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ABSTRACT 

Reaction rates o f  small pellets of Li(Si) alloy with 
atmospheric gases were studied as a prerequisite to 
specifying how this alloy should be handled during the 
production o f  thermal batteries. The results indicate 
that Li(Si) reacts with oxygen and nitrogen at ambient 
conditions too slowly to be of concern, but it reacts 
very rapidly with water vapor. Rate expressions and 
constants are developed that allow calculating the 
weight gain of Li(Si) after its reaction with water 
vapor, and calculated values are given for three water- 
vapor concentrations that typify those used in dry 
rooms where thermal batteries are produced. 
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Rk , C T I O N  RATES OF ATMOSPHERIC GASES 
WITH LITHIUM(SILIC0N) ALLOY 

1. I n t r o d u c t i o n  

Sandia  Na t iona l  L a b o r a t o r i e s  d e s i g n s  t h e r n a l  b a t t e r i e s  t h a t  use l i t h -  

i u m ( s i 1 i c o n )  a s  an anode a l l o y .  

long s h e l f  l i f e  o f  t h e  b a t t e r i e s ,  r e s t r i c t i o n s  must be  p l aced  on how b a t -  

t e r y  m a t e r i a l s  a r e  handled and s t o r e d .  A knowledge o f  how b a t t e r y  mate- 

r i a l s  r e a c t  with g a s e s  i n  ambient a i r  i s  needed f o r  de t e rmin ing  what expo- 

s u r e  can  be allowed d u r i n g  h a n d l i n g  and s t o r a g e .  Th i s  r e p o r t  d e t a i l s  a 

s t u d y  f o r  de t e rmin ing  t h e  r a t e s  o f  r e a c t i o n  o f  L i ( S i )  a l l o y  w i t h  g a s e s  i n  

ambient a i r  and deve lops  i n f o r m a t i o n  t h a t  a l l o w s  c a l c u l a t i o n  o f  t h e  amount 

o f  t h i s  r e a c t i o n  d u r i n g  b a t t e r y  p r o d u c t i o n .  The a l l o y  used w a s  44 w t %  

l i t h i u m ;  t h e  g a s e s  s t u d i e d  were oxygen, n i t r o g e n ,  and water vapor .  Rate  

d a t a  were determined by measuring weight  g a i n  o f  L i ( S i )  samples w i t h  a 

t he rmograv ime t r i c  a n a l y z e r  (TGA) . 

I n  o r d e r  t o  e n s u r e  h i g h  r e l i a b i l i t y  and 

Pure l i t h i u m  i s  known t o  r e a c t  w i t h  n i t r o g e n ,  oxygen, and w a t e r  

v a p o r , '  

I t  h a s  been r e p o r t e d  t h a t  t h e  r e a c t i o n  o f  l i t h i u m  w i t h  n i t r o g e n  i s  c a t a -  

lyzed by t h e  p re sence  o f  wa te r . '  Lithium o x i d e  r e a c t s  with ca rbon  d i -  

o x i d e  t o  g i v e  l i t h i u m  c a r b o n a t e ,  and l i t h i u m  n i t r i d e  r e a c t s  w i th  wa te r  

t o  g i v e  l i t h i u m  o x i d e  ( o r  h y d r o x i d e ,  i f  enough water  i s  a v a i l a b l e )  and 

ammonia. 

b u t  i t  a l s o  r e a c t s  w i t h  i t s  own hydrox ide  t o  re lease hydrogen.  

A s e a r c h  o f  t h e  l i t e r a t u r e  y i e l d e d  no i n f o r m a t i o n  about t h e  r eac -  

t i v i t y  o f  L i ( S i )  a l l o y  wi th  a tmosphe r i c  g a s e s .  Since t h e  e l e c t r i c a l  po- 

t e n t i a l  of  L i ( S i )  measured a g a i n s t  t h a t  o f  pu re  l i t h i u m  i s  p o s i t i v e , *  i t  

f o l l o w s  t h a t  t h e  chemical  p o t e n t i a l  o f  l i t h i u m  i n  t h e  a l l o y  i s  less  t h a n  

t h a t  o f  pure l i t h i u m .  T h e r e f o r e ,  t h e  L i ( S i )  a l l o y  would no t  n e c e s s a r i l y  

r e a c t  a s  v i g o r o u s l y  a s  pu re  l i t h i u m .  
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I n  t h i s  work i n d i v i d u a l  d a t a  p o i n t s  were n o t  always r e p l i c a t e d  be- 

c a u s e  o u r  o b j e c t i v e  was t o  o b t a i n  p r a c t i c a l  i n f o r m a t i o n  a s  soon as pos- 

s i b l e .  F u r t h e r ,  t h e  accuracy of  t h e s e  d a t a  depends on s e v e r a l  assumptions 

t h a t  were n o t  v e r i f i e d  d u r i n g  t h e  s t u d y .  The r e s u l t s  o b t a i n e d  a r e  never-  

t h e l e s s  s e l f - c o n s i s t e n t ,  and t h e  r e s u l t i n g  r a t e  e q u a t i o n s  a r e  q u i t e  ade- 

q u a t e  f o r  t h e i r  i n t ended  use  i n  s p e c i f y i n g  p rocedures  f o r  p r o d u c t i o n  han- 

d l i n g  and s t o r a g e .  

L i ( S i )  a l l o y ,  used i n  thermal  b a t t e r i e s  a s  p e l l e t s  o f  p re s sed  powder, 

i s  exposed t o  a i r  bo th  i n  powder and p r e s s e d - p e l l e t  form. Since i t  i s  

v e r y  d i f f i c u l t  t o  o b t a i n  meaningful  r e a c t i o n  r a t e s  by u s i n g  i r r e g u l a r -  

s i z e d  powder samples ,  d a t a  i n  t h i s  work were g e n e r a t e d  by u s i n g  o n l y  small  

p re s sed  p e l l e t s  w i th  a known geometry.  

The r e p o r t  i s  d i v i d e d  i n t o  s e v e r a l  s e c t i o n s .  S e c t i o n  2 d e s c r i b e s  t h e  

e x p e r i m e n t a l  p rocedure ,  t h e  a p p a r a t u s  used ,  and how t h e  c o n c e n t r a t i o n  o f  

water vapor  was de t e rmined .  S e c t i o n  3 deve lops  t h e  r e a c t i o n - r a t e  models 

u s e d  w i t h  t h e  d a t a  t o  de t e rmine  r a t e  c o n s t a n t s .  S ince  u s e  of  t h e  r a t e  mod- 

e l s  r e q u i r e s  c a l c u l a t i o n  o f  s e v e r a l  f a c t o r s  t h a t  are  dependent  on e x p e r i -  

men ta l  c o n d i t i o n s ,  S e c t i o n  4 d e s c r i b e s  d a t a  a n a l y s i s .  S e c t i o n  5 summarizes 

t h e  expe r imen ta l  r e s u l t s  and c o n s i d e r s  phenomena r e l a t i v e  t o  t h e  accu racy  

o f  t h e  d a t a .  S e c t i o n  6 d i s c u s s e s  t h e  i m p l i c a t i o n  of  t h i s  work f o r  b a t t e r y  

p r o d u c t i o n  and g i v e s  a procedure f o r  e s t i m a t i n g  t h e  amount of  r e a c t i o n  

t h a t  L i ( S i )  p e l l e t s  undergo d u r i n g  p r o d u c t i o n  exposure .  F i n a l l y ,  S e c t i o n  7 

b r i e f l y  summarizes t h e  major c o n c l u s i o n s  r eached .  

2 .  Experimental  Procedure 

The b a s i c  i n s t r u m e n t a t i o n  used was a Perkin-Elmer Thermal-Analysis 

System 4 coupled w i t h  a flow system t h a t  allowed t h e  g e n e r a t i o n  o f  known 

wa te r  c o n c e n t r a t i o n s  i n  a c a r r i e r  g a s .  Samples were r a p i d l y  h e a t e d  t o  a 

predetermined t e m p e r a t u r e ;  t h e n  weight v e r s u s  time was p l o t t e d  on a s t r i p -  

c h a r t  r e c o r d e r .  The accu racy  of  t h e  weight measurements was l i m i t e d  by 
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t h e  u n c e r t a i n t y  i n v o l . e d  i n  r e a d i n g  t h e  s t r i p - c h a r t  t r a c e ,  o r  about 

- +0.002 mg ( l e s s  t h a n  L% on most d a t a ) .  

F i g u r e  1 shows t l e  p e l l e t  r e a c t i n g  i n  t h e  i n s t r u m e n t .  P e l l e t s  were 

placed on a small  pan a t t a c h e d  t o  a mic roba lance  and suspended i n  a cup- 

l i k e  arrangement w i t h  h e a t i n g  c o i l s  i n  t h e  w a l l s  o f  t h e  cup.  The arrows 

t r a c e  t h e  r e a c t i n g  g a s  f low.  

HEATED "CUP"- 

REACTING- 
PELLET 

w 1 . 3  cm- 
2.54 c m  

F i g u r e  1. Reac t ion  Volume 

The flow system used t o  g e n e r a t e  known q u a n t i t i e s  of  wa te r  vapor  i n  

t h e  c a r r i e r  g a s  i s  i l l u s t r a t e d  i n  F i g u r e  2. 

flow i n t o  two s t r e a m s .  One s t r e a m  ( d e s i g n a t e d  a s  F1) passed th rough  

a f r i t t e d  d i s k  immersed i n  a c o n s t a n t  t e m p e r a t u r e  b a t h  s t a b i l i z e d  a t  

2"+0.3"C. - 
p r e s s u r e  o f  water  vapor  e q u i v a l e n t  t o  t h e  e q u i l i b r i u m  vapor  p r e s s u r e  o f  

This system s p l i t  t h e  g a s  

The g a s  f lowing o u t  of  t h e  wa te r  r e s e r v o i r  c o n t a i n e d  a p a r t i a l  
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t h e  water  a t  2"+0.3"C. - 
and passed ove r  t h e  L i ( S i ) .  

The two g a s  streams, F1 and F 2 ,  were t h e n  mixed 

By u s i n g  t h r e e  assumptions ( 1 )  t h e  i d e a l  g a s  law,  (2) a n e g l i g i b l e  

p r e s s u r e  d r o p  i n  t h e  flow system, and ( 3 )  c o n s e r v a t i o n  o f  mass i n  t h e  f low 

sys t em,  we  can show t h a t  t h e  water-vapor c o n c e n t r a t i o n  above t h e  L i ( S i )  i n  

t h e s e  expe r imen t s  i s  g i v e n  by t h e  fo l lowing  e q u a t i o n .  

273 - F1 

[% T 221:00] 
- - 

H2° 
C 

wv 

r METER 

F i g u r e  2. The Gas-Flow System Used t o  Genera t e  Known C o n c e n t r a t i o n s  
o f  Water Vapor i n  Various Carrier Gases 

I f  i t  i s  assumed t h a t  >> 1,  t h i s  can be  c l o s e l y  approximated by P, 

l8 1 2 73 c 

H 2 0  ;Y:'F [A T ' 22 400 2 
C (2) 

1 0  



o r  

C = 2.89  x !O 
H2° 

where 

C H 2 0  = g/cm3 

P, = mm Hg 

T = K  

3 F1,F2 = cm 1 s .  

A l l  v a r i a b l e s  a r e  d e f i n e d  i n  Appendix A.  

I n  t h e s e  expe r imen t s ,  t h e  v a l u e  o f  Pw was t aken3  a s  5.3+0.15 - mm Hg. 

F1 and F2 were measured w i t h  two Manostat  f lowmeters .  

f o r  d e t e r m i n i n g  t h e  volume flow r a t e  f o r  a g i v e n  r e a d i n g  were t a k e n  from 

t h e  m a n u f a c t u r e r ' s  l i t e r a t u r e  f o r  each g a s  used.  The o v e r a l l  u n c e r t a i n t y  

i n  c a l c u l a t i n g  C 

C a l i b r a t i o n  f a c t o r s  

from t h e  above e q u a t i o n  i s  b e l i e v e d  t o  b e  - + 7 % .  - 
H2° 

In  p r a c t i c e ,  i t  was n e c e s s a r y  t o  flow g a s  through t h e  system f o r  sev- 

e r a l  h o u r s  t o  purge i t  o f  o t h e r  g a s e s  and a l l o w  a l l  s u r f a c e s  t o  r e a c h  e q u i -  

l i b r i u m  wi th  t h e  wa te r  vapor .  

c o r p o r a t e d  i n  t h e  system t o  monitor  t h e  water  c o n t e n t  o f  t h e  exhaus t  g a s .  

Experiments were run by q u i c k l y  p l a c i n g  a p e l l e t  i n  t h e  system a f t e r  t h e  

hygrometer s t a b i l i z e d .  

A Panamet r i c s  Model 1000 hygrometer was in -  

Weight-gain d a t a  were t a k e n  f o r  L i ( S i )  samples ( 4 4  w t %  L i )  t h a t  were 

p res sed  i n t o  small  p e l l e t s  w i th  t h e  geometry shown i n  F i g u r e  1. P e l l e t s  

were made i n  a d r y  room ( w a t e r  c o n t e n t  <300 ppm) and s t o r e d  i n  a d e s i c -  

c a t o r .  The v a l u e  o f  t h e  r a d i u s  f o r  each p e l l e t  was assumed t o  b e  d e t e r -  

mined by t h e  r a d i u s  o f  t h e  p e l l e t i z i n g  f i x t u r e .  

a r e p r e s e n t a t i v e  sample of  p e l l e t s  were c a r e f u l l y  measured,  and an ave rage  

d e n s i t y  o f  0 .97  g/cm3 was c a l c u l a t e d .  

The weight and h e i g h t  o f  

T h i s  d e n s i t y  v a l u e  was used a long  
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w i t h  t h e  weight measured by t h e  TGA and t h e  known r a d i u s  o f  t h e  p e l l e t i z -  

i ng  f i x t u r e  t o  de t e rmine  t h e  t h i c k n e s s  ( h )  f o r  each p e l l e t .  

It can be  shown t h a t  f o r  t h e  g i v e n  geometry 

0.33 Wi mass of  p e l l e t  h =  1 ,. ( 4 )  z ( d e n s i t y )  ( n r z )  r 

The assumption t h a t  each p e l l e t  had t h e  same d e n s i t y  i s  n o t  b e l i e v e d  t o  be  

a s o u r c e  o f  s i g n i f i c a n t  e r r o r  s i n c e  a l l  t h e  p e l l e t s  were made by t h e  same 

o p e r a t o r  u s i n g  t h e  same t e c h n i q u e ,  and a l l  p e l l e t s  weighed about  t h e  s a m e .  

Data were g e n e r a t e d  f o r  p u r e  g a s e s  by i s o l a t i n g  t h e  water r e s e r v o i r  

w i t h  s h u t o f f  v a l v e s .  No a t t empt  was made t o  d r y  t h e  system tho rough ly  ex- 

c e p t  f o r  a purge o f  s e v e r a l  h o u r s  t h a t  d i d  n o t  remove a l l  t h e  water v a p o r .  

Data w i l l  be d i s c u s s e d  l a t e r  t h a t  s u g g e s t  t h e  p re sence  o f  wa te r  vapor  i n  

v a r y i n g  amounts i n  t h e  system f o r  - a l l  t h e  s o - c a l l e d  "pure1' g a s e s .  

3 .  A p p l i c a b l e  React ion-Rate  Models 

The r e a c t i o n  of  L i ( S i )  w i th  any a tmosphe r i c  g a s  i s  a he t e rogeneous  

r e a c t i o n  between a s o l i d  and a g a s ,  and mass t r a n s p o r t  must b e  inc luded  as 

an i n t e g r a l  p a r t  o f  t h e  r e a c t i o n - r a t e  model.  . R e a c t i o n s  o f  t h i s  k ind  have 

been s t u d i e d  i n  t h e  p a s t  and numerous d e s c r i p t i o n s  p u b l i s h e d .  The models 

used i n  t h i s  work were t a k e n  from t h e  t e x t  by J .  M .  Smith.4 An a l t e r n a t e  

d i s c u s s i o n  may be  found i n  t h e  book by Szeke ly ,  Evans,  and S ~ h n . ~  These 

a u t h o r s  developed e q u a t i o n s  f o r  p e l l e t s  o f  s p h e r i c a l  geometry,  and t h e i r  

methods may be  used t o  deve lop  a p p l i c a b l e  e q u a t i o n s  f o r  o t h e r  g e o m e t r i e s .  

I n  t h i s  work, d a t a  were g e n e r a t e d  wi th  f l a t ,  round p e l l e t s ;  t h e  n e c e s s a r y  

e q u a t i o n s  were a c c o r d i n g l y  developed f o r  t h a t  geometry.  

During t h i s  work we observed t h a t  water vapor  r e a c t e d  w i t h  L i ( S i )  

o n l y  a t  exposed g e o m e t r i c a l  s u r f a c e s ,  w h i l e  L i ( S i )  r e a c t i n g  w i t h  n i t r o g e n  

and oxygen seemed t o  p e n e t r a t e  i n t o  t h e  p e l l e t  t o  t h e  s u r f a c e  o f  each  
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p a r t i c l e .  T h e r e f o r e  two models ( b o t h  termed " sh r ink ing-co re  models") a r e  

n e c e s s a r y  t o  a d e q u a t e i y  d e s c r i b e  t h e  r e a c t i o n s  o f  L i ( S i )  w i th  a tmosphe r i c  

g a s e s .  These models ~ j s u m e  t h a t  no p e l l e t  volume change i s  a s s o c i a t e d  

wi th  t h e  r e a c t i o n .  

t o  t h e  r e a c t i n g  g a s ;  i,i t h e  o t h e r  c a s e  i t  i s  n o t .  Even though a p e l l e t  i s  

porous t o  i n e r t  g a s e s ,  a r e a c t i n g  g a s  may n o t  p e n e t r a t e  i n t o  t h e  i n t e r i o r  

o f  t h e  sample because a f  m a s s - t r a n s f e r  l i m i t a t i o n s .  

I n  one model t h e  r e a c t i n g  p e l l e t  i s  c o n s i d e r e d  porous 

Mathematical  e x p r e s s i o n s  are  developed i n  t h e  fo l lowing  pa rag raphs  

f o r  t h e  s o l i d - c o r e  model w i t h  t h e  p e l l e t  geometry.  C e r t a i n  assumptions 

and o b s e r v a t i o n s  a r e  made t h a t  a l l o w  t r a n s f o r m a t i o n  o f  t h e  p e l l e t  geometry 

t o  a one-dimensional geometry.  The one-dimensional geometry i s  t h e n  used 

wi th  a p p r o p r i a t e  mass - t r anspor t  e q u a t i o n s  and a f i r s t - o r d e r  r e a c t i o n - r a t e  

law t o  o b t a i n  a ra te  e x p r e s s i o n  f o r  t h e  s o l i d - c o r e  model.  F i n a l l y ,  an 

e x p r e s s i o n  i s  determined f o r  t h e  porous-core model i n  an analogous manner. 

F i g u r e  3 i s  a c r o s s  s e c t i o n  o f  a f l a t ,  round p e l l e t  r e a c t i n g  accord- 

i ng  t o  t h e  s o l i d - c o r e  model. Note t h a t  r e a c t i o n  i s  n o t  allowed on t h e  b o t -  

tom of  t h e  p e l l e t  s i n c e  none was i n d i c a t e d  i n  ou r  expe r imen t s .  The r e a c t -  

i n g  g a s  ( w a t e r  v a p o r )  d i f f u s e s  from t h e  s u r r o u n d i n g  medium t o  t h e  s u r f a c e  

o f  t h e  p e l l e t ,  t h e n  through a l a y e r  o f  r e a c t i o n  p roduc t  t o  r e a c t  i n  a zone 

assumed t o  b e  of  z e r o  t h i c k n e s s .  A c o n c e n t r a t i o n  g r a d i e n t  o f  t h e  r e a c t i n g  

g a s  e x i s t s  i n  b o t h  t h e  g a s  phase and t h e  r e a c t e d  s o l i d  phase ( F i g u r e  3 ) .  

I n  t h i s  model i t  i s  assumed t h a t  any g a s  formed a t  t h e  r e a c t i o n  f r o n t  d i f -  

f u s e s  back o u t  i n t o  t h e  gaseous phase a t  a f a s t  r a t e  and c o n t r i b u t e s  no 

n e t  weight g a i n .  

To f a c i l i t a t e  t h e  development o f  a r a t e  e x p r e s s i o n  f o r  t h e  s o l i d - c o r e  

model,  i t  i s  d e s i r a b l e  t o  t r a n s f o r m  t h e  th ree -d imens iona l  geometry shown 

i n  F i g u r e  3 t o  a one-dimensional problem and a l s o  t o  deve lop  e q u a t i o n s  

t h a t  r e l a t e  weight g a i n  t o  t h e  f r a c t i o n  o f  t h e  m a t e r i a l  t h a t  h a s  r e a c t e d .  

The system shown i n  F i g u r e  3 can be  t ransformed t o  a one-dimensional prob- 

l e m  by d e f i n i n g  "x" as t h e  d i s t a n c e  i n t o  t h e  p e l l e t  p e r p e n d i c u l a r  t o  t h e  

t o p  s u r f a c e  and i n t o  t h e  p e l l e t  a long  any r a d i u s .  

t h e  d i s t a n c e  from any o u t s i d e  s u r f a c e  t o  t h e  r e a c t i o n  f r o n t  i n  t h e  p e l l e t .  

xr  i s  d e f i n e d  as 
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The assumption i s  made t h a t  c o n c e n t r a t i o n  e f f e c t s  a t  t h e  t o p  edge ’o f  t h e  

p e l l e t  have no s i g n i f i c a n t  impact on t h e  r e a c t i o n  r a t e ,  and t h a t  r e a c t i o n  

proceeds uniformly on a l l  exposed g e o m e t r i c a l  s u r f a c e s .  T h i s  mcdel a l lows  

mass t r a n s p o r t  t o  t h e  p e l l e t  i n  t h e  gaseous phase and i n t o  t h e  p e l l e t  

a long  a s i n g l e  a x i s  ( X I ,  and ove r  a v a r i a b l e  s u r f a c e  a r e a .  

Hf ,/(Ly REACTED i 1 SOLID 

UNREACTED SOLI U 
(L i (  s i ) )  

f 
r 

i H,O 

f REPRESENTATIVE CONCENTRATION - I PROFILE FOR WATER VAPOR 
1 -- 

F i g u r e  3 .  Sh r ink ing  Core Model With a S o l i d  Core 

An e x p r e s s i o n  f o r  xr  i n  terms o f  measured v a r i a b l e s  h ,  r ,  and weight  

g a i n  can  b e  determined i f  i t  i s  assumed t h a t  no volume change i s  a s s o c i -  

a t e d  w i t h  r e a c t i o n ,  and i f  t h e  r e a c t i o n  p roduc t  i s  known. ( A l l  v a r i a b l e s  

used a r e  l i s t e d  i n  Appendix A ,  and many a r e  i l l u s t r a t e d  i n  F igu re  3 . )  For 

wa te r  r e a c t i n g  w i t h  L i ( S i ) ,  t h e  o n l y  observed r e a c t i o n  product  was L i 2 0  

( s e e  S e c t i o n  5 ) .  

It can be e a s i l y  shown t h a t  a 1 g sample of  L i ( S i )  ( 4 4  wtX), which 

h a s  r e a c t e d  t o  form a l l  L i 2 0  and s i l i c o n ,  w i l l  weigh 1.503 g .  T h e r e f o r e ,  

p e l l e t  weight  a t  time t - i n i t i a l  w t  = volume r e a c t e d  
1.503 i n i t i a l  w t  - i n i t i a l  w t  i n i t i a l  volume 
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o r  

The  r a t i o  o f  Vr t o  Vi can e a s i l y  b e  expres sed  i n  terms o f  xr  by i n s p e c t i o n  

o f  F igu re  3 ,  and t h i s  e q u a t i o n  becomes 

2 2 
A r  h - A  ( r  - x r )  ( h  - x r )  

1.98[$ - 11 = w r  2 h Y 
( 6 )  

which can be  r e a r r a n g e d  t o  g i v e  Eq ( 7 ) .  

( 7 )  
x3 - x 2 ( h  + 2 r )  + x ( 2 r h  + r 2 ) + 1.988r  
r r r 

The a r e a  of  t h e  r e a c t i o n  zone (Ar) can  a l s o  be  determined by i n s p e c t i o n  o f  

F igu re  3 ,  and i t  i s  g iven  as  Eq ( 8 ) .  

A = A. - x r ( 4 s r  r 
+ 27rh) + 3 m r  2 

( 8 )  

I n  o r d e r  t o  d e s c r i b e  t h e  mass - t r anspor t  and c h e m i c a l - r e a c t i o n  r a t e  

f o r  t h e  one-dimensional r e p r e s e n t a t i o n  o f  t h e  system shown i n  F i g u r e  3 ,  

i t  i s  n e c e s s a r y  t o  assume e x i s t e n c e  o f  a s t e a d y  s t a t e  i n  which t h e  mass 

o f  oxygen t r a n s p o r t e d  through t h e  g a s  phase t o  t h e  s u r f a c e  of  t h e  p e l l e t  

e x a c t l y  e q u a l s  t h a t  t r a n s p o r t e d  th rough  t h e  r e a c t e d  s o l i d  t o  t h e  r e a c t i o n  

f r o n t .  I n  t u r n  t h i s  mass o f  oxygen e x a c t l y  e q u a l s  t h e  mass t h a t  adds t o  

t h e  weight o f  t h e  p e l l e t  by r e a c t i o n  a t  t h e  r e a c t i o n  f r o n t .  Note t h a t  

t h e  oxygen i s  t r a n s p o r t e d  i n t o  t h e  p e l l e t  as wa te r  vapor  ( t h e r e f o r e ,  mass- 

t r a n s p o r t  e q u a t i o n s  are w r i t t e n  f o r  wa te r  v a p o r ) ,  and hydrogen formed a t  

t h e  r e a c t i o n  f r o n t  d i f f u s e s  back o u t  o f  t h e  p e l l e t .  The s t e a d y - s t a t e  
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assumption a l lows  t h e  fo l lowing  t h r e e  e q u a t i o n s  t o  be  w r i t t e n :  

1 . 1 3  - dw = Ar ks [g] Y = xr 
d t  

dw 
d t  r r r  1 . 1 3  - =  A k C 

Equat ion ( 9 )  d e s c r i b e s  mass t r a n s p o r t  through t h e  g a s  phase ;  Eq ClO), 

mass t r a n s p o r t  through t h e  r e a c t e d  s o l i d  phase ;  and Eq (111,  t h e  r e a c t i o n  

r a t e  a t  t h e  r e a c t i o n  f r o n t .  The form o f  Eq (11) assumes a r e a c t i o n  t h a t  

i s  f i r s t  o r d e r  w i th  r e s p e c t  t o  water-vapor c o n c e n t r a t i o n .  

a p r i o r i  r e a s o n  f o r  choosing t h i s  r a t e  e x p r e s s i o n  f o r  Eq ( 1 1 )  ot t !er  t han  

t h a t  b u t  t h i s  f u n c t i o n a l  form a d e q u a t e l y  f i t s  o u r  d a t a .  The c o n s t a n t  

1.13 i n  t h e s e  e q u a t i o n s  c o r r e c t s  t h e  c o n c e n t r a t i o n  term from g r m s  o f  

water  vapor  t o  grams o f  oxygen. 

There i s  no 

Equa t ions  (91, (101,  and ( 1 1 )  cart be  solved s i m u l t a n e o u s l y  wi th  appro- 

p r i a t e  boundary c o n d i t i o n s  ( s e e  Reference 4 f o r  t h e  g e n e r a l  p rocedure )  and 

t h e  fo l lowing  e q u a t i o n  r e s u l t s :  

0.89 krkgAoArCg dw - =  
d t  ArkrAokgF( xr 

Arkr + A k + 
S o g  

(12 )  

where 

and 

1 F(x r )  = - 
J-s 

m = 4 n r  + 2nh 

m + F q  6nxr - m -p  
I n  (6nxr - m + fi)- I n  (m - fi) 

q = 12nAo - m 2 . 



A t  z e r o  t i m e ,  4 = A,, xr = 0 ,  and t h e  above e q u a t i o n  r educes  t o  Eq ( 1 3 ) .  

0.84 k k 

k r t k  o g  
g 

=-- r g A C  . dw 
( 1 3 )  

I n  t h e  second r e a c t i o n  model used i n  t h i s  r e p o r t ,  i t  i s  assumed t h a t  

t h e  r e a c t i n g  g a s  can  p e n e t r a t e  t h e  p e l l e t ,  and t h a t  r e a c t i o n  o c c u r s  on 

a l l  a c c e s s i b l e  s u r f a c e s .  I n  t h o s e  c a s e s  where t h i s  model a p p l i e s ,  mass- 

t r a n s p o r t  l i m i t a t i o n s  i n  t h e  g a s  phase are  r a r e l y  i m p o r t a n t ,  e s p e c i a l l y  

i f  t h e  r e a c t i n g  g a s  i s  t h e  major  component i n  t h e  g a s  phase.  Forced con- 

v e c t i o n  o c c u r s ;  t h i s  i s  a much f a s t e r  t r a n s p o r t  mechanism t h a n  d i f f u s i o n .  

T h e r e f o r e ,  kg >> k r ,  and an e q u a t i o n  analogous t o  Eq ( 1 3 )  can  b e  w r i t t e n  

a s  : 

(g) = k A ' C  
r o g  t = O  

(14 )  

where A; i s  a n  e f f e c t i v e  s p e c i f i c  s u r f a c e  a r e a  t h a t  i s  u s u a l l y  s p e c i f i e d  

as  a r e a  per  u n i t  mass o f  r e a c t i n g  s o l i d .  

and i t  may b e  inc luded  i n  t h e  ze ro - t ime- ra t e  c o n s t a n t  a s  f o l l o w s :  

A: c anno t  b e  detemined a p r i o r i ,  

- krAl, - -  
k ; , t = O  w .  1 

Equa t ion  (14 )  t h e n  becomes 

(g) t = O  = W .  1 k '  r ,  ( t = O  ) C  g ( 1 5 )  

The d e t e r m i n a t i o n  o f  an e x p r e s s i o n  f o r  dw/dt a t  nonzero t i m e s  f o r  

t h e  porous-core model r e q u i r e s  f u r t h e r  s i m p l i f y i n g  assumptions s i n c e  a n  

undefined r e a c t i o n  area i s  i n v o l v e d .  I n  t h i s  r e p o r t ,  because  o n l y  zero- 

t i m e - r a t e  c o n s t a n t s  f o r  t h i s  v a r i a t i o n  o f  t h e  model are  d e t e r m i n e d ,  no 
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f u r t h e r  development o f  t h e  mathematics  w i l l  b e  g i v e n .  

u n i t s  o f  volume/(mass . t i m e ) ,  whereas kr i n  o t h e r  e q u a t i o n s  h a s  u n i t s  o f  

l e n g t h / t  ime. 

Note t h a t  k: h a s  

4 .  Data A n a l y s i s  

In  a n a l y z i n g  t h e  d a t a ,  we f i r s t  assumed ( a s  d i s c u s s e d  i n  S e c t i o n  3 )  

t h a t  a l l  d a t a  f o r  water-vapor r e a c t i o n  fol lowed the  s o l i d - c o r e  model,  

whereas t h e  d a t a  f Q r  t h e  p u r e  g a s e s  fol lowed t h e  porous-core model.  Data 

a n l y s i s  w i th  t h e  s o l i d - c o r e  model was accomplished by u s i n g  Eqs ( 1 2 )  and 

( 1 3 ) .  Weight-gain d a t a  f o r  a p a r t i c u l a r  p e l l e t  were examined and t h e  

s l o p e  of  t h e  c u r v e  a t  z e r o  time was e s t i m a t e d .  This v a l u e  was used i n  

Eq (13)  t o  de t e rmine  a v a l u e  f o r  k r ,  which i n  t u r n  was used i n  Eq (12)  

a long  w i t h  measured s l o p e s  f o r  t h e  same p e l l e t  a t  v a r i o u s  t imes t o  c a l c u -  

l a t e  a v a l u e  f o r  k,. 

Eq ( 7 )  f o r  x r ;  A, was o b t a i n e d  u s i n g  Eq (8). F i g u r e  4 g i v e s  a n  example o f  

weight-gain d a t a  measured f o r  a p e l l e t .  The s t r a i g h t  l i n e s  used t o  d e t e r -  

mine dw/dt a t  ze ro  t ime and a t  2.8 h a r e  a l s o  g i v e n .  

A v a l u e  f o r  xr i n  Eq (13)  was o b t a i n e d  by s o l v i n g  

The d a t a  a n a l y s i s  d e s c r i b e d  above f o r  t h e  s o l i d - c o r e  model r e q u i r e d  a 

v a l u e  f o r  t h e  gas-phase mass - t r anspor t  c o e f f i c i e n t  (k ) f o r  wa te r  vapor  

d i f f u s i n g  through t h e  c a r r i e r  g a s .  The g a s  f low shown i n  F igu re  2 a l l o w s  

a p o s s i b l e  s t a g n a t i o n  r e g i o n  immediately above t h e  r e a c t i n g  sample.  

many o f  t h e  expe r imen t s  t h e  f lowing g a s  was a t  a s u b s t a n t i a l l y  d i f f e r e n t  

t e m p e r a t u r e  from t h a t  of t h e  g a s  and sample i n s i d e  t h e  h e a t e d  cup.  No 

p rev ious  work was found t h a t  de t e rmined  v a l u e s  f o r  k f o r  t h e  f low s i t u -  

a t i o n  d e s c r i b e d  i n  F i g u r e  2.  However, app rox ima t ions  can b e  made by u s i n g  

e m p i r i c a l  c o r r e l a t i o n s  i f  i t  i s  assumed t h a t  a n o n t u r b u l e n t  f low e x i s t s  i n  

t h e  system. Th i s  assumption i s  r e a s o n a b l e  f o r  t h o s e  measurements i n  which 

t h e  t e m p e r a t u r e  o f  t h e  r e a c t i n g  sample i s  n o t  much d i f f e r e n t  from t h a t  o f  

t h e  f lowing g a s .  For d a t a  t aken  w i t h  a wide t e m p e r a t u r e  d i f f e r e n c e  be- 

tween t h e  f lowing g a s  and t h e  r e a c t i n g  sample,  a n  assumption o f  t u r b u l e n t  

f low i s  probably more v a l i d .  I n  t u r b u l e n t  f l ow,  k becomes l a r g e  and 

g 

I n  

g 

g 
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t h e  c o n c e n t r a t i o n  a c  t h e  s u r f a c e  o f  t h e  p e l l e t  i s  c l o s e l y  approximated by 

t h e  c o n c e n t r a t i o n  o f  bu lk  g a s .  

10.4 

10.3 

- 10.2 
I- 
I 
c3 
w 
- 
3 

10.1 

10.0 

9.9 

I 1 I I 

/ 
/ 

/ 
/ 

I I I I 

0 1 2 3 4 5 

TIME ( h )  

F i g u r e  4 .  Data For  a P e l l e t  Exposed t o  4 .26 x g/cm 3 
Water Vapor i n  Argon Carrier Gas a t  100°C. 
(Do t t ed  l i n e s  i n d i c a t e d  t h e  s l o p e s  determined 
a t  t i m e  = 0 ,  and t i m e  = 2.8 h . )  

To de te rmine  v a l u e s  f o r  k 

and t h e  fo l lowing  e q u a t i o n  was u s e d .  

t h e  t e x t  by Smith4 w a s  fol lowed c l o s e l y ,  
g ’  

To de te rmine  r e a l i s t i c  v a l u e s  f o r  t h e  v i s c o s i t y  ( u )  and t h e  d i f f u -  

Th i s  model s i v i t y  (D), a hard-sphere c o l l i s i o n  model was assumed .6y7  

p r e d i c t s  t h e  fo l lowing  two e q u a t i o n s .  
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3 
32 

D E -  (17)  

and 

The two e q u a t i o n s  can be  s i m p l i f i e d  by s u b s t i t u t i n g  a p p r o p r i a t e  c o n s t a n t s  

f o r  t h e  expe r imen ta l  c o n d i t i o n s  ( a v e r a g e  t o t a l  p r e s s u r e ,  670-mm Hg); t h e  

fo l lowing  two e q u a t i o n s  a r e  o b t a i n e d :  

2 
1 2  

D = 2.08 x 10 ( 1 9 )  

and 

2.72 1 / 2  u =  2 (M2T) Y (20 )  

where M1 and M2 now r e f e r  t o  t h e  m o l e c u l a r  weight  o f  water vapor  and t h e  

c a r r i e r  g a s ,  r e s p e c t i v e l y .  Values of u 1 2  2 and u v  2 i n  t h e s e  e q u a t i o n s  are  

i n  squa re  angstroms.  These q u a n t i t i e s  r e p r e s e n t  c o l l i s i o n  c r o s s  s e c t i o n s  

determined from d i f f u s i o n  and v i s c o s i t y  d a t a .  

from References 6 and 7 t h a t  we u sed .  

Tab le  1 g i v e s  t h e  v a l u e s  

Tab le  1 

Cross - sec t ion  Values 

2 
C a r r i e r  Gas 1 2  

Argon 7.95 
Ni t rogen  8.01 
Oxygen 7.56 
A i  r 8 .01  

U 
2 

uV 

13.25 
14.06 
13.03 
14.06 

2 0  



The d e n s i t y  o f  t h e  g a s  i n  t h e s e  expe r imen t s  i s  dominated by t h e  c a r -  

r i e r  g a s .  A s imple  a i p l i c a t i o n  o f  t h e  i d e a l  g a s  l a w  a l l o w s  t h e  f o l l o w i n g  

e x p r e s s i o n  f o r  d e n s i t !  i n  t h e s e  expe r imen t s .  

= 1 .07  x 10 
670 27:. M2 p - -  - 
760 ' T ' 22 400 (21 )  

The t h r e e  e q u a t i o n s  fctr d i f f u s i v i t y ,  v i s c o s i t y ,  d e n s i t y ,  and an e x p r e s s i o n  

f o r  v (determined from expe r imen ta l  c o n d i t i o n s )  were s u b s t i t u t e d  i n t o  

Eq ( 1 6 )  t o  o b t a i n  Eq ( 2 2 ) .  

1 
2 

k = j D  
g 

( 2 2 )  

The c o n s t a n t  j, was determined by e x t r a p o l a t i n g  t h e  c u r v e  o f  j D  v e r s u s  

Reyno ld ' s  number g iven  on p 364 o f  Refe rence  3 .  

dimension used i n  d e t e r m i n i n g  Reynold 's  number was t h e  d i a m e t e r  o f  t h e  cup 

i n  F i g u r e  2 ,  o r  1 . 3  cm.) 

(The c h a r a c t e r i s t i c  

For most of  t h e  d a t a  a n a l y s i s  t h a t  used t h e  s o l i d - c o r e  model,  Eq ( 2 2 )  

was used t o  c a l c u l a t e  k I n  one se r ies  o f  d a t a  i t  was assumed t h a t  gas- 

phase t r a n s p o r t  was n o t  r e s t r i c t i v e  ( i . e . ,  t u r b u l e n t  f low w i t h  a v e r y  

l a r g e  k g ) .  

g '  

The d a t a  f o r  t h i s  s e r i e s  a r e  l i s t e d  i n  Table  B-9,  Appendix B .  

For d a t a  g e n e r a t e d  w i t h  pu re  oxygen and n i t r o g e n ,  Eq (15)  was used t o  

c a l c u l a t e  a zero-time r e a c t i o n - r a t e  c o n s t a n t .  The s l o p e  o f  t h e  weight- 

g a i n  d a t a  a t  z e r o  t ime w a s  used w i t h  t h i s  e q u a t i o n  a s  e x p l a i n e d  above f o r  

t h e  porous-core model i l l u s t r a t e d  i n  F i g u r e  3.  
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5. R e s u l t s  

The t a b l e s  i n  Appendix B summarize t h e  d a t a  and r e s u l t s  f o r  a l l  t h e  

weight-gain d a t a .  

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

t h e  Ar rhen ius  form t h e  fo l lowing  e q u a t i o n  can be  w r i t t e n :  

Values o f  k r ,  k s ,  kg ,  and f o r  each experiment  

I f  i t  i s  assumed t h a t  kr v a r i e s  acco rd ing  t o  

E - -  
1.98T k = B e  r ( 2 3 )  

The s t a n d a r d  procedure f o r  u s ing  t h i s  f u n c t i n a l  form i s  t o  p l o t  l n ( k r )  
3 v e r s u s  10 / T ,  and t o  de t e rmine  t h e  s l o p e  and i n t e r c e p t  t o  e v a l u a t e  E and 

B .  I n  t h i s  work, a s t a t i s t i c a l  c u r v e - f i t t i n g  program developed by Hewlet t -  

Packard was used w i t h  an HP-67 c a l c u l a t o r  t o  d e t e r m i n e  B and E f o r  each 

d a t a  s e t .  

i n d i c a t e s  how w e l l  t h e  d a t a  f i t s  t h e  f u n c t i o n a l  form ( a  v a l u e  of  1 would 

The r o u t i n e  a l s a  determined a c o r r e l a t i o n  f a c t o r  ( f  2 ) t h a t  

Values o f  B y  E ,  and f 2 a r e  g i v e n  i n  t h e  t a b l e s  o f  be  a p e r f e c t  f i t ) .  

Appendix B .  

The r e s u l t s  g e n e r a t e d  f o r  t h e  pu re  g a s e s  would f i t  t h e  form o n l y  f o r  

h i g h e r  t e m p e r a t u r e s .  

termined f o r  oxygen and n i t r o g e n ,  r e s p e c t i v e l y .  A s o l i d  s t r a i g h t  l i n e  on 

each o f  t h e s e  f i g u r e s  g i v e s  t h e  l i n e  g e n e r a t e d  by u s i n g  t h e  v a l u e s  of  B 

and E i n  Tab le s  A-1 and A-2, r e s p e c t i v e l y .  

F i g u r e s  5 and 6 p l o t  a l l  t h e  v a l u e s  f o r  k i , t = o  de- 

The d a t a  g e n e r a t e d  f o r  known amounts o f  water vapor  can  be used t o  

c a l c u l a t e  a p p a r e n t  v a l u e s  f o r  k i , t = O  f o r  a g i v e n  wa te r  c o n c e n t r a t i o n .  The 

d o t t e d  l i n e s  i n  F i g u r e s  5 and 6 r e p r e s e n t  t h e  expec ted  c u r v e  o b t a i n a b l e  i f  

t h e  oxygen and n i t r o g e n  c o n t a i n e d  5 x g H20/cm2 (abou t  70 ppm). 
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F i g u r e  5 .  P l o t  o f  Pn(k&=O) v s  10 3 / T  f o r  t h e  Data 
Generated With Oxygen Gas; No Water Vapor 
Added. (The s o l i d  l i n e  g i v e s  t h e  b e s t  f i t  
o f  t h e  h i g h e r  t e m p e r a t u r e  d a t a ,  and t h e  
d o t t e d  l i n e  g i v e s  t h e  c u r v e  c a l c u l a t e d  f o r  
oxygen wi th  5 x loy8 g/cm3 water v a p o r ,  o r  
about  70 ppm.) 

I n s p e c t i o n  o f  F i g u r e s  5 and 6 s u g g e s t s  t h a t  t h e  d a t a  f o r  lower tem- 

p e r a t u r e s  more c l o s e l y  approximate t h e  d o t t e d  l i n e ,  w h i l e  t h e  h i g h e r  t e m -  

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

fo l lowing  t h e  s o l i d  l i n e  a t  t e m p e r a t u r e s  >650K (-375"C), whereas t h e  d a t a  

f o r  oxygen beg in  fo l lowing  t h e  s o l i d  l i n e  a t  t e m p e r a t u r e s  >550K (-275°C). 

As  p r e v i o u s l y  s t a t e d  , t h e  s o - c a l l e d  "pure" g a s e s  were contaminated by 

a v a r i a b l e  amount of  water vapor  caused by e v a p o r a t i o n  o f f  t h e  w a l l s  of  

t h e  f low system. Apparen t ly ,  t h e  weight g a i n  a t  lower t e m p e r a t u r e  i n  t h e  

pu re  g a s e s  w a s  dominated by t h e  r e a c t i o n  o f  L i ( S i )  w i t h  t h i s  r e s i d u a l  

w a t e r ,  s i n c e  t h e  r a t e  c o n s t a n t s  more c l o s e l y  f o l l o w  an e x p r e s s i o n  gener-  

a t e d  f o r  water-vapor d a t a .  T h e r e f o r e ,  i t  i s  sugges t ed  t h a t  o n l y  t h e  

h i g h e r  t empera tu re  d a t a  ( s o l i d  l i n e s )  i n  F i g u r e s  5 and 6 r e p r e s e n t  t h e  re- 

a c t i o n  o f  t h e  p u r e  g a s e s  w i t h  L i ( S i ) .  
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F i g u r e  6 .  P l o t  o f  .!n(ki,,,o) v s  10 3 /T f o r  t h e  Data 
Generated With Ni t rogen  Gas; No Water 
Vapor Added. (The s o l i d  l i n e  g i v e s  t h e  
b e s t  f i t  o f  t h e  h igh - t empera tu re  d a t a ;  
t h e  d o t t e d  l i n e  g i v e s  t h e  c u r v e  c a l c u -  
l a t e d  f o r  n i t r o g e n  w i t h  5 x g/cm3 
w a t e r  v a p o r ,  o r  about  70 ppm.) 

A l l  t h e  d i f f e r e n t  v a l u e s  o f  kr de t e rmined  f o r  wa te r  vapor  are  p l o t t e d  

i n  F i g u r e  7 .  The s o l i d  l i n e  i n  t h i s  f i g u r e  g i v e s  v a l u e s  o f  B = 55.5 and 
3 E = 3 x 10 . Two s o u r c e s  o f  u n c e r t a i n t y  c o n t r i b u t e  t o  t h e  s c a t t e r  i n  

t h e s e  d a t a .  F i r s t ,  t h e  v a l u e s  used f o r  k were n o t  p r e c i s e ,  as d i s c u s s e d  

i n  S e c t i o n  4 .  Second, t h e  i n i t i a l  c o n d i t i o n  o f  t h e  p e l l e t  s u r f a c e s  was 

n o t  c o n t r o l l e d .  The d a t a  a n a l y s i s  assumes no r e a c t i o n  l a y e r  on t h e  

o u t s i d e  o f  t h e  p e l l e t s  a t  z e r o  t ime, when i n  f a c t  an o x i d e  c o a t i n g  o f  

unknown t h i c k n e s s  was p r e s e n t .  I n  o r d e r  f o r  t h i s  l a y e r  t o  have no impact 

on t h e  chemical  r e a c t i o n  r a t e  a s  c a l c u l a t e d ,  t h e  mass t r a n s p o r t  through i t  

would have t o  b e  much g r e a t e r  t h a n  t h e  chemical  r e a c t i o n  r a t e .  The 

maximum t h i c k n e s s  o f  t h e  o x i d e  l a y e r  t h a t  would s a t i s f y  t h i s  c o n d i t i o n  can 

g 
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be approximated by us:ng t h e  v a l u e s  o f  ks and kr w i t h  Eq ( 2 4 )  and i t  i s  

e s t i m a t e d  t h a t  an o x i c e  t h i c k n e s s  of  2 .5  x cm would c a u s e  a 1% e r r o r .  

The p e l l e t s  used i n  t t  is work were exposed f o r  v a r i a b l e  t i m e  p e r i o d s  t o  

dry-room c o n d i t i o n s ;  i r  i s  n o t  known i f  t h i s  c o n d i t i o n  was s a t i s f i e d .  

The p e l l e t s  were handled more c a r e f u l l y  t h a n  u s u a l  d u r i n g  b a t t e r y  

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

r e s u l t i n g  B and E w i l l  r e f l e c t  t h e  p r o d u c t i o n  s i t u a t i o n .  

2.0 
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Y 
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F i g u r e  7 .  P l o t  o f  l n ( k r )  v s  103/T f o r  A l l  
Water-Vapor Data.  ( S o l i d  l i n e  
g i v e s  v a l u e s  of  B = 55.5 and 
E = 3 x 10 .> 3 

Values of  ks determined i n  t h i s  work show more v a r i a b i l i t y  t h a n  

v a l u e s  of  k r .  

de t e rmin ing  t h e  s l o p e  o f  t h e  weight v e r s u s  t h e  t ime  c u r v e  a t  v a r i o u s  

t imes.  

t h rough  t h e  r e a c t e d  s o l i d ,  and any phenomenon a f f e c t i n g  mass t r a n s p o r t  

I n  p a r t ,  t h i s  i s  caused by t h e  d i f f i c u l t y  i n  a c c u r a t e l y  

However, ks i s  a v a l u e  t h a t  measures  t h e  r e s i s t a n c e  t o  mass f low 
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would have a l a r g e  impact on ks. 
t h i c k n e s s  o f  t h e  i n i t i a l  o x i d e  l a y e r ,  and any change i n  t h e  d e n s i t y  o f  t h e  

p e l l e t  o r  t h e  p a r t i c l e  s i z e  o f  t h e  L i ( S i )  p a r t i c l e s .  

Two phenomena a f f e c t i n g  ks a r e  t h e  

kS If ks were t r u l y  a d i f f u s i v i t y ,  and i f  t h e  d a t a  were a c c u r a t e ,  

would v a r y  acco rd ing  t o  t h e  s q u a r e  r o o t  o f  t e m p e r a t u r e .  

v e r s u s  T 1 / 2 ,  Although no c l e a r  t r e n d  i s  obvious from t h i s  g raph ,  t h e  

v a l u e s  of  ks a t  t e m p e r a t u r e s  n e a r  ambient seem t o  c l u s t e r  between 5 x 

and 1 x I t  i s  t h e r e f o r e  sugges t ed  t h a t  t h e  a v e r a g e ,  7 . 5  x b e  

used i n  c a l c u l a t i o n s  o f  r e a c t i o n  r a t e  a t  ambient t e m p e r a t u r e .  

F i g u r e  8 p l o t s  ks 
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F i g u r e  8 .  P l o t  o f  ks vs  T1/*.  (The two v a l u e s  
i n d i c a t e d  by arrows do  n o t  f i t  on 
t h i s  s c a l e . )  

G .  C .  Nelson ( D i v i s i o n  5823) ana lyzed  t h e  p e l l e t s ,  u s i n g  SIMS and 

I S S .  A l l  p e l l e t s  c o n t a i n e d  s u b s t a n t i a l  l a y e r s  of  l i t h i u m  o x i d e s  and 

almost  n o t h i n g  e l s e .  The e x c e p t i o n s  were t h o s e  p e l l e t s  exposed t o  n i t r o -  

gen a t  h i g h e r  t empera tu res  t h a t  a l s o  had s p e c i e s  i n  t h e  s u r f a c e  l a y e r  w i th  

n i t r o g e n  atoms. The ox ide  l a y e r s  on t h e  p e l l e t s  had v a r i o u s  t h i c k n e s s e s ,  
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bu t  because t h e  p e l l e t s  were n o t  l a b e l e d  w i t h  r e s p e c t  t o  exposure t i m e  t h e  

l a y e r  t h i c k n e s s  could n o t  b e  c o r r e l a t e d  w i t h  o t h e r  d a t a .  

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

d a t a  t a k e n  w i t h  pu re  c a r r i e r  g a s e s  c o n t a i n e d  some wa te r  v a p o r ,  and t h a t  

t h e  major  product  on t h e  p e l l e t s  exposed t o  w a t e r  vapor  was l i t h i u m  o x i d e .  

Presumably t h e  hydrogen r e l e a s e d  by t h e  r e a c t i o n  o f  L i ( S i )  with water 

vapor  d i f f u s e d  back i n t o  t h e  g a s  s t r e a m ,  and any hydrox ide  formed had been 

conve r t ed  t o  l i t h i u m  o x i d e  by t h e  t i m e  t h e  p e l l e t s  were a n a l y z e d .  

6, Discuss  i o n  

The g e n e r a t e d  d a t a  s u g g e s t  t h a t  t h e  r e a c t i o n  o f  L i ( S i )  w i th  n i t r o g e n  

and oxygen i s  i n s i g n i f i c a n t l y  s low a t  t e m p e r a t u r e s  p r e v a l e n t  d u r i n g  b a t -  

t e r y  p r o d u c t i o n  and s t o r a g e .  However, L i ( S i )  r e a c t s  w i th  water vapor  v e r y  

r a p i d l y ;  t h e  r a t e  of  t h i s  r e a c t i o n  should be used t o  s p e c i f y  h a n d l i n g  pro- 

c e d u r e s .  No ev idence  e x i s t s  t o  s u g g e s t  t h a t  t h e  r e a c t i o n  o f  L i ( S i )  w i th  

n i t r o g e n  was c a t a l y z e d  by water v a p o r ,  however,  t h i s  p o s s i b i l i t y  was n o t  

a d e q u a t e l y  e x p l o r e d .  No d a t a  p o i n t s  were t a k e n  a t  t e m p e r a t u r e s  >3OO0C 

wi th  water  vapor  i n  n i t r o g e n ,  and t h e  maximum water-vapor c o n c e n t r a t i o n  

used was -1OOQ ppm. C a t a l y s i s  o f  t h e  L i ( S i )  r e a c t i o n  wi th  n i t r o g e n  may 

n o t  be a p p a r e n t  i n  t h e s e  r a n g e s  o f  t e m p e r a t u r e  and water-vapor concen t r a -  

t i o n .  The d a t a  c l e a r l y  i n d i c a t e  t h a t  no s i g n i f i c a n t  c a t a l y t i c  e f f e c t  i s  

p r e s e n t  a t  t e m p e r a t u r e s  and water-vapor c o n c e n t r a t i o n s  t h a t  are  impor t an t  

i n  t h e  p r o d u c t i o n  o f  t he rma l  b a t t e r i e s .  

To c a l c u l a t e  t h e  e x a c t  amount of  r e a c t i o n  t h a t  a L i ( S i )  p e l l e t  would 

undergo,  i t  i s  n e c e s s a r y  n o t  o n l y  t o  n u m e r i c a l l y  i n t e g r a t e  Eq (10 )  f o r  

e v e r y  p e l l e t  geometry u s e d ,  b u t  a l s o  t o  have a good v a l u e  o f  k 

It i s  p o s s i b l e ,  however, t o  make c e r t a i n  s i m p l i f y i n g  assumptions and 

o b t a i n  a g e n e r a l i z e d  r e s u l t  a p p l i c a b l e  t o  any p e l l e t .  S i n c e  t h e  gas-phase 

mass - t r anspor t  rq te  a t  ambient c o n d i t i o n s  does  n o t  have an overwhelming 

e f f e c t  on t h e  s u r f a c e  c o n c e n t r a t i o n  ( ~ 3 0 %  e r r o r )  f o r  t h e s e  expe r imen t s  

n e a r  ambient t e m p e r a t u r e ,  i t  can  be  assumed t h a t  k i s  v e r y  l a r g e .  

and k s .  g 

g 
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F u r t h e r ,  because  most b a t t e r y  p e l l e t s  have a r a d i u s  much g i e a t e r  t h a n  

t h e i r  t h i c k n e s s ,  i t  can be  assumed t h a t  r >> h .  It c a n  be  shown t h a t  i f  

t h e s e  two assumptions are a l lowed ,  Eq (10 )  i s  c l o s e l y  appr, , imated by 

The i n t e g r a l  o f  t h i s  e q u a t i o n  between t i m e  l i m i t s  o f  t = 0 and t = t i s  

e q u i v a l e n t  t o  Wt - W i .  By r e t a i n i n g  t h e  assumption t h a t  r >> h ,  s e t t i n g  

r = 0.56 cm ( r a d i u s  o f  a u n i t  a r e a  c i r c l e ) ,  assuming a p e l l e t  d e n s i t y  o f  

0 . 9 7 ,  and e q u a t i n g  Wt - Wi t o  t h e  i n t e g r a l  o f  Eq ( 2 3 ) ,  w e  can show t h a t  

Eq ( 7 )  r e d u c e s  t o  

L 

x3 - 1.13 x 2 + 0.318 x - 0.643[ * = 0 
r r r d t  ( 2 5 )  

Equa t ion  ( 2 4 )  can t h e n  be  i n t e g r a t e d  n u m e r i c a l l y  by s o l v i n g  f o r  xr ( u s i n g  

Eq ( 2 5 ) )  a t  each t i m e  i nc remen t .  Th i s  i n t e g r a t i o n  p r e d i c t s  t h e  weight 

g a i n  pe r  cm2 o f  s u r f a c e  area f o r  a sample  o f  L i ( S i )  exposed t o  wa te r  vapor  

a t  c o n c e n t r a t i o n  C 
g '  

Values of  (Wt - Wi) were c a l c u l a t e d  by u s i n g  E q s  ( 2 4 )  and ( 2 5 )  f o r  

s e v e r a l  o f  t h e  TGA expe r imen t s  and were compared t o  observed weight-gain 

d a t a  a s  a check on t h e  v a l i d i t y  o f  t h i s  approach.  I n  t h e s e  c a l c u l a t i o n s  

kr was determined by u s i n g  Eq ( 2 3 )  and v a l u e s  of  B = 55.5 and E = 3 x 10 . 
A v a l u e  o f  7 .5  x 

c a l c u l a t e d  f o r  t h e  expe r imen t s  done i n  t h e  TGA ( u s i n g  Eqs (8 )  and (22)  

w i t h  expe r imen ta l  d a t a  f o r  t h e  i n i t i a l  v a l u e  o f  d w / d t ) ,  t h e  water-vapor 

c o n c e n t r a t i o n  a t  t h e  s u r f a c e  o f  t h e  p e l l e t  was used i n s t e a d  of  C The 

c a l c u l a t e d  c u r v e s  agreed w e l l  w i t h  d a t a  l i k e  t h a t  i n  F i g u r e  4 excep t  t h a t  

t h e  c a l c u l a t e d  c u r v e  ga ined  weight a t  a r a t e  s l i g h t l y  g r e a t e r  t han  t h e  

measured c u r v e .  Th i s  i s  e a s i l y  exp la ined  s i n c e  t h e  c u r v e s  were c a l c u l a t e d  

3 

was used f o r  k s .  S ince  v a l u e s  o f  C can  e a s i l y  b e  
0 

g '  

2 8  



by assuming a c o n s t a n t  r e a c t i o n  a r e a ,  whereas t h e  a c t u a l  r e a c t i o n  a r e a ,  

A, , d e c r e a s e d  w i t h  t ime. 

A s  a n o t h e r  check on t h e  v a l i d i t y  o f  t h e  c a l c u l a t i o n a l  procedure d i s -  

cussed above, a s imple  experiment  was conducted and compared wi th  c a l c u -  

l a t e d  v a l u e s .  A humid i ty  chamber was p repa red  by p l a c i n g  a s a t u r a t e d  

s o l u t i o n  o f  L i C l  i n  t h e  bOttom o f  a c l o s e d  d e s i c c a t o r  ( w i t h  no d e s i c c a n t ) .  

A f t e r  t h e  chamber sa t  ove r  t h e  weekend, s i x  L i ( S i )  p e l l e t s  were p l aced  

f l a t  i n  a s t a i n l e s s - s t e e l  t r a y  on t h e  t o p  s h e l f  o f  t h e  d e s i c c a t o r .  A f t e r  

25  h o u r s ,  t h e  ave rage  weight g a i n  o f  t h e  s i x  p e l l e t s  was 0 . 0 4 9  gram. 

Since t h e  exposed s u r f a c e  o f  t h e  p e l l e t s  was 10 em2,  t h i s  was e q u i v a l e n t  

t o  0 . 0 0 4 9  g/cw . To c a l c u l a t e  t h e  weight g a i n ,  i t  was assumed t h a t  t h e  

r e l a t i v e  humid i ty  i n  t h e  chamber w a s  11% a s  p r e v i o u s l y  r e p o r t e d Y 8  and i t  

was assumed t h a t  t h e  t e m p e r a t u r e  was a c o n s t a n t  22°C.  

2 

The c a l c u l a t e d  
2 weight g a i n  w i t h  t h e s e  v a l u e s  was 0.011 g/cm . The o b s e r v a t i o n  t h a t  t h e  

c a l c u l a t e d  v a l u e  was about  t w i c e  t h e  measured v a l u e  i n  t h i s  experiment  i s  

e a s i l y  e x p l a i n e d :  (1) t h e r e  was no c i r c u l a t i o n  o f  a i r  i n  t h e  chamber,  and 

( 2 )  t h e  c a l c u l a t i o n  ignored mass t r a n s p o r t  l i m i t a t i o n s  i n  t h e  boundary 

l a y e r  above t h e  p e l l e t s .  

F igu re  9 g i v e s  t h e  i n t e g r a l  o f  Eq ( 2 4 )  as a f u n c t i o n  o f  t i m e  f o r  

t h r e e  d ; f f e r e n t  water-vapor c o n c e n t r a t i o n s .  I n  o r d e r  t o  d i s p l a y  a 

g r e a t e r  r ange  o f  d a t a ,  t h e  i n t e g r a l  o f  d w / d t  i s  p l o t t e d  on a log lo  s c a l e .  

To use  t h i s  f i g u r e ,  i t  i s  n e c e s s a r y  t o  de t e rmine  t h e  t o t a l  s u r - f a c e  area 

i n  c e n t i m e t r e s  squared of an L i ( S i )  p e l l e t  t h a t  i s  exposed t o  t h e  water 

v a p o r ,  and m u l t i p l y  by t h e  v a l u e  o f  AW determined from F i g u r e  9 f o r  t h e  

p a r t i c u l a r  exposure t i m e .  AW i s  t h e n  added t o  t h e  i n i t i a l  weight  o f  t h e  

p e l l e t  t o  g i v e  i t s  new weigh t .  I f  a p e l l e t  g a i n s  1 . 5  t i m e s  i t s  o r i g i n a l  

w e i g h t ,  i t  h a s  been comple t e ly  conve r t ed  t o  l i t h i u m  o x i d e  and s i l i c o n .  

2 9  
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2 F i g u r e  9 .  C a l c u l a t e d  Curves f o r  t h e  Weight Gain p e r  cm 
o f  L i ( S i )  P e l l e t  Exposed t o  Varying Water- 
Vapor C o n c e n t r a t i o n s  

Estimates o f  weight  g a i n  f o r  L i ( S i )  p e l l e t s  based on t h e  c u r v e s  g iven  

i n  F i g u r e  9 a r e  expec ted  t o  b e  t o o  l a r g e  by 10% t o  30% because o f  mass- 

t r a n s p o r t  l i m i t a t i o n s  i n  t h e  boundary l a y e r  immediately above t h e  p e l l e t s .  

Loose-powder samples of  L i ( S i )  a r e  expec ted  t o  have a l a r g e r  v a l u e  o f  ks 

t h a n  t h e  compacted p e l l e t s ,  b u t  kr should be t h e  same i n  b o t h  c a s e s .  

l a r g e r  v a l u e  o f  ks would p r e d i c t  a f a s t e r  weight  g a i n  f o r  t h e  l o o s e  powder 

t h a n  t h a t  observed f o r  p r e s s e d  p e l l e t s .  However, even a v a l u e  o f  i n f i n i t y  

f o r  ks would on ly  doub le  t h e  v a l u e  f o r  t h e  c u r v e s  i n  F i g u r e  9 a t  5 h .  

Consequent ly ,  i t  i s  sugges t ed  t h a t  t h e s e  c u r v e s  be  used t o  p r e d i c t  r e a c -  

t i o n  o f  L i ( S i )  powder a s  w e l l  a s  p r e s s e d  p e l l e t s  f o r  t h e  r e l a t i v e l y  s h o r t  

exposure t i m e s  t h a t  are impor t an t  d u r i n g  b a t t e r y  p r o d u c t i o n .  

A 
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7 .  Conclusions 

L i ( S i )  a l l o y  w i t h  44 w t %  l i t h i u m  r e a c t s  w i t h  oxygen and n i t r o g e n  a t  

i n s i g n i f i c a n t l y  slow ra tes  under t h e  c o n d i t i o n s  p r e v a l e n t  d u r i n g  t h e  pro- 

d u c t i o n  and s t o r a g e  o f  t he rma l  b a t t e r i e s .  However, t h e  same a l l o y  r e a c t s  

w i th  wa te r  vapor  so f a s t  t h a t  t h e  r a t e  i s  i n h i b i t e d  by mass t r a n s p o r t  i n  

t h e  gas-phase boundary l a y e r  above t h e  a l l o y .  

d a t a  g e n e r a t e d  i n  t h i s  work a l l o w  c a l c u l a t i o n  o f  t h e  approximate weight 

g a i n  of  p e l l e t s  and loose-powder samples o f  L i ( S i )  a l l o y  f o r  t h e  ambient 

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

The r e a c t i o n - r a t e  model and 
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APPENDIX A 

L i s t  o f  V a r i a b l e s  

A 0  

AC, 

Ar 

B 

C 

cg 

H 2 O  

co 

‘r 

C 

D 

E 

f 2  

F1 

FZ 

h 

jD 

% 
kr 

k:, t = O  

Area of  p e l l e t  exposed t o  wa te r  vapor  (cm 2 ) 

E f f e c t i v e  s p e c i f i c  s u r f a c e  area f o r  r e a c t i o n  o f  L i ( S i )  w i t h  pure 
g a s e s  (cm’/g) 

T o t a l  a r e a  o f  r e a c t i o n  f r o n t  (em 2 ) 

Preexponen t i a l  c o n s t a n t  i n  Ar rhen ius  e q u a t i o n  

C o n c e n t r a t i o n  (g/cm 3 ) 

C o n c e n t r a t i o n  o f  r e a c t i n g  s p e c i e s  i n  t h e  r e a c t i o n  volume (g/cm 3 ) 

C o n c e n t r a t i o n  o f  wa te r  vapor  (g/cm 3 1 i n  t h e  r e a c t i o n  volume 

C o n c e n t r a t i o n  o f  water vapor  a t  t h e  r e a c t i o n  f r o n t  (g/cm 3 ) 

D i f f u s i v i t y  o f  water vapor  i n  c a r r i e r  g a s  (cm 2 / s )  

C o n c e n t r a t i o n  o f  wa te r  vapor  a t  t h e  p e l l e t  s u r f a c e  (g/cm3) 

A c t i v a t i o n  energy €or r a t e  c o n s t a n t  ( c a l o r i e s )  

S t a t i s t i c a l  c o r r e l a t i o n  f a c t o r  

Flow r a t e  o f  c a r r i e r  g a s  through wa te r  r e s e r v o i r  (cm 3 /SI 
Flow r a t e  o f  second c a r r i e r  g a s  stream (cm 3 / s )  

P e l l e t  h e i g h t  ( o r  l e n g t h )  (cm) 

Dimen$ionless c o n s t a n t  ( C h i l t o n  Colburn c o e f f i c i e n t )  

Mass- t ransport  c o e f f i c i e n t  f o r  water vapor  in c a r r i e r  g a s  (cm/s)  

Reac t ion  r a t e  c o n s t a n t  f o r  wa te r  vapor  w i t h  L i ( S i )  a t  t h e  r e a c t i o n  
f r o n t  ( cm/ s )  

Zero-time r e a c t i o n - r a t e  c o n s t a n t  f o r  pure g a s e s  w i t h  L i ( S i )  
(cm 3 /g-s) 
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kS 

ml 

m2 

M1 

M2 

N 

P 

pwv 

r 

t 

T 

U 

V 

vi 

V r  

W i  

Wt 

xr 

P 

2 
1 2  

U 

2 
U 

V 

D i f f u s i v i t y  o f  water molecu le s  i n  t h e  r e a c t e d  s o l i d  (cm 2 / s )  

Molecular  mass o f  wa te r  ( g )  

Molecular  mass o f  c a r r i e r  g a s  ( 8 )  

Molecular  weight o f  water 

Molecular  weight of  c a r r i e r  g a s  

Molecular  number d e n s i t y  (molecules/cm 3 ) 

P r e s s u r e  (mm Hg) 

Water-vapor p r e s s u r e  (mm Hg) 

P e l l e t  r a d i u s  (cm) 

Time ( s )  

Temperature (K) 

V i s c o s i t y  o f  f lowing g a s  (g/cm-s) 

S p e c i f i c  f low v e l o c i t y  o f  g a s  i n  the rma l  a n a l y s i s  i n s t r u m e n t  
(cm/s> 

I n i t i a l  p e l l e t  volume (cm 3 1 

Volume of  p e l l e t  t h a t  h a s  r e a c t e d  (cm3) 

P e l l e t  mass a t  z e r o  t i m e  (g) 

P e l l e t  mass a t  t i m e  t (g) 

D i s t a n c e  from e x t e r n a l  p e l l e t  s u r f a c e  i n t o  t h e  p e l l e t  t o  t h e  
r e a c t i o n  f r o n t  (cm) 

Dens i ty  o f  g a s  phase (g/cm 3 ) 

D i f f u s i o n  c r o s s  s e c t i o n  f o r  water vapor  i n  c a r r i e r  g a s  
(A2> 

V i s c o s i t y  c r o s s  s e c t i o n  of  c a r r i e r  g a s  (A 2 ) 
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Tables of  Data and Resu l t s  
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'i 
( 8 )  

9.567 x 

10.274 x 

9.957 10-3 

10.117 x 

9.348 x 

9.689 x 

9.59 10-3 

9.356 x 

10.078 x 

"10,464 x 

* 9.928 x 

"10.149 x 

* 9.86 10-3 

* 4.76  10-3 

Table  B-1 

R e s u l t s  f o r  Samples Exposed t o  Oxygen 

( P e l l e t  Diameter = 0.45 c m )  

T 
(K) 

3 73 

473 

5 73 

42 3 

3 73 

523 

423 

473 

523 

598 

623 

648 

6 73 

6 73 

- dw/d t =o 
5 .0  10-9 

1 .14  x 

3.28 x 

8 .89  

3.89 

5.77 10-9 

1 .61  x low8 

1 .72  x 

1.58 x 

3.56 x 

1.08 

4 .06  10-7 

8 .58 10-7 

4.92 10-7 

"Values used t o  de t e rmine  B and E 

% 
9.22 10-4 

7 . 2 7  10-4 

6.00 10-4 

8 . 1 3  

9.22 10-4 

6 . 5 8  

8 .13  10-4 

7.27 10-4 

6.58 10-4 

5 .75  10-4 

5.52 10-4 

5 .31  10-4 

5 .11  10-4 

5 .11  10-4 

B 

E 

€ 2  

k: 

5.67 10-4 

1 .53  10-4 

5.49 

1.08 

4.51 

2 .53  10-3 

7.4 10-4 

2.53 10-3 

2.38 

5.92 10-3, 

1.97 x 

7.40 x 

0.170" 

0.202" 

2.01 x 1011 

36.89 x l o 3  

1 .00  
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Table B-2 

9.97 

9.876 x 

9.342 x 

9.7 10-3 

10.225 x 

10.31 x 

9.63 

9.072 x 

Results f o r  Samples ExposeL to Nitrogen 

(Pellet Diameter = 0.45 cm) 

T 
C k: (K) dw/ d t t=O - 

5 73 8.30 10-9 5.23 10-4 1.60 

598 4.70 5.02 10-4 9.50 10-4 

598 3.90 5.02 10-4 8.32 10-4 

623 2.61 x low8 4.81 5.76 

648 2.58 x lov8 4.63 10-4 5.45 10-3, 

673 3.77 x 4.46 10-4 8.2 x 

723 4.28 4.15 10-4 0.107* 

773 1.40 x 3.88 10-4 0.398, 

*Values used to determine B and E 

9 B 9.24 x 10 

E 36.42 x lo3 

f2 0.98 

40 



Tab le  B-3 

R e s u l t s  f o r  Samples Exposed t o  Water Vapor i n  A i r  

( P e l l e t  Diameter = 0 .45  cm; F1 = 0.13;  F2  = 1.50)  

T 
kr kS j, kg - (K) dw/ dt t ,o  

'i 
(g)  - 

9 . 7  x z95 3.055 x 1 . 4  1 .38  0 .43  8.0 x 

10 .7  x 323 3.42 x loe8  1.54 1.52 0.52 5 .7  10-4 

9.52 x 348 5 .8  x 1.66 1 .64  1 .19  2.13 10-3 

10.35 x 373 6 .61  x loq8  1.79 1.76 1.63 1.76 

B 359.2 

E 4.01 l o 3  

f 2  0.92 



Table  B-4 

Resu l t s  f o r  Samples Exposed t o  Water Vapor i n  Oxygen 

( P e l l e t  Diameter = 0.45 cm; F1 = 0.12;  F2 = 0.94)  

T 

(K) dw/ d t t = O  - jD L L  k kr ks 
'i 
(g )  - 

9.652 x 323 3.92 x 2 . 1 1  1 .04 0.46 8 .4  x 

9.66 x 348 5.25 x 2.27 1.12 0.78 8.4 x l o v 4  

9 .54  10-3 373 6.06 10-9 2 .44  1 .20  1 .12  1 . 2  

B 365.6 

E 4.26 lo3  

f 2  1.00 

4 2  



Tab le  B-5 

R e s u l t s  f o r  Samples Exposed t o  Water Vapor i n  Ni t rogen  

( P e l l e t  Diameter = 0.45 c m ;  F1 = 0.13;  F2 = 1 .52)  

T 

(K) dw/ d t t i O  - k g -  jD kr ks 
'i 
(g )  - 

9.642 x 302 2 . 3  x 1.44 1 .09  0.34 1.14 

10.49 x 343 2 .61  x 1.64  1 .24  0.77 7.04 10-4 

9.755 x 403 5.39 x 1.94 1.47 1.61 2.56 

9.838 x 295 2.06 x 1.41  1.07 0.28 8.45 x 

B 194 

E 3 .8  103 

9 1.00 

4 3  



Table  B-6 

R e s u l t s  €or  Samples Exposed t o  Water Vapor i n  Ni t rogen  

( P e l l e t  Diameter = 0.45 em; F1 = 0.13;  F2 = 4.58)  

T 
(K) dw/ d t t = O  - j D  k kr kS 

*i 
(g) - 

10.39 x 373 1 .25  x 0.88 1 .90  0.63 4.0 x 

9.756 x 423 1.42 x 1.00 2.16 0.84 9.6 x 

9.34 473 1 .61  x 1.12  2.42 1.19 1 .35  x 

9.23  x 523 2.19 x 1.24 2.68 2.15 2.72 10-3 

B 35.0 

E 3.03 l o 3  

f 2  0.93 

4 4  



Tab le  B-7 

R e s u l t s  f o r  Samples Exposed t o  Water Vapor in Argon 

( P e l l e t  Diameter = 0.45  cm; F1 = 0 .11 ;  F2  = 3.81)  

w: T 

10 .2  x 523 2.14 x 1 .29  2.42 2.02 1.86 

10.393 x 473 1.97 x 1 . 1 7  2.15 1.57 6.43 x 

10 .0  x 423 1 .53  x loF8 1.04 1.95 0.97 4 . 3  x 

9.030 x 373 8.33 x 0.92 1 .73  0.40 6.7 x 

B 126.1 

E 4.18 103  

f 2  0.97 

4 5  



Tab le  B-8 

R e s u l t s  f o r  Samples Exposed t o  Water Vapor in Argon 

( P e l l e t  Diameter = 0.45 c m ;  F1 = 0.11;  F2 = 0.95)  

'i T 
( g )  j D  8 kr kS 

k (K) dw/ d t t = O  - 
9.98 x 373 4 .75  x 2.24 1 .14  0.82 8.01 x 

9.2 x 423 7 . 1 7  x 2.54 1.29 2.25 2.98 

9.762 x loq3  296 3.05 x lov8  1.79 0.91 0.35 5 .5  10-4 

10.44 x 323 3.55 x 1.93 0.98 0.45 7 .4  10-4 

10.0 x loq3  348 4 .19  x lom8 2.08 1.06 0.63 1.0 10-3 

B 124.6 

E 3.55 103 

f 2  0.93 

4 6  



Tab le  B-9 

R e s u l t s  f o r  Samples Exposed t o  Water Vapor i n  Argon 

( P e l l e t  Diameter = 0.31  cm; F1 = 0.11;  F2 = 0 .95)  

'i T 
(K) ( g )  jD kr kS - k g -  dw/ d t t =o - 

9.309 673 3 .3  * * 7.84 

9.64 673 3.43 10-7 * * 7.97 6.64 x l o q 2  

9.278 x 573 1 .83  x * * 3.70 7 .5  10-3 

9.868 x 473 1.18 x * * 1.90 3.09 x 

8 .95  473 9.89 10-8 * * 1 .68  1 .56  x loe3 

9.152 x 373 5.75 x lo-' * * 0.76 6 .7  x 

*Data a n a l y s i s  assumed t u r b u l e n t  f l ow,  k >> kr 
g 

B 137.9 

E 3.95 103 

f 2  0 .98 

4 7  
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