930. 
93'). 
657. 

1.0 1 

.24 
. .24 
5.25 
'1.2 1 

'.I4 
.I4 

6.13 
I.Oj 
2 . 1 3  
-1.14 
1 - 1 3  
1. 14 
1. I 3  
Q.13 
1.OJ 
-1.13 
-5.1.2 

I .  12 
'.I3 

J .  14 
3.21 
-1.25 
3.28 
1 .o 

'e 16 

1.dJ 

Table A . l O .  Data for cycle 6 
n o c = i o / z 9 / 7 8  A T  1 7 2 5  HRS. ~ u c = I ~ / L L / ~ ~  A T  0225 HRS. 

.THfRMUCUUPL t rtMt'ERATURES9 ( C Y L S I I I S )  . HELIUM 
3 A T t  T I M c  T C - 1  TC-2 TC-3 1C-4 TC-5 I C - 6  T C - 7  T C - 8  MULE FHAC. 

1.*/30/78 , 1 5 5  5 6 8 .  55M. 603. 618.  621. 6 ' 7 .  574. 5 7 3 .  1.0: 
1 ~ / 3 1 / 7 8  8753 579. 572. 620. 618. 032. 622. 592. 5 8 8 .  I .03 
1 3 / 3 1 / 7 8  )Y35 839. (165. 920. 92Y. 949. 943. 922. 993. 7.1 
1 1 / ) 1 / 7 8  1755 838.  8 6 d .  915. Y L j .  945. Y37. 918. Y32. 1.11 
1 1 / 3 1 / 7 6  1 0 3 ~  839. M67. 920. Y2I. Y53. Y42. 925. 907. ?.OY 
1 1 / 3 1 / 7 8  113) 936. 864. 923. 924. 946. Y 3 Y .  925. 913. 5.09 
) I /  13/78  1253 034. O b l .  92d. 926. 949. 941. 924. 906. 4,. 09 
l l / J 4 / l t i  1715 932. 865. 917. 925. 945. ~ 4 : .  925. 905. 1.99 
1 1 / 7 6 / 7 8  j 7 5 J  832. 859. 915. 922. Y45. Y3b. 925. Y 3 8 .  C.3') 
11/ 16/70 l82J 578.  b7J. 608. b?b. 021. b l i .  593. 587. 1 .ad 
l l / J 6 / 7 M  -1745 834. db2. 920. 9381. 95d. 944. 928. 912. '-39 

l L /  11/78 J753 833. t16.2. 920. Y3d. 948. 943. Y30. 913. J.04 
1 1 / ' 8 / 7 8  7 5 7  834. 865. 921. YZ9. Y48. Y45. 933. 918. -.oy 
1 1 / 1 9 / 7 0  1747  833. 8 6 5 .  918. 925. 945. 9*2. 933. Y l 7 .  2 .OY 
11/.89/78 1 8 l J  5 8 J .  574. 608.  6 4. 6 l M .  b13. 598. 591. 1.3 
1 1 / > 9 / 7 8  ,843 832. b 6 3 .  913. 923. Y43. 942. 933. 914. -I. 1 
1 1 / 1 3 / 7 8  I 6 2 3  846. 883. 915. 920. Y43. 3 3 ~ .  953. 937. -I .OY 
1 1 / 1 6 / 7 8  I 2 2 5  654. 6 J 2 .  635. 627. 638. 6 4 ~ .  625. 622. 1.0 
1 1 / 1 6 / 7 8  1 3 4 5  835. Mb7. 902. 9 1 ~ .  Y34. Y38. 933. 921. 1. i n  
1 1 / 1 6 / 7 8  1 5 0 5  838. 869. 905. 91u. 935. 9.4,. 937. 923. - .18 
1 1 / 1 7 / 7 8  t837 84d. 875. 905. YD6. Y32. 9 3 M .  943. 933. l t l  
1 1 / 1 7 / 7 8  16r)J 842. 867. 892. 893. 918. YL5. 932. 925. 3.21 
1 1 / 2 9 / 7 8  0753 875. 877. 890. 887. 912. 922.  945. 957. .21 
11 /20 /78  .)837 873. M73. 883. 879. Y l J .  Y l 3 .  937. 950. 7 . 2 5  
1 1 / 2 0 / 7 8  19J5 857. 850. 864. 86J. tbCt2. M92. 915. 930. 3 - 3 1  
1 1 / 2 1 / 7 8  ,935 861. 853. 860. 855. 879. 6 9 * .  911. 938. J.3 
1 1 / 2 1 / 7 8  1 5 2 )  061.  d50. 8 6 0 .  854. 871. 6 8 6 .  917. Y4b. 1.3 I 

1 1 / 1 6 / 7 8  1 0 4 5  842. 873. 926. Y41. 963. 055. 938. 922. '1.07 

1 1 / 2 1 / 7 8  l 5 3 J  865. 8 5 5 .  861. 8 5 2 .  678. d 8 9 .  919. 941. -' . 3 
1 1 / 2 1 / 7 8  1 6 ~ 5  665. 624. 622. 612. 625. b31. 641. 667. 1.0 ' 
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....THERMOCOUPLE T c H ~ E H A T U R L S I ( L ~ L S I U S J . . .  H E L I U M  
OAT! TlMt T C - 1  TC-2 TC-3  I C - 4  1C-5 IC.-6 TC-7 TC-8 MOLC FRAC. 

1 1 / 2 7 / 7 8  1?j53 
1 1 / 2 7 / 7 8  1245  
1 1 / 2 8 / 7 6  1753 
1 1 / 2 9 / 7 8  -3755 
11 /3O/78  1753 
1 1 / 3 9 / 7 0  193J 
11/30 / * *  13OJ 
11 /36 / * *  1052 
1 1 / 3 0 / * *  1125  
1 1 / 3 0 / * *  1155  
11/ 30 /78  1225  
1 1 / 3 2 / 7 0  144M 
1 1 / 3 0 / 7 8  l b a J  
1 2 / 3 1 / 7 8  ,753 
1 2 / 3 4 / 7 8  0755 
1L/  , 5 /78  875; 
1 2 / 3 6 / 7 8  ,753 
1 2 /  1 7 / 7 8  1755 
12/  ) 8 / 7 8  175 I 

1L/  18/70 ,933 
121  1 1 / 7 8  ~ 7 5 0  
1 ~ / 1 2 / 7 8  . 1 1 5  
l L / 1 2 / 7 B  1L141 
1 2 / 1 2 / 7 8  113u 
1 2 / 1 3 / 7 8  1422  
1L/ 13/ 78  1445  
12/ 13/ 78  1535  

121 18/78 , n i 7  

574. 
812. 
813. 
813. 
818. 
825. 
7 8 1  
833.  
d 3 1 .  
536. 

568. 
817. 
822. 
823. 
8 2 b .  
831.  

838.  
598. 
82.1. 

846 
858. 
M 5 0 .  
858. 
856. 
6 5 9 .  

571. 

n 3 i .  

n48. 

5 6 5 .  
8 4  ). 
K 3 1 .  
642. 
M4Z. 
645. 
M J J .  

H26. 
M2 7. 
527 
559. 

841 -  
846. 
t 5 4 .  
M5d. 
M65.  
8 6 8  . 
872. 
5Y3. 

MbL 
8 5 5  
861. 
M4M. 
H46. 
848. 
617. 

~ 5 8 .  

n47. 

613. 
896. 
893. 
900. 
9 0 2  
903. 
6 5 8 .  
8 8 3 .  
M83. 
566 
602. 
600 
903. 
Y02. 
9 0 6  
908. 
Y10. 
903. 
YOS. 
612. 
8 8 3 .  
M78. 
875. 
874. 
1362. 
855. 
856. 
623 

617. 
Y15. 
9Q>. 
915. 
915. 
91 7. 
n71. 
897. 
897. 
562. 
6 14. 
6 j 3 .  
Y l 3 .  
Y1U. 
Y15. 
912. 
910. 
Y l 1 .  
YUY. 
b . , ? .  
881. 
M77. 
87L. 
87u. 
850. 
84U. 
U4M. 
61&*.  

b32. 
Y45. 
935. 
Y47. 
Y47. 
047. 
Y3.l-  
927  
927. 
5M 1.  
618. 
618. 
947. 
948. 
043. 
943. 
943. 
938.  
Y37. 
622. 
YS7. 
Y03. 
ttY9. 
898. 
Ud4. 
M75 
M12. 
624. 

023. 
y3n. 
Y27. 
Y 38. 
Y44. 
9 4  J. 
d93. 
92). 
9Lu. 
5 7 2 .  
b)U. 
6 'M. 
Y 5 8 .  
942. 
940. 

942. 

338.  
b2L. 
9 IM.  
9 'U. 
9 13. 
9 Ij. 
d Y  J .  

b d J  
U 78. 
bL7. 

941. 

93n. 

292. 
YAM. 
912. 
923. 
927. 
926. 
883. 
Y13. 
913. 
555. 
585 
287. 
YZb. 
932 
93M. 
943. 
947. 

953. 
615. 
322. 
932. 
Y28. 
Y32. 
917. 
938. 
908. 
635. 

948. 

578. 
933. 
898. 
938. 
Y78. 
913. 
867. 
893. 
893. 
547. 
578. 
57M. 
9 J 8 .  
Y12. 

Y Z Z .  
Y28. 
Y30. 
937. 
613. 
9 3 8 .  
936. 
Y32. 
944  . 
9 3.. . 
928. 
927. 
654. 

g in.  

1.0 
.11 
. 1 2  

' .OM 
7.03 
$ . a b  

- .Oa 
.o 

3 .O 
1.3 
1.0, 
1.0 
!.a*+ 

3.39 
5.11 
? . I )  
'.11 
(1.11 
3.12 
1.0 
1.21 
.21 

'1.24 
' e 2 4  
' .27 
1.29 
.2r  

1.0 1 

Table A.12. Data for cycle 8 

MUC=12/14/78 A T  1945  HRS. t U C =  1 / ' 4 / 7 9  A T  1759  HR5. 

TH-RMOCOUPLt T t M P C K A T U R i S r  ( C - L b I U S  J . HELIUM 
D A T t  T I M 5  T C - 1  TL-2  l t - 3  TC-4 TC-5 T C - 6  IC -7  TC-M M U L t  k R A C .  

1l /  1 5 / 7 8  
12 /  18/7M 
1 L/ 1 8 /  78 

1 2 /  19/71) 
12/ 1 9 / 7 8  
1L/  20/ 78  
1 2 / 2 1 / 7 8  
l L /  2 1/ 78  
121  22/  7M 
1 2 / 2 2 / 7 8  
12/ 22/ 76  
I.!/ 2A/ 78 
1 2 / 2 8 / 7 8  
31/ ) 2 / 7 9  
01/ 12/7Y 
3 1/'12/7Y 
31/  i 4 / 7 Y  

3 1/'14/ 79  

121  1 9 / 7 8  

0 1/ -, 4 / 7 Y 

t755 
.#752  
1915 
8752 
IM5U 
*Y15 
1003 
875; 
1357  
1425  
1 4 4  .) 
1225  
122 1 
1423  
1255  
: 345 
1415 

MJJ 
Y i ) 5  

1 ~ 5 2  

553. 
565. 
8 0 2 .  
8.12. 
569. 
8 15. 
dO5. 
801. 
80J. 
833.  
562. 
797. 
815. 
583. 
8 4 1  
631. 
831. 
857. 
853. 
658. 

5jM. 
35M. 
622. 
d22. 
567. 
024. 
824. 
n24. 
a l l .  
827. 
5 5 6 .  
d l H .  
d 4 8 .  
383. 
845. 
b l  . 
832. 
d42 
837. 
61.). 

5 8 8 .  
606. 
8 8 U  
885. 
607  
887. 
890. 
885. 
883. 
887. 
69) .  
878. 
893. 
614. 
867. 
6 2 1  
854. 
M57. 
849. 
625. 

b l b .  
b2Y. 
942. 
936. 
624. 
942. 
Y4J. 
9433. 
937. 
942. 
b15. 
Y32. 
93d. 
623. 
Y d 1 .  
627 
MM7. 
M87. 
M78. 
bZ6. 

0 1 1 .  

0 2  ,. 
9 3 . .  
JL 7. 
615. 
Y2b. 
93 -. 
927. 
Y23. 
926. 
6 $ 3 .  
,516. 
1 3 L .  
618. 
9 IL. 
b 2 6 .  
6MY. 
aaa. 
dt(J.  
OC 7. 

5 6 8 .  
sail. 
908. 
906. 
602 .  
Y 13. 
914. 
913. 
936. 
913. 
583. 
335 .  
Y2tr. 
bOM. 
Y 18. 
632. 
904. 
9UM. 
M98. 
633.  

562. 
579. 
~ 9 2 .  
692. 
597. 
894. 
897. 

891. 
695. 
578. 
8 8 5 .  
91.1. 
654. 
925. 
045. 
Y12. 
Y25. 
917. 

n 9  3. 

653. 

1.0 1 

1 .n 
. 1 5  

1.0 1 

8.12 
:.I 
e . 1  I 

1.1 * 

.11 
1.0 * 

1 . 1 1 )  

1.14 

1.3  -. 24 
1.3 a 

:.2d .. 24 
4.3 

1.00 

I . lJ  

, ' I  
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During cycle 1, pure helium was used as the sweep gas. Starting 
with the second cycle, mixtures of helium and neon were used for tem- 
perature control. Helium sweep gas was always used at the start of each 

cycle. The higher thermal conductivity for helium keeps the particle 

surface temperatures well below the 1000°C maximum during the time the 

magnitude of the neutron flux is increasing most rapidly, that is, during 

the time required for the high cross-section fission products (primarily 
135Xe) to reach equilibrium in the reactor core. 

was controlled by manually operated control valves (also, the experiment 

was not manned on a 24-hr basis); therefore, pure helium was generally 

used during the initial two or three days of the cycle. 

The sweep gas mixture 

We believe that the temperature-dependent thermal conductivity for 

helium gas is somewhat better known than the temperature-dependent ther- 

mal conductivity for helium-neon mixtures; therefore, at intervals dur- 
ing a reactor cycle, the experiment was flushed out with helium and ther- 

mocouple readings were taken. 
calculations for graphite growth (see Sect. A.3). As can be seen by the 

data in Tables A.5 through A.12, the times required to obtain the helium 

data were very short, and the experiment was not operated for a long time 

at reduced temperatures. 

These data were used to renormalize the 

The assumption was made that the thermocouple readings were always 

correct and that neither irradiation nor extended operation at tempera- 

ture affected the junction or any part of the lead wire in the reactor. 
At intervals during the test period, temperatures were also read using a 

calibrated potentiometer. 
dard for maintaining the accuracy of the temperature recorders. 

disagreement between the temperatures read from the potentiometer and 

those read from the recorders occurred at the end of cycle 4. The last 

entry in Table A.8 is temperatures from the calibrated potentiometer and 

is to be compared with the next-to-last entry in that table - about 2OoC 
maximum difference was noted. 

check temperatures at the following times during the test period, as 

tabulated on the following page. 

The potentiometer readings served as a stan- 
The most 

The calibrated potentiometer was used to 
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Cycle No. Date Time Table - -  - 
2 8/21/78 1225 A.6 
4 10/06/78 1555 A.8 
6 11/01/78 1100 A.10 
6 11/21/78 1530 A.10 
7 12/13/78 , 1445 A . l l  

A l l  readings  were taken  wi th  t h e  H F I R  a t  f u l l  power [ l o 0  MW(t)], 
wi th  t h e  except ion  of t h e  four  e n t r i e s  i n  Table  A . l l  which have a double 

a s t e r i s k  symbol i n  t h e  d a t e  column. Those f o u r  sets of d a t a  were taken  

w i t h  t h e  r e a c t o r  a t  90 MW(t). 

a t e d  t h e  experiment wi th  neon sweep gas. The d a t a  were h e l p f u l  i n  de- 

termining u n c e r t a i n t i e s  i n  computed temperature-dependent thermal con- 

d u c t i v i t y  f o r  neon gas  and were included i n  Table A.11, p r i n c i p a l l y  f o r  

do cum en  t a t ion. 

During p a r t  of t h a t  2-hr per iod ,  we oper- 

The mole f r a c t i o n  of helium F(He) i n  t h e  sweep gas  mixture  (helium 

p l u s  neon) was computed from t h e  fol lowing equat ion:  

F(He) = 1 / [ 1  i- (V2/V1)] , 

where V1 i s  t h e  f low rate (cm3/min) f o r  helium and V2 i s  t h e  f low rate 

( c m 3 / m i n )  f o r  neon. 

scale readings  by t h e  appropr i a t e  manufacturer-suggested scale f a c t o r .  

For  helium, V 1  = S 1  x 1.43. For neon, V2 = S2 x 1.38. S1 and S2 are  

scale readings  from t h e  helium and neon f low meters, r e spec t ive ly .  The 

f low meters were Hast ings (model ALL-50). No a d d i t i o n a l  p re s su re  o r  t e m -  

p e r a t u r e  c o r r e c t i o n s  were r equ i r ed  f o r  t h e  sweep gas  system. 

Flow rates were obta ined  by mul t ip ly ing  flow meter 

A.7 U t i l i t y  Program 

The u t i l i t y  program i s  a companion t o  t h e  1-D hea t  t r a n s f e r  program 

(see Sect.  A . l ) .  It rece ives  va r ious  raw d a t a  and, by t h e  method of l eas t  

squares ,  gene ra t e s  c o e f f i c i e n t s  f o r  a power series. For t h e  HRB-15b ex- 

periment,  t h e  program has  been used t o  perform t h e  fo l lowing  tasks .  

Y 

'7 
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1. In the general mode of operation, any data [(Xi, Yi), i = 1, ..., 
n] are used to calculate coefficients (the a's) for the power series: 

n 

The coefficients (ao,al, ..., an) can then be automatically punched on 
cards for later use. 

2. Specifically, the program has been used to process the follow- 

ing data: (a) Nuclear heating, watts per gram of material (Yi), as a 

function of axial position (Xi). The axial distance is referenced to the 

top of the HFIR active core. A series of such calculations will generate 
arrays of coefficients which are applicable at discrete times into a cy- 

cle. 
Thermal conductivity may be reported in various units in the literature. 

For convenience, the program can automatically perform the necessary units 

conversion so that temperatures will be converted to Fahrenheit and k con- 
verted to Btu/hr*ft*F for processing. (c) Power per particle, watts per 

particle (Yi), as a function of axial position (Xi), is another example of 

data processed by the program. 

from the depletion code, CACA-2.l 
process axial position-dependent neutron fluxes. 

used to compute temperature-dependent thermal conductivity for binary mix- 

tures of gases. 
Once the thermal conductivities have been computed, then the data are 

processed as described in (b) above. 

(b) Thermal conductivity (Yi) as a function of temperature (Xi). 

Data for watts per particle are obtained 

(d) The program has also been used to 
(e) The program may be 

The method is discussed separately in this section. 

Least-Squares Formulas 
It is not our intent to present a detailed treatment for data reduc- 

tion15 or matrix theory.16 

We want to find solutions for the coefficients ao, ai, ..., am, to a curve 
of the form y = a0 + alx + ... 1 + amxm, which best represent the data (Xi, 
Yi), i = 1,2, ..., n (n > m). There will be m + 1 normal equations17 

Only the basic formalism will be considered. 
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n cxi cxi2 

cxi2 cxi3 ex4 

A = CXi cxi2 Cxi3 

as follows: 

, A + 0.0 . 

aon + alexi + ... + a, CXim = CYi , 

aOCXi + alCXi2 + ... + amCXim+l = CXiYi., . . . . 
aOCXim + a1CXim+l + . .. + amCXi2m = CXimYi 

The deviation Di of the data about the curve is 

Di = Yi - (a0 + alXi + ... + amXim) 

The root-mean-square of y deviations about the curv-, sometimes called the 

standard error of estimate17 Sy, is defined as follows: 

Sy = dZDi2/(n - 1 - m) . 

Finally, there are m + 1 equations to be solved simultaneously to obtain 
the coefficients. One method for the solution of simultaneous equations 

is by use of determinants. 

ample. 
the second-degree polynomial. Let A be defined as follows: 

The method is illustrated by the following ex- 

For the purpose of demonstrating the method, we arbitrarily choose 

The solution for the coefficients ao, al, and a2 are as follows: 

1 a0 = - 
A 
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1 a1 = - A 

. . 

n 

CXi 

cxi2 

. 

CYi c xi2 
CXiYi cxi3 

CXi2Yi cxi4 
, 

In cxi CYi 
cXi2 CXiYi 

cxi3 CXi2Yi 

. a2 = - A cxi 

cxi2 

Theoretically, the method could be applied to polynomials of any degree. 

We found that fifth degree (or less) was adequate for any data processing 

required for experiment HRB-15b. To avoid loss of significant digits, it 

was necessary to program in double precision when using the IBM-360 series 

machines. 

Thermal conductivity for binary mixtures of gases 

The method formulated by Lindsay and Bromley18 was used to evaluate 

temperature-dependent thermal conductivity for mixtures of helium and 

neon and mixtures of helium and argon. Each of the above binary mixtures 

were candidates for use as sweep gas. Only the applicable equations will 
be presented in this section of the report. The reader should refer to 

Lindsay and Bromely’s report” f o r  a detailed discussion of the theory. 
Definition of the terms in each equation are given in the nomenclature 

at the end of the discussion. For a binary mixture of gases, the follow- 
ing equation defines the thermal conductivity: 

The dimensionless constant Aij (either i = 1 and j = 2 or i = 2 and 

j = 1) is defined as follows: 



.6 6 

I n  t h e  absence of v i s c o s i t y  d a t a ,  t h e  v i s c o s i t y  r a t i o  ( p i / p j )  may 

be computed from the fol lowing equat ion:  

p i  Ki(Cpj + 1.25 R/Mj) 
- =  

K j ( C p i  + 1.25 R / M i )  p j  

Values f o r  t h e  Suther land cons t an t s  ( S i ,  S j ,  o r  S12) are: 

S = 142 degrees  Rankine f o r  helium, 

S = 1.5 Tb degrees  Rankine f o r  neon o r  argon,  

S12 = Vj, c a l l e d  t h e  geometric mean. 

Nomenclature 

K = thermal conduc t iv i ty  (Btu /hr*f t*OF) ,  

X = mole f r a c t i o n ,  

p = v i s c o s i t y  ( lbm/hr - f t ) ,  

M = molecular  weight,  

C p  = s p e c i f i c  hea t  a t  cons tan t  p re s su re  (Btu/lb*'F),  

R = un ive r sa l  gas  cons t an t  (1.986) (Btu /F*lb  mole),  

T = a b s o l u t e  temperature  (Rankine), 

Tb = b o i l i n g  po in t  a t  1 atm p res su re  (Rankine). 

Subscr ip ts :  

<? 

c 

m = mean, 

1, 2,  i, j = components of t h e  b inary  gas  mixture. 
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