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CHARACTERIZATION OF PYROCARBON COATINGS OF HTGK FUEL 
PARTICLES BY INERT GAS INTRUSION 

C. S. Morgan 

ABSTRACT 

Biso f u e l  p a r t i c l e s  used i n  t h e  HTGR have a pyrocarbon 
c o a t i n g  designed t o  r e t a i n  f i s s i o n  gases  du r ing  r e a c t o r  opera- 
t i o n .  The i n e r t  gas pe rmeab i l i t y  of t h e  pyrocarbon c o a t i n g  is 
v a r i a b l e  and a measure of i t  is  an impor tan t  c l u e  t o  f u e l  
performance. A method w a s  developed t o  measure t h e  permeabl i ty  
of pyrocarbon c o a t i n g s  by i n t r u s i o n  of l i g h t  i n e r t  gases .  The 
mole q u a n t i t y  of neon and helium e n t e r i n g  t h e  f u e l  p a r t i c l e  a t  
e l e v a t e d  tempera ture  ( 1 3 7 5 O C  f o r  1 h )  from an  equimolar mixture  
i s  determined by mass spec t romet ry  a f t e r  breaking  t h e  par- 
t i c l e .  The r a t i o  of t h e  two gases  c o n s t i t u t e s  a u s e f u l  measure 
of t h e  pyrocarbon c o a t i n g  pe rmeab i l i t y .  A c t i v i a t i o n  e n e r g i e s  f o r  
i n t r u s i o n  of helium, neon, and argon show a sha rp  i n c r e a s e  wi th  
a tomic  number. Pyrocarbon coa t ings  have a measurable per- 
m e a b i l i t y  f o r  krypton  on ly  a t  ve ry  h igh  tempera tures  and only  
t h e n  i n  t h e  more permeable coa t ings .  Neutron i r r a d i a t i o n  
reduced t h e  p e r m e a b i l i t y  of t h e  pyrocarbon c o a t i n g s  on i n e r t  
k e r n e l s .  Neon and helium r a t i o s  measured on hundreds of f u e l  
p a r t i c l e  ba tches  ranged from 0.03 t o  g r e a t e r  than  1.0, and w e  
estimate t h a t  a pyrocarbon wi th  neon-helium r a t i o  below 0.30 o r  
0.35 w i l l  be g a s t i g h t  under HTGR o p e r a t i n g  cond i t ions .  

INTRODUCTION 

The f u e l  form f o r  t h e  High Temperature Gas-Cooled Reactor  (HTGR) 

c o n s i s t s  of s m a l l  f i s s i l e  and f e r t i l e  p a r t i c l e s  about  800 pm i n  d i ame te r  

i n  a carbon-base matrix s u i t a b l y  a r ranged  i n  a g r a p h i t e  s t r u c t u r e .  

f i s s i l e - f e r t i l e  p a r t i c l e  mixture  p e r m i t s  u t i l i z a t i o n  of a l a r g e  hea t  

g e n e r a t i n g  column, which wi th  t h e  h igh  e f f i c i e n c y  of t h e  helium coo lan t  

r e s u l t s  i n  a r e l a t i v e l y  low tempera ture  g rad ien t .  The f u e l  p a r t i c l e -  

g r a p h i t e  s t r u c t u r e  o p e r a t e s  w i th  a l a r g e  r e s e r v e  h e a t  c a p a c i t y ,  reducing  

t h e  danger of damaging tempera ture  excurs ions .  A s p h e r i c a l  f i s s l e  o r  

T r i s o  p a r t i c l e  has  a uranium-containing k e r n e l ,  a low-density pyrocarbon 

The 
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b u f f e r  l a y e r ,  a dense i n n e r  pyrocarbon l a y e r ,  a S i c  l a y e r ,  and a dense 

o u t e r  pyrocarbon l a y e r .  The f u n c t i o n  of t h e  S i c  c o a t i n g  i s  t o  r e t a i n  

a l l  f i s s i o n  p roduc t s  genera ted  i n  t h e  f u e l  par t ic le .  A f e r t i l e  or  Biso 

pa r t i c l e  c o n s i s t s  of a Tho2 k e r n e l ,  a b u f f e r  l a y e r ,  and a dense pyrocar-  

bon o u t e r  coa t ing .  The dense c o a t i n g  of both t h e  Biso and T r i s o  par -  

t i c les  i s  a low-temperature i s o t r o p i c  (LTI) pyrocarbon. 

The o u t e r  pyrocarbon c o a t i n g  of t h e  Biso par t ic les  is permeable t o  

some metal f i s s i o n  p roduc t s ,  such as cesium, but is expected t o  be q u i t e  

impermeable t o  gaseous f i s s i o n  products .  This  c o a t i n g  thus  f u n c t i o n s  as 

a p r e s s u r e  v e s s e l  and is  designed s o  as t o  r e t a i n  f i s s i o n  gases  and 

o t h e r  gaseous materials, such as carbon monoxide. I n  some cases t h i s  may 

l e a d  t o  p r e s s u r e s  above 0.7 MPa (> lo0  p s i ) .  Re ten t ion  of t he  v o l a t i l e  

f i s s i o n  products  i n  t h e  f u e l  p a r t i c l e  i s  important  i n  minimizing 

r a d i o a c t i v e  contaminat ion  of t h e  pr imary coo lan t  system i n  t h e  r e a c t o r .  

The performance of pyrocarbon c o a t i n g s ,  and s p e c i f i c a l l y  t h e  re- 

t e n t i o n  of gaseous f i s s i o n  products ,  depends p r i m a r i l y  on two p r o p e r t i e s  

of t h e  coa t ing .  F i r s t  i s  t h e  p e r m e a b i l i t y  t o  i n e r t  gases ,  p a r t i c u l a r l y  

k ryp ton  and xenon i n  t h e  "as - fabr ica ted ' '  condi t ion .  The q u e s t i o n  he re  

i s  whether s i g n i f i c a n t  q u a n t i t i e s  of r a d i o a c t i v e  gases  w i l l  d i f f u s e  or  

permeate  through t h e  pyrocarbon c o a t i n g  and e n t e r  t h e  p r i m a r y  coo lan t  

d u r i n g  t h e  t e n u r e  of t h e  pa r t i c l e  i n  t h e  r e a c t o r .  The second impor tan t  

p r o p e r t y  of t h e  pyrocarbon wi th  r e s p e c t  t o  f i s s i o n  gas r e t e n t i o n  i s  t h e  

p o t e n t i a l  f o r  c r ack  development du r ing  i r r a d i a t i o n .  During r e a c t o r  

o p e r a t i o n  t h e  h igh  temperature  and neut ron  f l u e n c e  w i l l  cause den- 

s i f i c a t i o n  and a n i s o t r o p i c  c r y s t a l l i z a t i o n  i n  pyrocarbons.  This  may 

cause  c racks  t o  develop i n  t h e  coa t ings .  

T h i s  r e p o r t  addres ses  t h e  f i r s t  of t h e s e  p r o p e r t i e s .  The pyrocarbon 

c o a t i n g s  on HTGR Biso f u e l  p a r t i c l e s  are permeable t o  helium and neon a t  

e l e v a t e d  tempera tures .  I f  t h e  par t ic les  are i n t r u d e d  wi th  a helium-neon 

mixture  f o r  a t i m e  and tempera ture  such t h a t  helium i n  t h e  pores  of t h e  

b u f f e r  c o a t i n g  r eaches  equ i l ib r ium wi th  the  i n t r u d i n g  atmosphere while  

t h e  more s lowly  d i f f u s i n g  neon does n o t ,  t h e  r a t i o  of t h e s e  two gases  i n  

t h e  p a r t i c l e  p rov ides  a sensit ive measure of t h e  p e r m e a b i l i t y  of t h e  

o u t e r  c o a t i n g .  
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INERT GAS PERMEABILITY OF PYROCARBON COATINGS 

Measurement of Pe rmeab i l i t y  

The obvious way t o  determine t h e  p e r m e a b i l i t y  of pyrocarbon c o a t i n g s  

of Biso f u e l  p a r t i c l e s  i s  t o  measure d i r e c t l y  t h e  movement of i n e r t  

gases  through t h e  pyrocarbon coa t ing .  Th i s  is p o s s i b l e  f o r  l i g h t  i n e r t  

g a s e s ,  and we have developed a pe rmeab i l i t y  de t e rmina t ion  method. The 

B i so  f u e l  p a r t i c l e s  (Fig.  1) are annealed a t  h igh  temperature  i n  an 

i n e r t  gas  atmosphere. The amount of gas  d i f f u s i n g  through the  c o a t i n g  

i n t o  t h e  b u f f e r  l a y e r  i s  then  determined by breaking  t h e  pyrocarbon 

c o a t i n g  i n  a mass spec t rometer  and measuring t h e  q u a n i t i t y  of t h e  gas 

r e l e a s e d .  The p a r t i c l e s  are crushed i n d i v i d u a l l y  i n  a s ing le -ac t ion  

a n v i l  i n  a dynamical ly  pumped vacuum system c o n t a i n i n g  a quadrupole  mass 

spec t romete r ,  and t h e  i n e r t  gas p re s su re  t r a n s i e n t  i s  monitored and 

i n t e g r a t e d .  The mass spec t rometer  w a s  c a l i b r a t e d  by i n t r o d u c t i o n  of 

l C .  S. Morgan and G. L. Powell, "P re l imina ry  Examination of t h e  
Helium Pe rmeab i l i t y  of Pyrocarbon Coat ings ," NucZ. TechnoZ. 35: 337-39 
( 1 9 7 7 ) .  

ORNL-DWG 78-io349 

THE PYROCARBON COATING SERVES AS A 
PRESSURE VESSEL FOR FISSION GASES. 

PyC COATING 

KERNEL 
BUFFER LAYER 
-30 70 VOID VOLUME 

Fig.  1. S i s o  Fuel  Particle.  
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known amounts of gas  and w a s  shown t o  be s e n s i t i v e  t o  10 fmol He.  The 

mass spec t romete r  response  t o  hel ium from a t y p i c a l  f u e l  p a r t i c l e  a f t e r  

s a t u r a t i o n  w i t h  t h e  gas  i s  shown i n  Fig. 2. 

of t h e  mass spec t romete r  measurement system have been reported.*,  

The p r i n c i p l e s  of o p e r a t i o n  

I 10.0 

2J. B. Condon, R. A. Stre low,  and G. L. Powell, "An Ins t rument  f o r  

3 G .  L. Powell ,  F. W. Postma, C. Cook, H. Tucker,  and A. 
Measuring t h e  Hydrogen Content  of Metals," Anal. &em. 43: 

Wil l iamson,  "Mass Spec t romet r i c  Determina t ion  of Hydrogen Thermally 
Evolved from Ti tan ium,"  Anal. &em. 47: 679 (1975).  

1448 (1977). 
L. 

I I s  

ORN L-DWG 79-8053 
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Fig.  2. Helium Release Measurement f o r  a Biso Fuel  P a r t i c l e  from 
Batch  OR-2261-HT a f t e r  Annealing f o r  1 h i n  Vaccum a t  1800°C (2073 K) 
and 1 h i n  Helium a t  96 kPa and 1100°C (1373 K) .  
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A f t e r  t h e  pyrocarbon c o a t i n g  i s  broken t h e  gas is r e l e a s e d  and ana- 

l yzed  i n  about  2 S .  

F u r t h e r  r e p e t i t i v e  c rush ing  r e s u l t s  i n  release of an a d d i t i o n a l  1 t o  2% 

gas.  This  i n d i c a t e s  t h a t  t h e  bulk of t h e  gas i s  i n  connected void 

volume i n  t h e  b u f f e r  l aye r .  The a d d i t i o n a l  gas release on f u r t h e r  

c r u s h i n g  comes from small pores  i n  t h e  dense pyrocarbon c o a t i n g  and i n  

t h e  b u f f e r  l aye r .  

Only a c rack  i n  t h e  pyrocarbon c o a t i n g  i s  requi red .  

The p o s s i b i l i t y  of ve ry  permeable c o a t i n g s  must be considered.  If 

t h e  pyrocarbon c o a t i n g  i s  permeable a t  room tempera ture ,  t h e  measured 

hel ium con ten t  would be reduced and depend on e l apsed  t i m e  a f t e r  gas  

i n p u t .  To determine i f  t h i s  w a s  happening, s e v e r a l  tests were made on a 

moderately permeable pyrocarbon c o a t i n g  by vacuum pumping on coa ted  par- 

t i c l e s  f o r  t i m e  pe r iods  ranging  from ove rn igh t  t o  one week before  

b reak ing  t h e  par t ic le  i n  t h e  mass spec t romete r ;  no decrease  i n  hel ium 

c o n t e n t  w a s  noted. 

a f t e r  c o a t i n g ;  t h i s  p o s s i b i l i t y  i s  mentioned l a t e r . )  

(Some h i g h l y  permeable c o a t i n g s  w i l l  l e a k  helium 

Helium Pe rmeab i l i t y  of Batch OR-2261-HT 

Table  1 shows r e s u l t s  f o r  d i f f u s i o n  of helium i n t o  ba tch  OR-2261-HT 

f u e l  p a r t i c l e s  as a f u n c t i o n  of annea l ing  tempera ture  and hea t  t rea tment  

time. 

Table  1. Helium Content of OR-2261-HT Fuel  
P a r t i c l e s  Annealed i n  Helium a t  97.3 kPa 

Helium Content ,  pmol Number of 
P a r t i c l e s  Temperature T ime  

( " G I  ( h )  A s  Corrected" t o  Standard Tested 
Measured 20°C, 98 kPa Devia t ion  

750 
840 
970 
1100 
1200 
1800 
1800 
1800 

1 
1 
1 
1 
1 
0.5 
2 
4 

11 
66 
230 
21 1 
300 
220 
230 
220 

39 
258 
1004 
1015 
1549 
1599 
1671 
1597 

2 
19 
30 
77 
80 
38 
49 
31 

10 
11 
10 
16 
10 
6 
8 
10 

aTo g i v e  a b a s i s  f o r  comparing r e s u l t s  a t  d i f f e r e n t  t empera tu res ,  
t h e  con ten t  of t h e  same volume a t  98 kPa and 20°C was c a l c u l a t e d .  
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These r e s u l t s ,  each of which i s  t h e  average  f o r  about t e n  par t ic les ,  

show t h a t  w i t h  t h i s  f u e l  p a r t i c l e  ba tch  s u f f i c i e n t  helium has d i f f u s e d  

i n t o  t h e  par t ic les  a f t e r  1 h a t  1200°C t o  f i l l  t h e  void volume i n  t h e  

b u f f e r  layer.  The s t anda rd  d e v i a t i o n  is inc luded  i n  Table  1 t o  i n d i c a t e  

t h e  v a r i a t i o n  observed i n  f u e l  p a r t i c l e s  of t h i s  batch.  This  d e v i a t i o n  

r e s u l t s  p r i m a r i l y  from dimensional  v a r i a t i o n  i n  t h e  i n d i v i d u a l  f u e l  

par t ic les .  

Determina t ion  of Par t ic le  Void Volume 

Fue l  p a r t i c l e s  a c t i n g  as e f f e c t i v e  p re s su re  chambers must have ade- 

q u a t e  void volume i n  t h e  b u f f e r  l a y e r  t o  accommodate f i s s i o n  gases .  The 

r e q u i r e d  volume, of cour se ,  depends on t h e  q u a n t i t y  of thorium i n  t h e  

f u e l  p a r t i c l e .  

The i n t r u s i o n  of hel ium through t h e  LTI  l a y e r  of Biso f u e l  p a r t i c l e s  

can  b e  used t o  determine  the vo id  volume of the b u f f e r  l a y e r .  

of helium conta ined  i n  a f u e l  p a r t i c l e  a f f o r d s  a measure of t he  b u f f e r  

c o a t i n g  void volume, and Table  2 g ives  b u f f e r  c o a t i n g  void volumes f o r  

The q u a n t i t y  

Table  2. Fuel  Par t ic le  Volume Determined by Helium I n t r u s i o n  f o r  1 h 
a t  180OOC and 97.3 kPa (730 t o r r )  Compared wi th  Volumes Measured 

by Mercury Porosimetery and with Radiographic  Buffer  Volumes 

3 Void Volume, m 
Fuel Buffer Void 

by Mercury Volume b { (% of Pmol by He l ium P a r t i c l e  
a Radiograp Y buffer)  

(m3> 
Batch Content Std Dev Intrus ion Porosimetry 

OR-1372-HT 
OR-1 975-11T 
OR-1978-HT 
OR-1 985-11T 
OR-1 986-liT 
OR-1 987-HT 
OR-2010-HT 
OR-20 13-HT 
OR-2251-HT 

a 7  
88 
89 
77 
8 2  
7 5  

240 
9 6  

220 

11 
12  
10 
12  
14  
1 4  
17 
10 

15.4 x 
15.6 
15.8 
13.6 
14.5 
13 .3  
42.5 
17.0 
38.9 

15.9 x 10-12 
16.2 
19.4 
12.7 
14.4 
12.4 
41.4 
17.7 

71.5 x 10- 
70.5 
71.9 
73.5 
71.2 
75.3 

183.4 
85.7 

109.9 

l 2  21.5 
22.1 
22.0 
18.5 
20.4 
17.7 
23.2 
13.8 
35.4 

aUnpublished measurement by R. L. Beatty ,  ORNL. 
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s e v e r a l  p a r t i c l e s  determined i n  t h i s  manner. 

ba t ches  were f i r s t  hea t ed  a t  1800°C t o  remove any helium r e t a i n e d  from 

t h e  c o a t i n g  p r e p a r a t i o n  process .  They were then  hea t - t r ea t ed  i n  helium 

a t  97.4 kPa (730 t o r r )  a t  1800°C f o r  1 h. 

t r ea tmen t  i s  a c t u a l l y  more r igo rous  than  r equ i r ed  t o  ach ieve  p r e s s u r e  

e q u i l i b r i u m  between helium i n  t h e  void volume and t h e  sur rounding  

atmosphere. 

g iven  ba tch  w a s  s e l e c t e d  as being a s a t i s f a c t o r y  average  of t h e  helium 

con ten t .  

l a w  as fo l lows  i n  t h e  example f o r  ba tch  OR-2010-HT: 

These f u e l  p a r t i c l e  

A s  shown i n  T a b l e  1, t h i s  

The average  hel ium mass va lue  obta ined  on 15 par t ic les  of a 

The b u f f e r  void volumes are c a l c u l a t e d  by use  of t h e  i d e a l  gas 

where 240 x i s  t h e  number of moles of helium i n  t h e  p a r t i c l e  a t  

e q u i l i b r i u m  a t  a helium p r e s s u r e  of 97.3 kPa (730 t o r r )  a t  1800°C (2073 K) 

and 22.412/1000 i s  t h e  molar volume of a gas ( i n  m3) a t  101.3 kPa (760 

t o r r )  and 273 K. The void volumes ag ree  q u i t e  w e l l  wi th  va lues  d e t e r -  

mined by mercury porosimetry.  The t a b l e  a l s o  g ives  t h e  b u f f e r  volume 

determined from rad iog raph ic  measurements and t h e  percentage  of t h i s  

volume t h a t  i s  void space.  

Neon-to-Helium R a t i o  

A s t a n d a r d  procedure t h a t  would c o n s i s t e n t l y  g ive  a r ep roduc ib le  

v a l u e  f o r  pyrocarbon c o a t i n g  p e r m e a b i l i t y  based on l i g h t  i n e r t  gas 

i n t r u s i o n  w a s  needed t o  e v a l u a t e  f u e l  p a r t i c l e s .  After cons ide rab le  

expe r imen ta t ion ,  we decided t h a t  t h e  most u s e f u l  p e r m e a b i l i t y  test  

involved  de termining  t h e  amounts of hel ium and neon d i f f u s i n g  i n t o  t h e  

f u e l  p a r t i c l e  i n  1 h a t  1375°C from a n  equimolar  mixture  of neon and 

hel ium a t  a tmospher ic  p re s su re .  The c o a t i n g  i s  then  broken, and t h e  

q u a n t i t y  of each  gas  t h a t  had d i f f u s e d  i n t o  t h e  f u e l  p a r t i c l e  is d e t e r -  

mined wi th  a mass spec t rometer .  
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The r a t i o  of neon t o  hel ium i n  t h e  f u e l  p a r t i c l e  c o n s t i t u t e s  a 

measure of t h e  p e r m e a b i l i t y  of t h e  pyrocarbon coa t ing .  Under t h e s e  

c o n d i t i o n s ,  f o r  most pyrocarbon c o a t i n g s  of i n t e r e s t  f o r  HTGR 

a p p l i c a t i o n s ,  hel ium i n  t h e  porous b u f f e r  c o a t i n g  w i l l  come t o  

e q u i l i b r i u m  wi th  t h e  f u r n a c e  atmosphere. The ra te  of neon d i f f u s i o n  a t  

1375"C, however, i s  v e r y  s e n s i t i v e  t o  t h e  pyrocarbon s t r u c t u r e ,  and thus  

t h e  r a t i o  measured when t h e  dense pyrocarbon c o a t i n g  i s  broken is  a 

s e n s i t i v e  measure of t h e  pyrocarbon c o a t i n g  pe rmeab i l i t y .  Simultaneous 

u s e  of two gases  avo ids  t h e  u n c e r t a i n t y  about  whether t h e  pyrocarbon 

c o a t i n g  i s  v e r y  permeable or ve ry  impermeable when t h e  p a r t i c l e  c o n t a i n s  

o n l y  a small amount of gas  a f t e r  h e a t  t r ea tmen t  i n  a gas  atmosphere. 

T h i s  problem arises because i f  t h e  pyrocarbon c o a t i n g s  are too  permeable 

some of t h e  i n t r u d e d  gas  could  d i f f u s e  out  of t h e  tes t  p a r t i c l e  be fo re  

i t  is t e s t e d  i n  t h e  mass spec t rometer .  The use  of a r a t i o  of two gases  

a l s o  p a r t i a l l y  erases p e r m e a b i l i t y  d i s t o r t i o n  by p a r t i c l e  geometry d i f -  

f e r e n c e s .  This  problem is  d i scussed  la ter  i n  t h i s  r e p o r t .  

The neon-to-helium r a t i o  of a s e l e c t e d  group of f u e l  p a r t i c l e  

b a t c h e s  i s  g iven  i n  Table  3 a long  w i t h  d e p o s i t i o n  c o n d i t i o n s .  A s  i n d i -  

c a t e d  i n  t h e  t a b l e ,  f u e l  p a r t i c l e  ba tches  have a wide range of per-  

m e a b i l i t i e s  depending on p r e p a r a t i o n  techniques  used t o  make t h e  L T I  

l a y e r .  

Normalized Neon-to-Helium R a t i o  

The neon-to-helium r a t i o s  determined on Biso f u e l  p a r t i c l e s  t h a t  

have roughly  t h e  same diameter  and void volume r e p r e s e n t  a s a t i s f a c t o r y  

measure of t h e  r e l a t i v e  p e r m e a b i l i t y  of t h e  pyrocarbon coa t ing .  

T y p i c a l l y ,  t h e  as-measured r a t i o  i s  used t o  compare t h e  p e r m e a b i l i t i e s  

of  d i f f e r e n t  ba tches  of p a r t i c l e s  w i th  similar dimensions. However, 

where t h e r e  is a l a r g e  d i f f e r e n c e  i n  t h e  r a t i o  of p a r t i c l e  s u r f a c e  area 

t o  b u f f e r  vo id  volume t h e  neon-to-helium r a t i o s  can be s i g n i f i c a n t l y  

d i s t o r t e d .  This  r e s u l t s  from t h e  f a c t  t h a t  du r ing  t h e  h e a t  t r ea tmen t  i n  

t h e  neon-helium atmosphere,  t h e  void volume u s u a l l y  f i l l s  w i th  hel ium 

r e g a r d l e s s  of t h e  geometry, whereas f o r  a g iven  i n s t r i n s i c  p e r m e a b i l i t y  

t h e  e x t e n t  of neon f i l l i n g  w i l l  be p r o p o r t i o n a l  t o  t h e  r a t i o  of s u r f a c e  
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Table 3. Deposi t ion Condit ions and Neon-to-Helium R a t i o s  
f o r  S e l e c t e d  HTGR Fuel P a r t i c l e  Batches 

Deposi t ion Condit ions Gas Q u a n i t i t y  
F u e l  and Standard 

N e  
He 
- Coating Rate Deviat  i o n b  

(pm/s) (ym/min) Helium N e  on 
Hydrocarbon@ 

pa e Temp era t u r  e 
("C) 

Batch  

OR-1 978-HT 

0 R-2 2 6 1 -HT 

0 R- 2 2 6 2 -HT 

OR-2 2 63 -HT 

OR-2 2 6 9-HT 

OR-2 274-HT 

OR-1967-HT 

OR-1 979-HT 

0 R-2 0 1 3 -HT 

A-758 

A-7 62 

A-770 

1245 

1375 

1275 

1325 

1325 

1325 

1300 

1315 

1325 

1350 

1225 

1225 

50% Propylene 

50% MAPP 

50% MAPP 

25% MAPP 

50% MAPP 

100% MAPP 

50% Propylene 

50% Propylene 

33% Propylene 

33% Mixed 

33% Mixed 

33% Propylene 

13 

123 

108 

60 

208 

467 

87 

198 

185 

82 

55 

22 

0.8 

7.4 

6.5 

3.6 

12.5 

28.0 

5.2 

11.9 

11.1 

4.9 

3.3 

1.3 

66 +- 3 

163 2 39 

166 2 38 

151 2 17 

181 t 32 

203 +- 31 

62 2 11 

60 2 6.5 

67 t 6.7 

62 2 7 

45 t 9 

55 t 12 

2 t 0.3 

38 2 4 

33 t 4 

19 2 3 

74 t 10 

102 + 16 

6.6 t 4 

10.5 t 1.1 

8.5 2 1.3 

30 2 5 

16 2 2 

8 + 1  

0.03 

0.23 

0.20 

0.13 

0.40 

0.50 

0.11 

0.19 

0.14 

0.48 

0.36 

0.15 

aLnert d i l u e n t  (He or Ar) except  where i n d i c a t e d .  
bHelium and neon uptake from equimolar N e  + He a t  1375°C and ambient atmospheric 

p r e s s u r e  f o r  1 h. 
'Diluent C02. 
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area to void volume. Thus, even though the pyrocarbon coating of two 

fuel particle batches might have the same intrinsic permeability charac- 

teristics, the neon-to-helium ratio would be higher for the batch that 

has the larger surface area and smaller buffer void volume. 

Several procedures can be used to adjust permeability for particle 

geometry. One method for permeability correction developed by 

Eatherly4 uses a one-dimensional model of a coated particle. 

Experimentally, gas flows from an infinite volume through a barrier of 

admittance F,  area A, and thickness L into a finite void volume v o .  

Then the number of moles N in the void at any time t will be: 

where N, is the number of moles of gas within the particle void volume 

at equilibrium (infinite time). Neon-to-helium ratios are normally used 

as mole ratios 

If the infinite reservior contains equal numbers of moles (partial 

pressures) of neon and helium, then in equilibrium 

and the time-dependent ratio f becomes 

4C. S. Morgan, G. L. Powell, W. P. Eatherly, M. Keeves, and J. S. 
Tolliver, "Permeability Determinations Using Inert-Gas Intrusion," 
HTGR Base-Technology Program Annu. Frog. Rep. Dec 31, 1977, ORNL-5412, 
pp. 32-48. 
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Exper imenta l ly  w e  can select a v a l u e  f o r  t, say  T ,  such  t h a t  

where O ( 1 )  symbolizes  a number of o rde r  un i ty .  

term can  b e  e l imina ted  because  t h e  much more r a p i d  permeat ion by he l ium 

causes  i t  t o  become small while  t h e  term r e f l e c t i n g  Neon permeat ion is 

s t i l l  s i g n i f i c a n t .  The h e a t  t rea tment  c o n d i t i o n s ,  1 h a t  1375"C, were 

s e l e c t e d  t o  t a k e  advantage of t h i s  d i f f u s i o n  ra te  behavior .  Then 

The exp(-F AT/Ltro)  H e  

which permi ts  a unique de te rmina t ion  f o r  t h e  neon admi t tance  F N ~ .  

r e s u l t  i s  

The 

Equat ion  ( 9 )  must be cons idered  wi th  some care: f i s  an  expe r imen ta l ly  

determined number, a r a t i o  of gas  e n t r y  i n t o  t h e  p a r t i c l e .  It c l e a r l y  

must depend on t h e  t i m e  a t  which t h e  measurement i s  made, t h e  volume V o  

i n t o  which t h e  gas  i s  f lowing,  and t h e  area A and th i ckness  L of t h e  

b a r r i e r  i n t e r f a c e  through which t h e  gas  must flow. Hence, t h e  r i g h t  

hand s i d e  of t h e  equa t ion  " c o r r e c t s "  t h e  expe r imen ta l ly  determined quan- 

t i t y  f t o  a t r u e  material c o n s t a n t  F. 

m / s )  i s  t h e  amount of gas  f lowing through a 1-m cube of material i n  1 s .  

Values of F are of t h e  o rde r  of 11)113 m 2 / s  a t  1375°C. 

The admi t tance  F ( i n  u n i t s  of 
2 
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Another method of determining an  i n t r i n s i c  measure of permeation w a s  

developed by T o l i v e r  and Reeves of t h e  ORNL Computer Sc iences  

D i ~ i s i o n . ~  

s p h e r i c a l  s h e l l  has  been eva lua ted  by a combined a n a l y t i c a l  and numeri- 

c a l  approach. The d i f f u s i o n  equa t ion  f o r  gas i n t o  a s p h e r i c a l  s h e l l  of 

f i n i t e  volume w a s  so lved  by a Laplace t ransform technique.  This  tech-  

n ique  has  been a p p l i e d  i n  de te rmining  d i f f u s i o n  c o e f f i c i e n t s  f o r  helium 

i n  t h e  pyrocarbon c o a t i n g  of f u e l  par t ic les  and t h e  r e s u l t s  are inc luded  

under  “ C h a r a c t e r i s t i c s  of I n e r t  Gas I n t r u s i o n . “  

I n  t h i s  a n a l y s i s  t h e  d i f f u s i o n  of gas  atoms through a 

The two methods d i scussed  are procedures  f o r  de te rmining  i n t r i n s i c  

measures f o r  movement of gases  through pyrocarbon c o a t i n g s  of i n t e r e s t  

f o r  use i n  HTGR f u e l .  However, t h e  measures obta ined  from d i f f e r e n t  

f u e l  p a r t i c l e  ba tches  are n o t  as e a s i l y  c a l c u l a t e d  o r  as conven ien t ly  

compared as are t h e  s imple r  neon-to-helium r a t i o s .  For t h e s e  reasons  a 

method w a s  needed t o  a d j u s t  t h e  r a t i o s  t o  e l i m i n a t e  d i s t o r t i o n  by f u e l  

p a r t i c l e  dimensional  v a r i a t i o n s ,  and a procedure f o r  normal iz ing  neon- 

to-helium r a t i o s  w a s  developed. For a given i n t r i n s i c  c o a t i n g  per- 

m e a b i l i t y ,  t h e  neon-to-helium r a t i o  i n c r e a s e s  wi th  i n c r e a s i n g  p a r t i c l e  

s u r f a c e  area and dec reases  wi th  i n c r e a s i n g  void volume i n  t h e  b u f f e r  

l ayer .  To make t h e  neon-to-helium r a t i o  comparable from f u e l  par t ic le  

ba tches  of d i f f e r e n t  geometry we use no rma l i za t ion  f a c t o r s  p r o p o r t i o n a l  

t o  t h e  b u f f e r  void volume and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  pa r t i c l e  

s u r f a c e  area. The p e r m e a b i l i t y  so a d j u s t e d  i s  s t i l l  not  a p r o p e r t y  of 

t h e  depos i t ed  c o a t i n g  material t h a t  can be compared wi th  o t h e r  proper- 

t ies  of t h e  material, so  a t h i r d  no rma l i za t ion  f a c t o r  p r o p o r t i o n a l  t o  

t h e  c o a t i n g  t h i c k n e s s  i s  included.  

5M. Reeves and J. S. To l ive r  Transient Dif fusion Through a Spherical 
Shell i n t o  I t s  Fini te  Spherical Core, ORNL/CSD/TM-60 (March 1979) .  
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Our normalization procedure is based on a "normal" particle having 

the following parameters: 

1. particle diameter 814 pm, 
2 .  pyrocarbon thickness 75 pm, and 

3.  void volume corresponding to 90 pmol He in equilibrium with 50.7 kPa 

(0.50 atm) He at 1375°C. 

Since surface area is proportional to diameter squared and void volume 

to helium intrusion, the normalization equation is 

x -  L 8142 V 
X T X -  

- Ne Ne 
He He 

- -  - 
75 90 , N o m  EXP 

where 

L = pyrocarbon coating thickness, vm; 

D = particle diameter, p~; and 

V = helium content of particle, pmol. 

This equation reduces to: 

Ne LV = 98.2 - Ne 
He He 7 * 

- 

Norm EXP 

Normalized and experimental values of neon-helium permeabilities of 
several fuel particle batches are shown in Table 4. The average diame- 

ters and LTI coating thicknesses of the particles included in the table 

are determined by x-ray microradiography. A s  can be seen in the table, 

the normalized neon-to-helium ratios do n o t  differ significantly from 

the as-measured ratios for some of the fuel particle batches, and this 

is true for most fuel particle batches evaluated to date. For batches 

with unusual dimensions, as in the case of OR-1840-HTY where the neon- 

to-helium ratio changes from an experimental value of 0.49 to a nor- 

malized value of 0.22,  this adjustment can be important in comparing the 

permeability of different coatings. 
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Table  4. Comparison of N e / H e  R a t i o s  w i t h  Normalized N e / H e  Values 
f o r  S e v e r a l  HTGR Biso Fuel  P a r t i c l e  Batches 

Pyrocarbon N e / H e  Ra t io  Fue l  

0 
BAF Helium Diameter Coat ing 

Normalized Par t ic le  As 
Me as u r  e d Batch' ( pmol) (p m) Thickness  

(urn> 

OR-2261-HT 

OR-1 840-HT 

OR-1 837-HT 

OR-2 7 22-HT 

A-339 

A-358 

A-382 

A-391 

118 792 

28.0 552 

6.9 45 2 

81.4 766 

56.6 827 

84.0 800 

66.1 786 

83.1 748 

88.9 

50.1 

24.4 

82 

86 

93 

91 

89 

0.23 

0.49 

0.59 

0.29 

0.35 

0.38 

0.30 

0.34 

0.38 

0.22 

0.05 

0.32 

0.24 1.047 

0.45 1.036 

0.29 1.057 

0.44 1.048 

CbR-samples made i n  75-mm c o a t e r ;  A-samples made i n  0.13-m c o a t e r  
w i t h  cone d i s t r i b u t o r .  

I n f l u e n c e  of Depos i t ion  Parameters  'on Noble Gas D i f f u s i o n  

The p e r m e a b i l i t y  of pyrocarbon c o a t i n g s  as i n d i c a t e d  by t h e  measured 

neon-to-helium r a t i o  has  been found t o  vary  from 0.03 t o  g r e a t e r  t han  1 

depending on d e p o s i t i o n  c o n d i t i o n s  f o r  t h e  pyrocarbon. (Neon-to-helium 

r a t i o s  g r e a t e r  t han  1 i n d i c a t e  t h a t  t h e  pyrocarbon c o a t i n g  i s  su f -  

f i c i e n t l y  permeable f o r  some of t h e  hel ium t o  d i f f u s e  out  a t  room t e m -  

p e r a t u r e  b e f o r e  t h e  c o a t i n g  i s  cracked i n  t h e  mass spec t romete r . )  The 

p e r m e a b i l i t y  depends i n  p a r t ,  of cour se ,  on c o a t i n g  t h i c k n e s s ,  but  t h e  

prime de terminant  i s  t h e  s t a t u s  of t h e  pyrocarbon s t r u c t u r e .  Apparent ly  

i f  t h e  pyrocarbon had a p e r f e c t  g r a p h i t e  s t r u c t u r e ,  t h e  neon-to-helium 

r a t i o  would be z e r o  o r  ve ry  small. The p e r m e a b i l i t y  i n c r e a s e s  wi th  
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i n c r e a s i n g  d i s o r d e r  i n  t h e  pyrocarbon and d e p a r t u r e  from a n  i d e a l  

g r a p h i t e  l a t t i ce .  The pyrocarbon s t r u c t u r e  and hence i t s  pe rmeab i l i t y  

depend s t r o n g l y  on d e p o s i t i o n  cond i t ions .  The s t r u c t u r e  depends on t h e  

hydrocarbon gas  used,  d i l u e n t  gas concen t r a t ion ,  t empera ture ,  and depo- 

s i t i o n  rate. Of t h e s e  v a r i a b l e s ,  t he  d e p o s i t i o n  rate of t h e  pyrocarbon 

on t h e  f u e l  p a r t i c l e s  appears  t o  e x e r t  a dominating in f luence .  The s i z e  

of t h e  c o a t i n g  fu rnace  a l s o  may be an  impor tan t  f a c t o r  as i t  i n f l u e n c e s  

pyrocarbon d e p o s i t i o n  cond i t ions .  F igure  3 shows t h e  neon-to-helium 

r a t i o  as a f u n c t i o n  of d e p o s i t i o n  r a t e  f o r  sets of f u e l  p a r t i c l e s  made 

i n  t h e  76-mm-diam, and 0.13-m c o a t e r s .  Each set  of f u e l  par t ic les  shows 

a f a i r l y  uniform i n c r e a s e  of p e r m e a b i l i t y  wi th  i n c r e a s i n g  d e p o s i t i o n  

ra te ,  a l though  t h e  neon-helium va lues  cover  a l a r g e r  range f o r  par t ic les  

coa ted  i n  t h e  l a r g e r  coa te r .  The set  of p a r t i c l e s  coa ted  i n  t h e  0.13-m 

c o a t e r  were p a r t  of a s tudy6 of c o a t i n g  p e r m e a b i l i t y  a s  a f u n c t i o n  of 

s e v e r a l  v a r i a b l e s  i n c l u d i n g  tempera ture ,  hydrocarbon gas ,  d i l u e n t  (a rgon ,  

hel ium, o r  hydrogen) ,  and pe rcen t  d i l u e n t .  The dependence of t he  neon- 

to-helium r a t i o  on o t h e r  v a r i a b l e s  was less clear than  on d e p o s i t i o n  

rates. The neon-to-helium r a t i o  dec reases  wi th  i n c r e a s i n g  pyrocarbon 

c o a t i n g  d e n s i t y  bu t  t y p i c a l l y  shows more scatter than  when p l o t t e d  

a g a i n s t  d e p o s i t i o n  rate. The neon-to-helium r a t i o  f o r  s e v e r a l  c o a t i n g s  

i s  shown as a f u n c t i o n  of d e n s i t y  i n  Fig.  4 .  

Permeab i l i t y  of Pyrocarbon Coat ings f o r  Argon and Krypton 

The p e r m e a b i l i t y  of t h e  pyrocarbon f o r  i n e r t  gases  dec reases  r a p i d l y  

w i t h  i n c r e a s i n g  atomic number. 

t h i s  f a c t  i n  f u r n i s h i n g  a measure of p e r m e a b i l i t y  wi th  va lues  as l o w  as 

0.03. Table  3 shows neon and helium c o n t e n t s  a f t e r  hea t  t rea tment  i n  

The neon-to-helium r a t i o  makes use  of 

D.  P .  S t i n t o n ,  W. J. Lackey, and B. A. T h i e l e ,  Influence of Process 6 

Variables on Permeability and Anisotropy of Biso-Coated HTGR Fuel 
Particles, ORNL/TM-6087 (November 1977) . 



16 

(0
 

L
"
z
 

.- 5 t t 8 
@

J
W

 

a
 

-
a
 

E 
\
 

e
-
 

W
 

[L
 

r
o

w
 

z w tK 
W

 
>

 

0
 



17 

ORNL-DWG 79-8055 

. 0.7 

0.6 

0.5 

0 
F 0.4 a 
U 

I 

z 

al 

$ 0.3 

0.2 

0.1 

0 

0 

0 

e 

0 
0 

0 

0 

0 0 

0 
0 0 

e 0 .  

0 

0 

0 

0 

0 0  

0 

0 
0 

1.5 1.6 1.7 1.9 2.0 

CORRECTED GRADIENT DENSITY OF PYROCARBON (Mg/m') 

Fig .  4 .  Neon-to-Helium R a t i o  vs Dens i ty  f o r  P a r t i c l e s  Coated in t h e  
0.13-m Coater  f o r  I r r a d i a t i o n  Experiment HT-34. 

equimolar  hel ium and neon a t  a tmospher ic  p r e s s u r e .  

f e r e n c e  i n  v a l u e s  does  n o t  t r u l y  ref lect  the d i f f e r e n c e  i n  p e r m e a b i l i t y  

f o r  t h e  two gases .  The hel ium va lues  are reduced by s a t u r a t i o n  e f f e c t s  

wh i l e  t h e  q u a n t i t y  of neon d i f f u s i n g  i n t o  the void  volume is l i t t l e  

a f f e c t e d  by s a t u r a t i o n  except  f o r  t h e  most permeable p a r t i c l e s .  

Note t h a t  . the  d i f -  

While neon-helium va lues  re f lec t  reduced p e r m e a b i l i t y  f o r  neon com- 

pared  wi th  hel ium, t h e  p e r m e a b i l i t y  f o r  argon gas undergoes a f u r t h e r  

s h a r p  reduct ion .  Argon d i f f u s i o n  through pyrocarbon c o a t i n g s  i s  s o  slow 

a t  1375"C, which i s  t y p i c a l l y  used t o  determine neon-to-helium r a t i o s ,  
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t h a t  i t  i s  n o t  pract ical  t o  use t h i s  gas f o r  most pyrocarbon c o a t i n g s  of 

i n t e r e s t .  Data a v a i l a b l e  i n d i c a t e  t h a t  argon d i f f u s i o n  becomes appre-  

c i a b l e  a t  1800°C on ly  i n  t h e  more permeable coa t ings .  This is i n d i c a t e d  

i n  Table  5, where d a t a  f o r  fou r  ba tches  of f u e l  particles are given. 

The p a r t i c l e s  were evacuated a t  1800°C f o r  1 h and then  h e a t - t r e a t e d  a t  

1800°C i n  a rgon  a t  a tmospher ic  p re s su re .  Argon used i n  p a r t i c l e  pre- 

p a r a t i o n  remained i n  t h e  f u e l  p a r t i c l e s  dur ing  t h e  vacuum h e a t  treat-  

ment, and t h e  amount inc reased  s i g n i f i c a n t l y  dur ing  subsequent  hea t  

t r ea tmen t  i n  an a rgon  atmosphere only  i n  t h e  case  of t h e  two more per- 

meable par t ic le  batches.  

Table  5. Argon Permeation of Pyrocarbon Coatings 

Argon Content and Standard  

N e  / H e  
R a t i o  

Fuel  Devia t ion ,  pmol 
P a r t i c l e  

Batch After at 1800"c A f t e r  1 h a t  1800°C 
i n  Vacuum i n  Vacuum, Then i n  Ar 

OR-2261-HT 99 i 23 101 t 21 
~~ 

0.23 

OR-2264-HT 162 i 33 151 k 23 0.13 

OR-2265-HT 28 f. 10 38 2 10 0.32 

OR-2274-HT 25 2 9 51 t 8 0.50 

The p e r m e a b i l i t y  of pyrocarbon c o a t i n g s  f o r  krypton is so low as t o  

be unmeasurable w i t h  our equipment under temperature-time c o n d i t i o n s  

t h a t  do n o t  a l t e r  t h e  s t r u c t u r e  of t h e  pyrocarbon coa t ings .  Krypton 

permeat ion tes ts  were made on f u e l  par t ic les  he ld  i n  a krypton 

atmosphere a t  1700°C and 2300°C. A t  1700°C a hea t  t r ea tmen t  t i m e  of 40 h 

w a s  necessa ry  f o r  s u f f i c i e n t  krypton  d i f f u s i o n  t o  occur t o  a l low depen- 

d a b l e  measurements in t h e  mass spec t rometer .  The krypton i n t r u s i o n  d a t a  

i n  1 h a t  2300°C and i n  40 h a t  1700°C are given i n  Table  6. 

t on  va lues  were determined from mass 84,  and mass r a t i o s  observed v e r i f y  

t h a t  t h e  masses being measured were krypton;  however, i n  t h e  cases where 

The kryp- 
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Table  6. Krypton Di f fus ion  Through Pyrocarbon Coat ings 
on HTGR Fuel  P a r t i c l e s  and Comparison 

w i t h  N e / H e  R a t i o s  

Fue l  I n t r u s i o n  Condi t ions  Measured 
a N e / H e  K r  Content 

Ra t io  (pmol) 
Temperature T ime  

("C) (h )  
Batch 

OR-2 26 1 -HT 

OR-2263-HT 

OR-2269-HT 

OR-2274-HT 

OR-2261-HT 

OR-2263-HT 

OR-2269-HT 

OR-2274-HT 

1700 

1700 

1700 

1700 

2300 

2300 

2300 

2300 

40 

40 

40 

40 

1 

1 

1 

1 

1.6 (0.4) 

0.3 (0.2) 

10.2 (3.4) 

18.6 (8.4)  

1.4 (0.5) 

0.3 (0.1) 

8.6 (2.1) 

16.4 ( 1 1 . 7 )  

0.23 

0.13 

0.40 

0.50 

0.23 

0.13 

0.40 

0.50 

%umbers i n  parentheses  are s t anda rd  d e v i a t i o n s .  

k ryp ton  q u a n t i t i e s  are s m a l l ,  t h a t  i s ,  about  0.3 pmol, a s i g n i f i c a n t  

p a r t  of t h e  measured krypton  could have been from o rgan ic  i m p u r i t i e s  

having  t h e  same mass. Krypton i n t r u s i o n  va lues  are shown i n  Fig.  5 as a 

f u n c t i o n  of t h e  neon-to-helium r a t i o s  f o r  s e v e r a l  pyrocarbon coa t ings .  

The krypton  permeat ion i n  40 h a t  1700°C i s  almost  t h e  same as t h a t  a t  

2300°C f o r  1 h. An i n t e r e s t i n g  p a r t  of t h i s  f i g u r e  i s  t h e  ex t remely  

small  amount of krypton  d i f f u s i o n  i n  t h e  f u e l  p a r t i c l e  ba tches  wi th  neon- 

to-helium r a t i o s  below 0.3. The low d i f f u s i o n  ra te  of krypton  a t  1700°C 

s u g g e s t s  t h a t  t h e  d i f f u s i o n  of krypton  and xenon through pyrocarbon 

c o a t i n g s  wi th  neon-to-helium r a t i o s  less than  about  0.3 w i l l  be ve ry  low 

i f  n o t  comple te ly  n e g l i g i b l e  a t  HTGR tempera tures .  

C h a r a c t e r i s t i c s  of I n e r t  G a s  I n t r u s i o n  

Neon-to-helium r a t i o s  have been determined on hundreds of f u e l  par-  

t i c l e  ba tches  du r ing  t h e  cour se  of t h i s  work, but  a d e t a i l e d  examinat ion 

of i n e r t  gas  i n t r u s i o n  invo lv ing  permeat ion i so therms has  been made only  

on one p a r t i c l e  ba t ch ,  OR-2261-HT, wi th  less complete measurements 
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Fig.  5. Krypton I n t r u s i o n  as a Funct ion of N e / H e  R a t i o  f o r  Various 
Pyrocarbon Coat ings.  

c a r r i e d  o u t  on s i x  a d d i t i o n a l  f u e l  p a r t i c l e  b a t c h e s .  Powell  (Y-12 

Development Div i s ion )  used i n t r u s i o n  i so the rms  measured a t  several 

tempera tures  t o  de te rmine  v a l u e s  of t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  

gas  and t h e  a c t i v a t i o n  e n e r g i e s  f o r  t h e  p rocess .  The d a t a  of each  

permeat ion i so the rm w e r e  f i t  t o  t h e  e q u a t i o n  

7G. L. P o w e l l ,  Helium Permeability of Biso High-Temperature Gas- 
Cooled Reactor (HTGR) Fuel Part ic les ,  Y/DA-8035 (Sept .  2 2 ,  1978). 
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where 

n = moles of gas  permeat ing,  

nm = moles of gas  i n  f u e l  p a r t i c l e  a t  equ i l ib r ium,  

k = f i r s t - o r d e r  ra te  cons t an t  f o r  f i l l i n g  t h e  p a r t i c l e  f ree  void 
volume , 

t = t i m e ,  and 

t ,  = t i m e  t o  ach ieve  s t e a d y - s t a t e  d i f f u s i o n  a c r o s s  t h e  pyrocarbon 
c o a t i n g  . 

The time t o  r each  s t e a d y  d i f f f u s i o n  a c r o s s  t h e  pyrocarbon c o a t i n g ,  t,, 
p r i m a r i l y  c o n s i s t s  of t h e  t i m e  r equ i r ed  t o  f i l l  t h e  p o r o s i t y  of t h e  

coa t ing .  

i nc luded  i n  t h e  Appendix. It is  based on t h e  assumption t h a t  per- 

meat ion occur s  through a p lane  s u r f a c e  of area e q u i v a l e n t  t o  t h e  area 

of t h e  pyrocarbon s h e l l  c a l c u l a t e d  from t h e  gemoetr ic  mean r a d i u s  of 

t h e  pyrocarbon s h e l l .  

Powel l ' s  a n a l y s i s  l e a d i n g  t o  t h e  d i f f u s i o n  equa t ions  is 

The mathematical  procedure developed by Reeves and T o l l i v e r 8  f o r  

hand l ing  t h e  problem of d i f f u s i o n  through a s p h e r i c a l  s h e l l  i n t o  a 

f i n i t e  volume can be used t o  determine d i f f u s i o n  c o e f f i c i e n t s .  

T o l l i v e r  had a p p l i e d  t h i s  s o l u t i o n  t o  permeation d a t a  us ing  a computer 

program t h a t ,  i n  e f f e c t ,  de te rmines  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D, which 

f i t s  t h e  gas  uptake  i n d i c a t e d  by t h e  exper imenta l  i ~ o t h e r m . ~  

parameters  are de r ived  by use of t h e  va lue  of D. 

Other  

The s tudy  of f u e l  p a r t i c l e  ba tch  OR-2261-HT provided d a t a  f o r  

hel ium permeation t o  apply  t h i s  method a t  s e v e r a l  temperatures .  The 

d i f f u s i v i t e s ,  shown i n  F igure  6 ,  are desc r ibed  w e l l  by t h e  Arrhenius.  

r e l a t i o n  except  a t  ve ry  h igh  o r  very  low tempera tures ,  where the  

exper imenta l  measurement i s  n o t  dependable.  Measurements r equ i r ed  t o  

o b t a i n  t h e  graph i n  Fig.  6 were ve ry  time consuming, r e q u i r i n g  s e v e r a l  

8M. Reeves and J. S. T o l i v e r ,  Transient Diffusion Through a 

9J. S .  T o l l i v e r  , Numerical Determination of Inert  Gas Permeability 

@herical %el 1 i n t o  I t s  Finite Spherical Core, ORNL/CSD/TM-60 (March 
1979). 

Parameters of High-Temperature Gas-Cooled Reactor (HTGR) Fuel 
Part ic les ,  ORNL/CSD/TM-78 ( i n  p r e s s ) .  
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Fig. 6. P l o t  of Log D v s  l / T  Demonstrating F i t  of t h e  Arrhenius  
R e l a t i o n s h i p  f o r  D i f f u s i v i t i e s  (D) of Helium i n  Fuel Par t ic le  Batch OR- 
2261-HT. Crossed p o i n t s  were n o t  used i n  t h e  f i t .  

weeks t o  complete  a t  some tempera tures .  This  makes t h i s  procedure 

i m p r a c t i c a l  f o r  comparing the p e r m e a b i l i t i e s  of a l a r g e  number of HTGR 

f u e l  p a r t i c l e  ba tches .  

Helium d i f f u s i o n  c h a r a c t e r i z a t i o n  va lues  determined by both methods 

of a n a l y s i s  are g iven  i n  Table  7. 

a l l o w  a range of v a l u e s  depending on t h e  e x a c t  n a t u r e  of t h e  f i t  t o  

i s o t h e r m  curves .  

between t h e  two methods f o r  de t e rmina t ion  of a c t i v i a t i o n  e n e r g i e s  f o r  

t h e  pyrocarbon c o a t i n g s  on each  ba tch  of f u e l  p a r t i c l e s  except  0R-2269- 

BT and J-606, and i n  t h e s e  cases t h e  d i f f e r e n c e s  are n o t  l a r g e .  For Do 
t h e  d i f f e r e n c e s  are g r e a t e r ,  bu t  a l l  except  J-606 are t h e  same o rde r  of 

magnitude. For c o a t i n g  5-606 d i f f u s i o n  c o e f f i c i e n t s  were determined a t  

o n l y  t h r e e  t empera tu res ,  making i t  more d i f f i c u l t  t o  o b t a i n  p r e c i s e  

v a l u e s  of Do and Q .  

Both methods can be manipulated t o  

Analyses  r e p o r t e d  i n  Table  7 show good agreement 



Table  7 .  C h a r a c t e r i s t i c s  of Helium Dif fus ion  i n  Pyrocarbon Coat ings,  as Determined 
by t h e  Analys is  Methods of Powell and T o l l i v e r  

OR-2261-HT 

OR-2261-HT 
OR-2 2 6 3 -HT 

OR-2269-HT 
5-5 96 

5-598 
5-605 

5-606 

C 
0.20 0.36 1.0 

0.5 

0.13 0.24 0.3 

0.41 0.90 3.5 
0.05 0.04 0.38 

0.64 0.55 1.3 
0.31 0.23 2.4 

0.22 0.16 0.13 

0.66 

1.0 

1.3 

0.19 

0.10 

2.1 
10.0 

2.2 

~ ~~~ 

116(27.6) 111.7(26.7) 4.6 

116(27.6) 124.5(29.7) 9.7 

lOg(26.1) 120.4(28.8) 4.3 

llO(26.3) 81.4(19.5) 2.6 

120(28.7) 109.1(26.0) 1.0 

104(24.8) 104.8(25.0) 2.1 
122(29.2) 129.6(31.0) 3.5 

105(25.1) 130.2(31.1) 4.7 

4.3 

7.4 
3.9 

1.5 

1.4 

1.6 w 

1.6 

h3 

a. 7 
~~~ ~- a 

h h e s e  va lues  r ep resen t  the  pe rcen t  void volume i n  t h e  pyrocarbon coa t ings .  
%ea t - t r ea t ed  48 h a t  20OO0C. 

The symbols a r e  def ined by t h e  equat ion  D = Do exp(-Q/RT). 
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A c t i v a t i o n  Energy Cons idera t ions  

A c t i v a t i o n  e n e r g i e s  f o r  helium d i f f u s i o n  shown i n  Table  7 f o r  s e v e r a l  

f u e l  p a r t i c l e  ba tches  do n o t  va ry  s i g n i f i c a n t l y ,  even though the  per -  

m e a b i l i t y  of t h e  pyrocarbon c o a t i n g s  v a r i e s  e x t e n s i v e l y ,  as i n d i c a t e d  by 

neon-to-helium r a t i o s .  The absence of a c o r r e l a t i o n  between a c t i v a t i o n  

energy  and pe rmeab i i ty  sugges t s  t h a t  t h e  a c t u a l  gas movement through 

d i f f e r e n t  pyrocarbon c o a t i n g s  i s  through similar geometric spaces  o r  

passages  i n  t h e  coa t ing .  V a r i a t i o n  i n  pe rmeab i l i t y  depends on t h e  

number of passages  a v a i l a b l e  f o r  t h e  gas.  The na tu re  of t h e  gas pas- 

s ages  a p p a r e n t l y  changes f o r  a l l  c o a t i n g s  s i m i l a r l y  w i t h  t empera ture ,  s o  

t h a t  t h e  change of gas  f low wi th  temperature  ( i n d i c a t e d  by the  ac t i -  

v a t i o n  energy)  i s  s imilar  r e g a r d l e s s  of t h e  a c t u a l  gas p e r m e a b i l i t y  o r  

d i f f u s i o n  va lue  f o r  t h e  coa t ing .  

S u f f i c i e n t  i n e r t  gas i n t r u s i o n  measurements have been made on f u e l  

pa r t i c l e  ba tch  OR-2261-HT t o  c a l c u l a t e  a c t i v a t i o n  e n e r g i e s  f o r  neon and 

argon as w e l l  as helium. lo The a c t i v a t i o n  e n e r g i e s  are 

hel ium, 116 kJ/mol (27.6 kca l /mol) ;  

neon, 176 kJ/mol (42 kca l /mol ) ;  

a rgon ,  268 kJ/mol (64 kca l /mol) .  

The krypton  i n t r u s i o n  d a t a  i n  Table  6 could  be used t o  determine an act i -  

va t ion  energy;  however, t he  high tempera tures  r equ i r ed  f o r  measurable 

krypton  permeat ion dec rease  t h e  p e r m e a b i l i t y  of t he  c o a t i n g ,  par -  

t i c u l a r l y  a t  2 3 O O 0 C ,  so any  c a l c u l a t e d  a c t i v a t i o n  energy would be 

meaningless .  

A c t i v a t i o n  e n e r g i e s  i n  t h e  range from 113 t o  268 kJ/mol (27-64 

kca l /mol )  are ve ry  h igh  compared with a c t i v a t i o n  e n e r g i e s  f o r  p rocesses  

t h a t  r e f l e c t  changes i n  t h e  v e l o c i t y  of gas  atoms. Therefore ,  t h e  act i -  

v a t i o n  e n e r g i e s  f o r  hel ium, neon, and argon permeation sugges t  t h a t  t h e  

OG. L. Powell, Inert  Gas Permeabit it y of  High-Temperature Gas- 
Cooled Reactor (HTGR) Coated Fuel Particles from Batch OR-2261-HT, YIDA- 
7885 (May 25, 1978). 
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tempera ture  v a r i a t i o n  of t h e  movement of t he  gas atoms through t h e  pyro- 

carbon c o a t i n g s  i s  p r i m a r i l y  c o n t r o l l e d  by change of spac ing  i n  t h e  per- 

meation passages r a t h e r  than by the  v e l o c i t y  of motion of t he  gas atoms. 

The a c t i v a t i o n  e n e r g i e s  thus  appear  t o  depend on thermal ly  a c t i v a t e d  

s t r u c t u r a l  changes i n  t h e  pyrocarbon coa t ings .  

The a c t i v i a t i o n  e n e r g i e s  f o r  helium, neon, and argon permeation o r  

d i f f u s i o n  through t h e  dense pyrocarbon coa t ings  of OR-2261-HT a r e  

p l o t t e d  a g a i n s t  a tomic number i n  Fig. 7. The s t r a i g h t  l i n e  obta ined  is 

e x t r a p o l a t e d  t o  show a n t i c i p a t e d  va lues  f o r  krypton  and xenon (open 

c i r c l e s ) .  Extremely h igh  a c t i v a t i o n  e n e r g i e s  are i n d i c a t e d  f o r  t h e  d i f -  

f u s i o n  of t h e s e  gases .  Regardless  of t h e  phys ica l  cause of t h e  c o r r e l a -  

t i o n  shown i n  Fig.  7 ,  i t  sugges t s  t h a t  d i f f u s i o n  of krypton and xenon 

through pyrocarbon s t r u c t u r e s  having reasonably  low neon-to-helium 

r a t i o s  w i l l  be i n s i g n i f i c a n t  a t  a n t i c i p a t e d  HTGR f u e l  ope ra t ion  t e m -  

p e r a t u r e s .  

ORNL- DWG 78- 7874 

‘03 l’i 

1 
1 0’ 

0 f0 20 3 0  40 50 60 
ATOMIC NUMBER 

Fig.  7. C o r r e l a t i o n  of Calcu la ted  A c t i v a t i o n  Energ ies  f o r  H e ,  N e ,  
and A r  ( s o l i d  p o i n t s )  vs  Atomic Number. The e x t r a p o l a t i o n  of a c t i v a t i o n  
e n e r g i e s  f o r  K r  (At. No. 36)  and X e  ( A t .  No. 54) i n d i c a t e  unreasonably 
h igh  va lues .  1 k c a l  = 4.184 kJ. 
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C o r r e l a t i o n  of Neon-to-Helium R a t i o s  wi th  Small-Angle X-Kay S c a t t e r i n g  

Krautwasser l  has  s t u d i e d  e x t e n s i v e l y  small-angle  x-ray s c a t t e r i n g  

(SAXS) of pyrocarbon c o a t i n g s  and, among o t h e r  e v a l u a t i o n s ,  has compared 

t h e  SAXS r e s u l t s  w i th  neon-to-helium r a t i o s .  The r e l a t i v e  amount of 

h i g h l y  d i s o r d e r e d  f i b r o u s  material i n  t h e  pyrocarbon s t r u c t u r e  i s  

de r ived  from t h e  SAXS a n a l y s i s  of t he  q u a n t i t y  of pores  wi th  d iameters  

i n  t h e  neighborhood of 10 nm. A c o r r e l a t i o n  between SAXS and neon-to- 

hel ium r a t i o s ,  shown i n  F ig .  8 t aken  from Krautwasser and Nicke l ,  

r e v e a l s  a s imple  r e l a t i o n  of i n e r t  gas pe rmeab i l i t y  f o r  pyrocarbon 

c o a t i n g s  and t h e  amount of t h e  f i b r o u s  component i n  t h e  pyrocarbon 

s t r u c  tu re .  

11 

l l P .  Krautwasser and H. Nicke l ,  " In f luence  of P o r o s i t y  on 
I r r a d i a t i o n  Performance of Pyrocarbon Coat ings ,"  NucZ. TechnoZ. 35 
310-19, (1977). 

v I 

10 1 2  1 4  I6 
R A F  (arbitrary units I 

. 

Fig.  8. Neon-to-Helium Ra t io  P l o t t e d  Against  RAF ( a  measure of 
f i b r o u s  con ten t  de r ived  from small-angle  x-ray s c a t t e r i n g )  f o r  a Series 
of HTGR Pyrocarbon Coat ings  Deposited from Propylene and from MAPP G a s .  
Copied from Krautwasser and Nickel ,  NucZ. Technot. 35: 310 (1977),  by 
permiss ion  of t h e  American Nuclear Soc ie ty .  
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Comparison of Neon-to-Helium R a t i o s  and Chlor ine  Leach Resu l t s  
of HTGR Pyrocarbon Coat ings 

Defects such  as c racks  or  ho le s  i n  pyrocarbon c o a t i n g s  on thorium- 

b e a r i n g  k e r n e l s  can be d e t e c t e d  by a c h l o r i n e  l e a c h  technique.  

va t ed  tempera tures  c h l o r i n e  gas  moves through t h e  d e f e c t ,  i t  reacts wi th  

a Tho2 k e r n e l  t o  form ThCl4, and t h e  ThCl4 d i f f u s e s  out  of t h e  par-  

t i c le .  The number of d e f e c t i v e  p a r t i c l e s  i n  a popu la t ion  can be es t i -  

mated by t h e  f r a c t i o n  of thorium r e l e a s e d  f o r  given test c o n d i t i o n s  o r  

can  be determined by x-ray t r ansmiss ion  rad iography,  which e a s i l y  

r e v e a l s  p a r t i c l e s  where t h e  thorium has been removed o r  has been depo- 

s i t e d  i n  t h e  b u f f e r  coa t ing .  Any movement of t h e  thorium i s  a d i r e c t  

i n d i c a t i o n  t h a t  c h l o r i n e  has  d i f f u s e d  through t h e  h igh-dens i ty  pyrocar-  

bon coa t ing .  

l e a c h  a t  1500°C can be used t o  measure pe rmeab i l i t y  of pyrocarbon 

c o a t i n g s  on HTGR f u e l  p a r t i c l e s .  The q u a n t i t y  of thorium removed dur ing  

t h e  f i r s t  2-h l e a c h  r e p r e s e n t s  p r i m a r i l y  the  removal of thorium from 

p a r t i c l e s  w i th  d e f e c t i v e  pyrocarbon coa t ings .  If t he  l e a c h  i s  cont inued  

f o r  longer  t i m e s ,  a d d i t i o n a l  thorium removed is  p r i m a r i l y  due t o  p e r -  

meation of c h l o r i n e  through the  pyrocarbon coa t ing .  

s tates t h e  v i a b i l i t y  of t h e  c h l o r i n e  l e a c h  technique  f o r  d i f f e r e n t i a t i o n  

of f u e l  p a r t i c l e  b a t c h e s  i n t o  permeable and nonpermeable groups.  I n  each 

case t h e  c h l o r i n e  l e a c h  i n d i c a t i o n  of p e r m e a b i l i t y  a g r e e s  wi th  neon-to- 

hel ium r a t i o  measurement r e s u l t s  on pyrocarbon c o a t i n g s  of t h e  same f u e l  

p a r t i c l e  batch.  Thorium w a s  leached from p a r t i c l e s  wi th  neon-to-helium 

r a t i o s  of 0.60 and g r e a t e r ,  whi le  those  wi th  lower r a t i o s  e x h i b i t e d  no 

thorium l o s s .  The neon-to-helium r a t i o s  provide  an  i n d i c a t i o n  of r a t h e r  

s u b t l e  pe rmeab i l i t y  d i f f e r e n c e s ,  whi le  t h e  c h l o r i n e  l e a c h  tests tend t o  

i n d i c a t e  an  a b r u p t  measurable d i s t i n c t i o n  between permeable and nonper- 

meable pyrocarbon coa t ings .  

A t  ele- 

Recent ly  Th ie l e12 ,  l 3  has  demonstrated t h a t  a c h l o r i n e  

F igure  9 demon- 

12B.  A. T h i e l e ,  D. A. Costanzo, and D. P. S t i n t o n ,  "Pe rmeab i l i t y  
Determina t ion  Using Ch lo r ine  Leach Techniques,"  HTGR Base-Technology 
Program, Annu. Prog. Rep. Dee. 31, 1977, ORNL-5412, pp. 46-48. 

TTeehnoZogy Program, Annu. Prog. Rep. Dee. 31, 1978, ORNL-5536, pp. 52-55. 
13D. P. S t i n t o n  and B. A. T h i e l e ,  "Pe rmeab i l i t y  S tud ie s , "  HTGR Base- 
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. 
A more s e n s i t i v e  measure of p e r m e a b i l i t y  i s  obta ined  through 

c h l o r i n e  l e a c h  by r ad iog raph ic  examinat ion of leached f u e l  p a r t i c l e s .  

Th ie l e14  has  found t h a t  f o r  f u e l  par t ic les  wi th  neon-to-helium r a t i o s  

above about  0.4 ,  c h l o r i n e  permeation can be observed by movement of 

thorium i n t o  t h e  b u f f e r  l aye r .  Experimental  r e s u l t s  i n d i c a t e  t h a t  

c h l o r i n e  l each ing  of f u e l  p a r t i c l e s  does no t  a l t e r  the  pe rmeab i l i t y  of 

t h e  pyrocarbon coa t ings .  In  one tes t  t h e  pe rmeab i l i t y  i n d i c a t e d  by the  

neon-to-helium r a t i o  of two f u e l  p a r t i c l e  ba tches  was no t  s i g n i f i c a n t l y  

changed a f t e r  16 h of c h l o r i n e  leaching  a t  1500°C. Shor t e r  t i m e  

l e a c h i n g  i n  h o t  c h l o r i n e  a l s o  showed no change i n  noble  gas p e r m e a b i l i t y  

of  t h e s e  pyrocarbons.  

EFFECT OF POSTDEPOS I T I O N  HEAT TREATMENT AND IRRADIATION 
OF PYROCARBON COATINGS ON NOBLE GAS PERMEABILITY 

E f f e c t  of Heat Treatment a t  1800 and 2000°C 

Pyrocarbons s lowly  undergo f u r t h e r  c r y s t a l l i z a t i o n  and become more 

s t r u c t u r a l l y  ordered  a t  e l e v a t e d  tempera tures .  This  process  would be 

expec ted  t o  dec rease  t h e  gas  permeabi l i ty .  S i g n i f i c a n t  dec rease  of pe r -  

m e a b i l i t y  due t o  high-temperature  annea l ing  i s  ev iden t  i n  t h e  d a t a  i n  

Table  8 ,  which shows t h e  neon-helium p e r m e a b i l i t y  f o r  f u e l  p a r t i c l e s  

prepared  i n  t h e  0.13-m c o a t i n g  furnace  before  and a f t e r  h e a t  t r ea tmen t  

a t  1800°C f o r  0.5 h. Genera l ly ,  t h e  noble  gas  p e r m e a b i l i t y  dec reases  

measurably a f t e r  such  a 1800°C h e a t  t rea tment .  The decrease  i n  neon-to- 

hel ium r a t i o  averaged 0.069, which i s  a change of about  14%. The s h o r t  

180OOC h e a t  t r ea tmen t  a l s o  causes  a s m a l l  decrease  i n  t h e  void volume i n  

t h e  b u f f e r  l a y e r .  For t h e  f u e l  p a r t i c l e s  i n  Table  8 t h e  dec rease  avera-  

ges  7.4%. 

In ano the r  c a s e ,  f u e l  p a r t i c l e s  of OR-2261-HT were annealed a t  

2000°C f o r  48 h. The hel ium d i f f u s i o n  through t h e  pyrocarbon c o a t i n g  

1 4 B .  A. T h i e l e ,  D. P. S t i n t o n ,  and D. A. Costanzo, Detection of Gas 
Permeable Biso-Coated Fuel Particles f o r  High-Temperature Gas-Cooled 
Reactors, ORNL/TM-6696 ( A p r i l  1979).  
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Tab le  8. Neon-Helium P e r m e a b i l i t y  of 
Pyrocarbon Coat ings  Before and A f t e r  

Annealing a t  1800°C f o r  0.5 h 

Fue l  N e / H e  R a t i o  

Batcha depos i t ed  0.5 h 

Reduct ion 
1800°C (% 1 P a r t i c l e  

A s  

5-589 
5-590 
5-591 
5-592 
5-594 
5-595 
5-596 
5-597 
5-598 
5-600 
5-601 
5-602 
5-603 
5-604 
5-605 
5-606 
5-607 
5-608 
5-609 
5-610 

0.21 
0.48 
0.36 
0.35 
0.51 
0.13 
0.15 
0.44 
0.66 
0.37 
0.27 
0.60 
0.43 
0.32 
0.36 
0.35 
0.43 
0.27 
0.38 
0.28 

0.10 
0.46 
0.30 
0.32 
0.35 
0.04 
0.05 
0.32 
0.64 
0.33 
0.26 
0.54 
0.32 
0.31 
0.31 
0.22 
0.28 
0.17 
0.28 
0.22 

52 

17 

31 
69 
67 
27 

11 

10 
26 

14 
37 
35 
37 
26 
21 

4.2 

8.5 

3.0 

3.7 

3.1 

% u e l  p a r t i c l e  ba t ch  d e s i g n a t i o n  a f t e r  
18OO"C, 0.5 h-heat t rea tment .  

w a s  measured and had a va lue  50% lower than  t h e  va lue  b e f o r e  annea l ing .  

The void  volume of OR-2261-HT decreased  from 3.7 x 

p a r t i c l e )  t o  3.1 x 

a l lowed f o r  hel ium permeat ion guaranteed  e q u i l i b r i u m  and a s su red  t h i s  

d e c r e a s e  t o  b e  real and n o t  mere ly  a r e f l e c t i o n  of reduced p e r m e a b i l i t y ) .  

m3 ( p e r  

(The long t i m e  m3 du r ing  t h i s  h e a t  t rea tment .  

E f f e c t  of I r r a d i a t i o n  

The behavior  of t h e  p e r m e a b i l i t y  of t h e  pyrocarbon c o a t i n g  du r ing  

n/m2 i s  of i r r a d i a t i o n  t o  neu t ron  f l u e n c e s  of t h e  o r d e r  of 8.6 x 

prime importance i n  t h e  behavior  of Biso f u e l  p a r t i c l e s .  A key ques t ion  
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i s  whether f i s s i o n  gases  w i l l  be r e l e a s e d  from t h e  f u e l  because of 

rad ia t ion- induced  pe rmeab i l i t y .  I n  t h i s  work, t h e  p e r m e a b i l i t y  of irra- 

d i a t e d  pyrocarbon c o a t i n g s  w a s  determined on s e v e r a l  ba tches  of f u e l  

p a r t i c l e s  i n  which t h e  h igh-dens i ty  pyrocarbon c o a t i n g s  were depos i t ed  

on i n e r t  (carbon)  k e r n e l s .  The h igh  r a d i o a c t i v i t y  of i r r a d i a t e d  par- 

t i c l e s  w i t h  thorium- o r  uranium-containing k e r n e l s  m d e  it  imposs ib le  t o  

o b t a i n  neon-helium p e r m e a b i l i t y  measurements because of t h e  mass 

spec t romete r  l oca t ion .  R e s u l t s  of measurements on p a r t i c l e s  w i th  i n e r t  

k e r n e l s  c l e a r l y  demonst ra te  t h a t  i n e r t  gas pe rmeab i l i t y  of t h e  pyrocar- 

bon c o a t i n g s  dec reases  wi th  i n c r e a s i n g  neut ron  f l u e n c e ,  a t  least  t o  a 

f l u e n c e  as h igh  as 11.6 x 

i n  Table  9 f o r  i n e r t  k e r n e l  p a r t i c l e  ba tches  t e s t e d  i n  s e v e r a l  irra- 

d i a t i o n  experiments .  In  each  i r r a d i a t i o n  tes t  t h e  neon-helium per- 

m e a b i l i t y  dec reases  wi th  i n c r e a s i n g  neut ron  f l u e n c e  except  f o r  two of 

t h e  ba t ches  i r r a d i a t e d  i n  capsu le  HT-33. This c o n f l i c t i n g  r e s u l t  has 

been expla ined  t e n t a t i v e l y  as being due t o  a sample in t e rchange  a t  some 

p o i n t .  These r e s u l t s  are shown i n  Fig. 10,  where t h e  neon-helium per- 

m e a b i l i t y  i s  r ep resen ted  as percentage  of t h e  u n i r r a d i a t e d  p e r m e a b i l i t y  

as a f u n c t i o n  of f luence .  The pe rmeab i l i t y  dec rease  exceeds 60% i n  

s e v e r a l  cases. There i s  cons ide rab le  scatter i n  t h e  p l o t ,  which inc lu -  

d e s  d a t a  from four  exper imenta l  i r r a d i a t i o n  tests and f i v e  d i f f e r e n t  

p a r t i c l e  ba t ches ,  a l l  of which c o n t a i n  i n e r t  k e r n e l s .  Because of t h e  

l i m i t e d  number of tests and absence of c o n t r o l  specimens,  it is  no t  

f e a s i b l e  t o  deduce d i f f e r e n t  i r r a d i a t i o n  behavior  as a f u n c t i o n  of tem- 

p e r a t u r e  o r  of p a r t i c l e  batch.  F i s s i o n  products  and gas  p re s su re  could 

a f f e c t  t h e  behavior  of f u e l  p a r t i c l e  c o a t i n g s  wi th  uranium- o r  thorium- 

c o n t a i n i n g  k e r n e l s ,  bu t  r e s u l t s  of t h i s  work us ing  i n e r t  k e r n e l s  

c l e a r l y  demonstrate  t h a t  d i s o r d e r  c r e a t e d  by t h e  neut ron  damage does not  

cause  t h e  pyrocarbon c o a t i n g s  t o  become more permeable t o  i n e r t  gases .  

n/m2 0 0 . 1 8  MeV). These d a t a  are shown 



Table 9. Pyrocarbon Coating Pe rmeab i l i t y  of I r r a d i a t e d  Biso P a r t i c l e s  

Ne/& 

P r e i r r a d i a t i o n  
Ne/He Rat io  (% of 

Neutron Gas Uptake I r r a d i a t i o n  Specimen Fluence I r r a d i a t i o n  

(n/m2) 

P a r t i c l e  
Temperature pe r  P a r t i c l e ,  pmol R a t i o  

He Ne Rat io )  ("C) 
Batch Experiment Designation >0.18 MeV 

OR-2 294-HT 
OR-2294-HT 

OR-2 2 91 -HT 
OR-22 9 1 -HT 
OR-2291-HT 

OR-2 2 94-XT 
OR-22 94-HT 
OR-2294-HT 
OR-2294-HT 

0 R-2 7 2 2-1 -H 
OR-2 72 2-1 -H 
OR-2 7 2 2- 1 -H 

OR-2 7 2 5 - 1 -H 
OR-2725-1-H 
OR-2725-1-H 

OR-2730-1-H 
OR-2 7 30-1 -H 
OR-2730-1-H 

HT-31 
HT-31 

HT- 3 2 
HT-32 
HT- 3 2 

HT-33 
HT-33 
HT- 3 3 
HT- 3 3 

HT-34 
HT-34 
HT-34 

HT- 3 4 
HT-34 
HT-34 

HT-34 
UT-34 
HT-34 

0 
14-3 4.3 1025 

1 -T 5.6 1025 
1-B 9.3 1025 
2-8 11.6 1025 

28-3 TOP 4.0 x 1025 

15-3 8 x 

0 

0 

26-3 Top 9.1 x 

28-3 Bottom 4.8 x 
26-3 Bottom 9.1 x 

0 

0 
28- 1 8.2 1025 
26-1 10.2 1025 

1000 
1300 

900 
900 

1250 

900 
1250 

900 
1250 

900 
1250 

107 
110 

155 
107 
75 

107 
120 
99 
59 

81 
101 
114 

84 
126 
125 

117 
149 
165 

20.5 
13 

36 
13 
4.2 

20.5 
11.3 
11.8 
3.3 

24 
13 
15 

26 
15 
14 

35 
36 
28 

0.19 
0.12 

0.23 
0.12 
0.06 

0.19 
0.09 
0.12 
0.06 

0.29 
0.15 
0.11 

0.31 
0.12 
0.11 

0.30 
0.24 
0.17 

63 

52 
26 

47 
63 
32 

52 
28 

39 
36 

80 
57 

w 
h, 
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Fig. 10. Neon-Helium Pe rmeab i l i t y  of Pyrocarbon Coat ings as a 
Funct ion  of Neutron Fluence. 

E f f e c t  of Fue l  P a r t i c l e / F u e l  Rod Process ing ,  Inc luding  Fuel  Rod 
Conso l ida t ion  and Deconsol ida t ion  

Fuel  e lements  are prepared  f o r  HTGRs t h a t  use  a p r i s m a t i c  c o r e  by 

c o n s o l i d a t i n g  f u e l  p a r t i c l e s  i n t o  a carbon-based matr ix .  E ighteen  f u e l  

p a r t i c l e  ba t ches  prepared f o r  use  i n  i r r a d i a t i o n  experiment HRB-14 were 

c o n s o l i d a t e d  and subsequent ly  chemica l ly  deconso l ida t ed  by l each ing  with 

a s o l u t i o n  of 20 w t  % ammonium p e r s u l f a t e  i n  98% H2SO4. 

hel ium r a t i o s  of t h e  deconso l ida t ed  p a r t i c l e s  decreased 11 t o  54% from 

t h o s e  of t h e  o r i g i n a l  p a r t i c l e s .  The dec rease  i n  noble  gas p e r m e a b i l i t y  

can  p o s s i b l y  be expla ined  by assuming t h a t  t h e  b inder  used i n  t h e  car- 

bonaceous c o n s o l i d a t i o n  mixture  i n f i l t r a t e s  a t  least  some of t h e  open 

The neon-to- 



p o r o s i t y  of t h e  pyrocarbon c o a t i n g ,  and thus  reduces t h e  i n e r t  gas  pe r -  

m e a b i l i t y .  No e v i d e n t  c o r r e l a t i o n  between i n i t i a l  pyrocarbon c o a t i n g  

d e n s i t y  and p e r m e a b i l i t y  changes du r ing  f u e l  rod f a b r i c a t i o n  w a s  

d e t e c t e d  du r ing  t h i s  work. 

THE NEON-HELIUM PERMEABILITY REQUIREMENTS FOR HTGRs 

I n  o rde r  t o  minimize r a d i o a c t i v e  contaminat ion  of t h e  pr imary 

c o o l a n t  i n  a n  HTGR, d i f f u s i o n  of krypton  and xenon through t h e  pyrocar-  

bon c o a t i n g s  should  be e s s e n t i a l l y  z e r o  du r ing  p a r t i c l e  l i f e t i m e  i n  t h e  

r e a c t o r .  Because of t h e  ex t remely  slow d i f f u s i o n  of krypton  and xenon 

i n  pyrocarbon c o a t i n g s ,  an  exper imenta l  c o r r e l a t i o n  of xenon d i f f u s i o n  

w i t h  neon-helium measurements w a s  no t  p o s s i b l e .  In  a d d i t i o n ,  c o r r e l a t i o n  

of krypton  d a t a  i s  v e r y  l i m i t e d .  But neon-to-helium r a t i o s  do a f f o r d  a 

b a s i c  i n d i c a t i o n  of t h e  p e r m e a b i l i t y  of pyrocarbon coa t ings .  A s  pre-  

v i o u s l y  po in ted  o u t ,  i f  t h e  pyrocarbon c o a t i n g  had a p e r f e c t  ( o r  nea r  

p e r f e c t )  g r a p h i t e  l a t t i c e ,  t h e  pe rmeab i l ty  f o r  helium a t  HTGR f u e l  t e m -  

p e r a t u r e s  would be n o n e x i s t e n t  o r  very  low. The p e r m e a b i l i t y  r e s u l t s  

from d i s o r d e r  and s t r u c t u r a l  d e f e c t s  i n  t h e  l a t t i ce ,  and obv ious ly  t h e  

d i s o r d e r  must be g r e a t e r  f o r  h e a v i e r ,  l a r g e r ,  and more p o l a r i z a b l e  atoms 

such  as k ryp ton  and xeonon t o  ge t  through. 

Based upon a v a i l a b l e  d a t a ,  one comparison of neon-to-helium r a t i o  

w i t h  p e r m e a b i l i t y  f o r  heavy gases  can be made from t h e  krypton  per- 

m e a b i l i t y  measurements. For t h e  r a t h e r  permeable f u e l  p a r t i c l e  ba t ch  

OR-2274-HT (Ne/He = 0.50; d a t a  i n  Table  6 ) ,  t h e  krypton  uptake  i n  40 h 

a t  1700°C i n  0.1 MPa (1 a t m )  w a s  18.6 pmol. Es t ima t ing  t h e  a c t i v a t i o n  

energy  a t  376 kJ/mol  (90 k c a l / m o l ) ,  t h e  release from a p a r t i c l e  w i th  

0.1 MPa (1  atm) K r  a t  1300°C i n  a r e a c t o r  f o r  180 d would be 4 pmol. I f  

t h e  a c t i v a t i o n  energy  were assumed t o  be t h e  same as t h a t  f o r  a rgon ,  

268 kJ /mol  (64  k c a l / m o l ) ,  a more c o n s e r v a t i v e  assumption,  t h e  k ryp ton  

release would be 32 pmol. For f u e l  p a r t i c l e  ba tch  OR-2261-HTY which had 

a neon-to-helium r a t i o  of 0.23, t h e  krypton  release under t h e s e  con- 

d i t i o n s  would be 0.3 and 2.7 pmol, r e s p e c t i v e l y .  (The krypton  p r e s s u r e  

i n  t h e  f u e l  p a r t i c l e  w i l l  ave rage  more than  0.1 MPa (1 atm) and t h e  t i m e  
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may be longe r  than  180 d) .  

p e r m e a b i l i t y ,  i n d i c a t e  t h a t  t h e r e  w i l l  be on ly  ve ry  small release of 

krypton  from p a r t i c l e s  w i th  neon-to-helium r a t i o s  below about 0.3. 

These e v a l u a t i o n s ,  based on measured krypton 

The p l o t  of permeat ion a c t i v a t i o n  energy ve r sus  atomic number i n  

Fig.  7 demonst ra tes  t h a t  f o r  both heavy gases ,  krypton and xenon, t h e  

a c t i v a t i o n  energy va lues  l i e  w e l l  above t h a t  f o r  argon. Thus, a v a i l a b l e  

d a t a  does c l e a r l y  show t h a t  releases of krypton  and xenon w i l l  be ve ry  

low f o r  pyrocarbon c o a t i n g s  wi th  i n i t i a l  neon-to-helium r a t i o s  below 

0.3. For t h e  a c t i v a t i o n  e n e r g i e s  i n  Fig. 7, t h e r e  would be e s s e n t i a l l y  

no krypton  release from OR-2263-HT and  xenon release would be subs tan-  

t i a l l y  less  than  f o r  krypton. 

Chlor ine  l e a c h  tests a l s o  i n d i c a t e  t h a t  d i f f u s i o n  of heavy i n e r t  

gases  through pyrocarbon c o a t i n g s  w i l l  be ve ry  small  f o r  neon-to-helium 

r a t i o s  below about  0.35. Chlor ine  l each  tests15 f o r  16 h a t  1500°C f o r  

t h i s  t ype  of c o a t i n g  d e t e c t e d  no l each ing  ( a f t e r  a small i n i t i a l  amount 

due t o  mechanica l ly  d e f e c t i v e  p a r t i c l e s  i n  t h e  sample popu la t ion )  when 

t h e  neon-to-helium r a t i o  of t h e  pyrocarbon d i d  no t  exceed 0.35. 

The s i g n i f i c a n c e  of p r e d i c t i o n  of ve ry  low krypton  and xenon 

releases under HTGR o p e r a t i n g  c o n d i t i o n s  f o r  pyrocarbon c o a t i n g s  wi th  

neon-to-helium r a t i o s  no g r e a t e r  than  0.30 i s  augmented by t h e  s i g n i f i -  

c a n t  dec rease  i n  i n e r t  gas  p e r m e a b i l i t y  i n  t h e  pyrocarbon wi th  

i n c r e a s i n g  neu t ron  f luence .  Unfor tuna te ly ,  f u r t h e r  exper imenta l  d e t e r -  

mina t ion  of heavy gas  atom d i f f u s i o n  through pyrocarbon c o a t i n g s  i s  not  

p r a c t i c a l  wi th  t h e  p r e s e n t  procedure because t h e  h igher  tempera tures  

r e q u i r e d  f o r  measurable e f f e c t s  would a l t e r  t h e  pyrocarbon s t r u c t u r e .  

I n  t h i s  d i s c u s s i o n  pyrocarbon c o a t i n g  p e r m e a b i l i t y  i s  cons idered  t o  

be  a p rocess  of gas  atoms d i f f u s i n g  through t h e  coa t ing .  Movement of 

g a s  atoms through c r a c k s  i n  t h e  c o a t i n g  c o n s t i t u t e s  ano the r  t r a n s p o r t  

p rocess .  Under some c o n d i t i o n s ,  c r acks  tend  t o  develop i n  t h e  pyrocar- 

bon du r ing  i r r a d i a t i o n .  I n  an  i r r a d i a t i o n  experiment  i n  t h e  BR2-Mol 

r e a c t o r ,  p e r m e a b i l i t y  of Biso-coated Tho2 p a r t i c l e s  i nc reased  as t h e  

15E.  L. Long, Jr., R. L. Bea t ty ,  JM Robbins, M. J. Kania, and W. P. 
E a t h e r l y ,  Irradiation Performance of HTGR Biso Fert i le  Particles i n  HFIR 
Experiments HT-17, -18 and -19, ORNL/TM-6414 (November 1978). 
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i r r a d i a t i o n  cont inued .  The "pe rmeab i l i t y"  observed may be due t o  

c r a c k s  formed as a r e s u l t  of pressure- induced stresses. However, a more 

l i k e l y  cause  i s  microcracks  r e s u l t i n g  from fast-neutron-induced an i -  

s o t r o p y  i n  t h e  pyrocarbon c o a t i n g ,  s i n c e  t r ansmiss ion  e l e c t r o n  

microscopy d i d  show t h a t  microcracks had formed dur ing  i r r a d i a t i o n .  l6 

I n  g e n e r a l  t h e  same d e p o s i t i o n  c o n d i t i o n s  t h a t  l e a d  t o  low neon-to- 

hel ium r a t i o s  a l s o  cause  h i g h  BAF, va lues .  Thus, i f  t h e  neon-to-helium 

p e r m e a b i l i t y  i s  low enough t o  meet noble  gas  release cr i ter ia  t h e  pyro- 

carbon may have too  h i g h  a BAF, t o  be s u f f i c i e n t l y  s t a b l e  t o  t h e  

r e q u i r e d  neu t ron  f luence .  That t h i s  need n o t  be t h e  case w a s  v e r i f i e d  

f o r  s e v e r a l  f u e l  p a r t i c l e  ba tches  t h a t  had low neon-to-helium r a t i o s  and 

performed s a t i s f a c t o r i l y  i n  va r ious  i r r a d i a t i o n  experiments:  OR-2262-HT 

and OR-2273-HT exceeded HTGR d e s i g n  f l u e n c e  i n  experiment  HT-28 wi thou t  

f a i l u r e , 1 7  and OR-2013-HT went t o  a f l u e n c e  of 11.6 x 

exper iments  HT-17 through -19 wi thou t  f a i l u r e .  l5 

hel ium r a t i o s  of t h e s e  ba t ches  were l o w -  0.20, 0.14, and 0.14, respec-  

t i v e l y .  P o s t i r r a d i a t i o n  m e a ~ u r e m e n t s l ~  showed t h a t  OR-2013-HT r e t a i n e d  

f i s s i o n  g a s e s  a f t e r  s u b s t a n t i a l l y  exceeding t h e  des ign  f luence .  

n/m2 i n  

The i n i t i a l  neon-to- 

The c a p a b i l i t y  of pyrocarbon c o a t i n g s  on HTGR f u e l  p a r t i c l e s  t o  

wi ths t and  i r r a d i a t i o n  i s  c l o s e l y  r e l a t e d  t o  t h e  i n i t i a l  a n i s o t r o p y  i n  

t h e  c o a t i n g ,  

as  i n d i c a t e d  by t h e  neon-to-helium r a t i o  have a q u a l i t a t i v e  i n v e r s e  

r e l a t i o n ,  b u t ,  as Fig.  11 shows, i n  t h e  impor tan t  BAF range  of 

1.01-1.06 a v a i l a b l e  d a t a  show no obvious c o r r e l a t i o n  between BAF and 

neon-to-helium r a t i o s .  

The a n i s o t r o p y  as i n d i c a t e d  by BAF and t h e  p e r m e a b i l i t y  
0 

0 

16R, A. Bradley  and B. A. T h i e l e ,  "Neutron-Induced Pemeab i l i t y  of 
Pyrocarbon-Coated High-Temperature Gas-Cooled Reactor  Fuel  Par t ic les ,"  
NucZ. Technot. 35: 3 5 3 5 8  (1977).  

I 7 E .  L. Long, Jr.,  R. L. Bea t ty ,  P. Krautwasser ,  M. J. Kania, C. S. 
Morgan, R. L. Hamner, and C. S .  Yust,  f iaracterizat ion Studies and 
Performance of Biso-Coated Fer t i le  Part ic les  Irradiated in Capsules HT- 
28  Through HT-30, i n  p repa ra t ion .  
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Fig. 11. Re la t ion  of Normalized N e / H e  Ra t io  wi th  BaFo, t h e  O p t i c a l  
Bacon Aniso t ropy  Fac tor .  

CONCLUSIONS 

1. Pyrocarbon c o a t i n g s  used on HTGR f u e l  p a r t i c l e s  are permeable 

t o  neon and helium a t  e l e v a t e d  temperatures .  A u s e f u l  method t o  

measure t h i s  p e r m e a b i l i t y  s e m i q u a n t i t a t i v e l y  i n  pyrocarbon c o a t i n g s  was 

developed. 

2. The neon-to-helium r a t i o  measure of p e r m e a b i l i t y  r e p r e s e n t s  a 

measure of d i s o r d e r  o r  e x t e n t  of t h e  t u r b o s t a t i c  c o n d i t i o n  i n  t h e  pyro- 

carbon coa t ing .  

s u g g e s t s  t h a t  neon and helium p e r m e a b i l i t i e s  i n c r e a s e  wi th  i n c r e a s i n g  

amount of t h e  f i b r o u s  material i n  t h e  pyrocarbon s t r u c t u r e .  

C o r r e l a t i o n  wi th  small-angle  x-ray s c a t t e r i n g  r e s u l t s  
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3. Neon-helium measurements show t h a t  t h e  p e r m e a b i l i t y  of t h e  pyro- 

carbon c o a t i n g  of p a r t i c l e s  w i th  i n e r t  k e r n e l s  dec reases  wi th  i r ra-  

d i a t i o n ,  a t  least  t o  a f l u e n c e  of 11.6 x n/m2 ( (0.18 - MeV). This 

r e s u l t  demonst ra tes  t h a t  d i s o r d e r  c r e a t e d  by t h e  neu t ron  f l u e n c e  does n o t  

i n c r e a s e  t h e  gas  pe rmeab i l i t y .  

4 .  High a c t i v a t i o n  e n e r g i e s  f o r  i n e r t  gas  permeat ion of pyrocarbon 

c o a t i n g s  i n d i c a t e  t h a t  t h e  p rocess  i s  the rma l ly  a c t i v a t e d ,  w i th  a ra te  

change depending p r i m a r i l y  on pyrocarbon s t r u c t u r e  changes wi th  t e m -  

p e r a t u r e .  S i m i l a r  a c t i v a t i o n  e n e r g i e s  f o r  permeation of f u e l  p a r t i c l e  

b a t c h e s  wi th  wide ly  d i f f e r i n g  p e r m e a b i l i t i e s  sugges t  t h a t  gas passages 

through v a r i o u s  pyrocarbon s t r u c t u r e s  are similar i n  d i f f e r e n t  c o a t i n g s  

and t h a t  t h e  p e r m e a b i l i t y  t o  gas  depends on t h e  number of pas sages ,  

r a t h e r  t han  v a r i a t i o n  of passage  p r o p e r t i e s .  

5. The r e l a t i o n s h i p  of neon-to-helium r a t i o  measurements and t h e  

measured k ryp ton  p e r m e a b i l i t y  and c h l o r i n e  l e a c h  tes t  r e s u l t s ,  t h e  

i n c r e a s e  of permeat ion a c t i v a t i o n  energy  wi th  atomic number of t h e  per-  

meat ing g a s ,  and t h e  s a t i s f a c t o r y  r a d i a t i o n  performance of some f u e l  

p a r t i c l e  ba t ches  wi th  low neon-to-helium r a t i o s  i n d i c a t e  t h a t  an  i n i t i a l  

r a t i o  of 0.3 t o  0.35 f o r  t h e  pyrocarbon c o a t i n g  i s  low enough t o  a s s u r e  

ve ry  low k ryp ton  and xenon releases under HTGR o p e r a t i n g  c o n d i t i o n s  pro- 

v ided  t h a t  t h e  c o a t i n g  does n o t  c rack .  
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APPENDIX 

Powel l ' s  Treatment of Permeation Data f o r  Seven 
Fue l  Par t ic le  Batches 

The i n t r u s i o n  of an i n e r t  gas i n t o  t h e  b u f f e r  of a Biso HTGR f u e l  

pa r t i c l e  under i s o t h e r m a l  c o n d i t i o n s  can be approximated by 

where : 

f ( t )  = 1 - exp [-k(t - tl)] , 

= PV/RT , 
nW 

t l  = Z2/6D , 

k = a;bD/ZV , 

( 4 )  

( 5 )  

(6) 

and 

P is  t h e  equ i l ib r ium gas p r e s s u r e  ( P a ) ,  

b i s  t h e  volume f r a c t i o n  of vo ids  i n  t h e  pyrocarbon b a r r i e r ,  

D i s  t h e  d i f f u s i o n  c o e f f i c i e n t D  = D O  exp(Q/Rt) (m2/s), 
V i s  t h e  f ree-void  volume of t h e  b u f f e r  determined from n, ( m 3 ) ,  

2 i s  t h e  pyrocarbon b a r r i e r  t h i c k n e s s  (m), 

r is  t h e  r a d i u s  of t h e  f u e l  p a r t i c l e  (m), 

a i s  t h e  s u r f a c e  area of t h e  pyrocarbon b a r r i e r  a = 41'rr(r - 1) (m'), 

and 

R i s  t h e  i d e a l  gas l a w  c o n s t a n t  (8.3144 J/mol K ) ,  provided kt, < 0.05. 
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The f u n c t i o n  f ( t )  d e s c r i b e s  t h e  f i l l i n g  of t h e  b u f f e r  void volume by 

s t e a d y - s t a t e  permeat ion and g ( t )  d e s c r i b e s  t h e  approach t o  s t e a d y - s t a t e  

permeat ion.  

n e g l i g i b l e  f o r  t > 2 t l .  Neglec t ing  g ( t )  and d i s c a r d i n g  d a t a  f o r  which 

nln, < 0.05 y i e l d s  n = n, f(t) ,  from which n,, t,, and k can  be d e t e r -  

mined. The e x a c t  s o l u t i o n  f o r  hel ium permeat ion of OR-2261-HT f u e l  par-  

t i c l e s  as c a l c u l a t e d  by T o l l i v e r  f i t s  t h e  model as desc r ibed  i n  Eq. (1)  

w i t h i n  a l i m i t  of  e r r o r  of +0.1% w i t h  t l  being determined wi th  similar 

p r e c i s i o n .  However, t h e  va lues  f o r  D a n d b  deduced from Eqs. ( 5 )  and 

( 6 )  were 2% g r e a t e r  f o r  D and 10% smaller f o r  b t han  those  ob ta ined  by 

T o l l i v e r  u s i n g  t h e  mathemat ica l ly  exac t  method. 9 Thus, t h i s  

e x p r e s s i o n  i s  e m p e r i c a l l y  v a l i d  w i t h i n  t h e  exper imenta l  u n c e r t a i n t y  

( p r i m a r i l y  due t o  p a r t i c l e - t o - p a r t i c l e  v a r i a b i l i t y )  of t h e  d a t a  ob ta ined  

from f u e l  p a r t i c l e s .  

i s  neglec ted .  

The f u n c t i o n  g ( t )  i s  s i g n i f i c a n t  on ly  a t  e a r l y  t i m e s  and is  

Equat ion ( 1 )  reduces  t o  t h a t  of E a t h e r l y  when t, 

The va lues  f o r  Q (Table  7, Powel l ' s  r e s u l t s )  were determined by u s i n g  

t h e  d a t a  € o r  k .  Since  t h e  Q va lues  from t h e  t, d a t a  were no t  s i g n i f i -  

c a n t l y  d i f f e r e n t  from those  f o r  t h e  k d a t a ,  Do w a s  determined from t h e  

v a l u e  f o r  t l .  After D O  and Q1 were de termined ,  b w a s  t hen  determined 

w i t h  Eq. ( 6 ) .  

l G .  L. Powell ,  Inert Gas Permeability o f  High-Temperature Gas-Cooled 
Reactor (HTGR) Coated Fuel Particles from Batch OR-2261 -HT, Y/DA-7885 
(May 25,  1978). 

Parameters of High-Temperature Gas-Cooled Reactors (HTGR) Fuel 
ParticZes, ORNL/CSD/TM-78 ( i n  p r e s s ) .  

2.J. S. T o l l i v e r  , Numerical Determination of Inert  Gas permeability 
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