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DEVELOPMENT OF ENCAPSULATED LITHIUM HYDRIDE THERMAL ENERGY 
STORAGE FOR SPACE POWER SYSTEMS 

D. G. Morris  J. P. Foote 
M. Olszewski 

ABSTRACT 

I n c l u s i o n  of thermal  energy s t o r a g e  i n  a pulsed space  
power supply w i l l  reduce t h e  mass of t h e  hea t  r e j e c t i o n  
system. I n  t h i s  mode, waste h e a t  genera ted  dur ing  t h e  
b r i e f  high-power b u r s t  ope ra t ion  i s  placed i n  t h e  thermal  
s t o r e ;  l a t e r ,  t h e  h e a t  i n  t h e  s t o r e  i s  d i s s i p a t e d  t o  space  
v i a  t h e  r a d i a t o r  over  t h e  much longer  nonopera t iona l  per iod  
of t h e  o r b i t .  Thus, t h e  r a d i a t o r  r equ i r ed  is of s i g n i f i -  
c a n t l y  smaller capac i ty .  Scoping a n a l y s i s  i n d i c a t e s  t h a t  
use of l i t h i u m  hydr ide  as t h e  thermal s t o r a g e  medium re- 
s u l t s  i n  system mas5 r educ t ion  b e n e f i t s  f o r  b u r s t  per iods  
as long as 800 s. 

A cand ida te  des ign  f o r  t he  thermal energy s t o r a g e  
component u t i l i z e s  l i t h i u m  hydr ide  encapsula ted  i n  e i t h e r  
364L s t a i n l e s s  steel o r  molybdenum i n  a packed-bed con- 
f i g u r a t i o n  wi th  a l i t h i u m  o r  sodium-potassium (MaK) h e a t  
t r a n s p o r t  f l u i d .  Key issues a s s o c i a t e d  wi th  t h e  system 
des ign  inc lude  phase-change induced stresses i n  t h e  s h e l l ,  
l i t h i u m  hydr ide  and s h e l l  c o m p a t i b i l i t y ,  l i t h i u m  hydr ide  
d i s s o c i a t i o n  and hydrogen l o s s  from t h e  system, vo id  
presence  and movement a s s o c i a t e d  wi th  t h e  melt- f reeze 
process ,  and hea t  t r a n s f e r  l i m i t a t i o n s  on ob ta in ing  t h e  
d e s i r e d  energy s t o r a g e  dens i ty .  

Pre l iminary  thermal  a n a l y s i s  i n d i c a t e s  t h a t ,  f o r  
l i t h i u m  hydr ide  i n  a sphere  of 4-cm maximum diameter ,  
complete l i t h ium hydr ide  mel t ing  w i l l  be achieved i n  t h e  
560 s; t h i s  provides  a subuni t  w i th  maximum energy s t o r a g e  
dens i ty .  However, an e l a s t i c  stress a n a l y s i s  i n d i c a t e s  
t h a t  t h e  stresses genera ted  i n  a r i g i d  s p h e r i c a l  s h e l l  by 
t h e  mel t ing  l i t h i u m  hydr ide  w i l l  n e c e s s i t a t e  a t h i c k  s h e l l ,  
s i g n i f i c a n t l y  reducing t h e  energy s t o r a g e  dens i ty .  This  
may be mi t iga t ed  by c racks  which form i n  t h e  l i t h i u m  
hydr ide  dur ing  cooldown, provid ing  channels  f o r  flow of t h e  
mel t ing  sal t  dur ing  t h e  charge cycle .  A l t e r n a t i v e  
approaches t o  s h e l l  stress reduc t ion  would c o n t r o l  h e a t  
f low s o  as t o  l o c a t e  t h e  void t h a t  forms i n  a reg ion  
a c c e s s i b l e  t o  t h e  mel t ing  l i t h i u m  hydr ide  o r  t o  use  a 
f l e x i b l e  s h e l l ,  such as a bel lows,  f o r  containment. 

I n i t i a l  scoping experiments  w i th  encapsula ted  l i t h i u m  
hydr ide  have been completed f o r  c y l i n d r i c a l  cans of 2.54-cm 
l e n g t h ,  3.81-em diameter ,  and 0.0635 and 0.0889-crn (25 and 
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35-mi l )  w a l l  th icknesses .  Four thermal c y c l e s  were corn- 
p l e t e d  wi thout  s h e l l  f a i l u r e  wi th  a 0.0889-cm (35-mil) 
t h i c k  can. Pos t - t e s t  examinat ion of a l l  cans t e s t e d  showed 
t h e  presence  of numerous c racks  i n  t h e  1ith-i-urn hydride.  

1. INTRODUCTION 

Power l e v e l s  a s s o c i a t e d  wi th  space defense  weapon s y s t e a s  are 

e s t ima ted  t o  be very h igh ,  w i t h  p r o j e c t i o n s  i n  the multimegawatt power 

range. Moreover, whi le  these high power l r v e l s  are r equ i r ed  only i n  a 

pulsed mode, i.e., f o r  moderately s h o r t  pe r iods  of t i m e ,  t h e  h e a t  re- 

j e c t i o n  system mst s t i l l  be s i z e d  f o r  t h e  fuX.1. thermal  load. Energy 

s t o r a g e  devices  may be employed t o  reduce t h e  s i z e  and mass of power 

system components. This  r e p o r t  documents a s tudy  on t h e  use  of thermal  

energy s t o r a g e  (TES) i n  the h e a t  r e j e c t i o n  system f o r  t h i s  purpose. 

The s ink-s ide  TES u n i t  accep t s  re jec t  h e a t  from t h e  power 

conversion system dur ing  b u r s t  power opera t ion .  "hen, dur ing  t h e  

remaining p o r t i o n  of the o r b i t ,  which i s  t y p i c a l l y  an o rde r  of magnitude 

longer  than  t h e  b u r s t  mode pe r iod ,  t h e  s t o r e d  r e j e c t  hea t  i s  d i s s i p a t e d  

to space. Thus t h e  hea t  r e j e c t i o n  ra te  i s  reduced, and a smaller 

r a d i a t o r  i s  requi red .  In  concepts  where launch packages are constraj-ned 

by volume r a t h e r  than mass, t h i s  can be a c r i t i c a l l y  important  a t t r i -  

bute .  If the  reduct ion  i n  r a d i a t o r  mass i s  g r e a t e r  than  t h e  a d d i t i o n a l  

mass of t h e  s t o r a g e  module, o v e r a l l  system mass sav ings  are  poss ib le .  

Lithium hydr ide ,  because of i t s  s u p e r i o r  heat s t o r a g e  p r o p e r t i e s  

and convenient  mel t ing  temperature ,  appears  t o  be t h e  b e s t  candida te  f o r  

use i n  s ink-s ide  TES a p p l i c a t i o n s .  To maximize s t o r a g e  densi. ty,  b o t h  

s e n s i b l e  and l a t e n t  hea t  c h a r a c t e r i s t i c s  of t he  medium are used. 

S e v e r a l  TES desi.gn concepts  based on L i H  s t o r a g e  are being eva lua ted  

a n a l y t i c a l l y  and/or exper imenta l ly .  One concept employs the d i r e c t  

con tac t  of the hea t  t r a n s p o r t  medium (NaK o r  1ithi.um) wi th  lithi-urn 

hydr ide  t o  e f f e c t  t he  h ighes t  h e a t  t r a n s f e r  rates and s t o r a g e  d e n s i t i e s  

poss ib l e .  Another approach uses  encapsula ted  shapes of l i t h f u m  hydr ide  

i n  a packed bed o r  bulk l i t h i u m  hydr ide  can be used i n  a convent iona l  

s h e l l  and tube conf igu ra t ion .  
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This  . repor t  focuses  on t h e  encapsula ted  shapes concept and 

d e s c r i b e s  t h e  a n a l y t i c a l  and exper imenta l  work t h a t  h a s  been completed 

t o  d a t e ,  S ince  t h i s  program i s  i n  i t s  e a r l y  s t a g e s ,  most of t h e  work 

lins been scoping  i n  nature. However, some f a i r l y  d e t a i l e d  phase-change 

heat t r a n s f e r  a n a l y s i s  has been performed i n  s p h e r i c a l  geometry. I n  

a d d i t i o n ,  a n a l y t i c a l  e f f o r t s  have been extended t o  c h a r a c t e r i z i n g  t h e  

behavior of t h e  vold  which occurs  due t o  t h e  l a r g e  l i t h i u m  hydr ide  

volumetr ic  sh r inkage  du r ing  t h e  s o l i d i f i c a t i o n  process.  

Analytical .  ana exper imenta l  work have addressed  b a s i c  f e a s i b i l i t y  

i s s u e s  a s s o c i a t e d  w i t h  encapsu la t ed  l i t h i u m  hydride: phase-change 

induced stresses on heat-up, hydrogen d i f f u s i o n  through s h e l l  wal l s ,  

h e a t  t r a n s f e r  rate, void behavior ,  and material c o n s t r a i n t s .  The impact 

of t h e s e  i s s u e s  on t h e  des ign  of l i t h i u m  hydr lde  encapsula ted  shapes has  

been eva lua ted ,  and des ign  a l t e r n a t i v e s  have been i d e n t i f i e d  f o r  circum- 

ven t ing  t h e  key problem areas. 

The fo l lowing  s e c t i o n s  of t h i s  r e p o r t  c o n t a i n  a d e s c r i p t i o n  of t h e  

encapsula ted  shape des ign  concept a p r e s e n t a t i o n  o€ t h e  a n a l y t i c a l  work 

completed, r e s u l t s  of an  assessment of t h e  va lue  (i.e., power system 

m a s s  and area s a v i n g s )  of s ink-s ide  thermal energy s t o r a g e  are p r e -  

s e n t e d ,  and an e v a l u a t i o n  of t h e  f e a s i b i l i t y  i s s u e s n  This  is followed 

by a d i s c u s s i o n  of t h e  i n i t i a l  scoping  experiments w i th  encapsu la t ed  

l i t h i u m  hydride.  F i n a l l y ,  based on work t o  d a t e ,  p re l imina ry  con- 

c l u s i o n s  a r e  provided. 
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2. SYSTEM CONCEPT ANALYSIS 

A pre l iminary  systerr, va lue  a n a l y s i s  was performed t o  determine if 

t h e  hea t  s t o r a g e l r e j e c t i o n  concept had s u f f i c i e n t  merit t o  warrant  

development. The a n a l y s i s  a l s o  was u s e f u l  i n  determlning,  i n  a pre-  

l imina ry  manner, t h e  minimum required s t o r a g e  d e n s i t y  t h a t  r e s u l t e d  i n  

the encapsulated l i t h i u m  hydr ide  s t o r a g e  u n i t  concept be ing  f e a s i b l e  f o r  

b u r s t  power a p p l i c a t i o n s ,  A scoping des ign  a n a l y s i s  w a s  then  conducted 

t o  determine if the  s t o r a g e  u n i t  could be dcslgned t o  m e e t  the s t o r a g e  

d e n s i t y  goals .  

2 "  1 System Concept 

A simplified schematic  of a no e f f l u e n t  space power system 

employing encapsula ted  s ink-s ide  thermal  s t o r a g e  i s  sl~owpz In Fig. 2.1. 

Depending upon t h e  a p p l i c a t i o n  t h e  h e a t  source  could be nuc lea r ,  chem- 

i c a l  o r  so l a r .  Power converslon can be accomplished using dynamic 

systems such as Rankine and Hrayton c y c l e s ,  o r  s t a t i c  s y s t e m  such as 

thermionics .  A s  mentioned p rev ious ly  waste hea t  would be s t o r e d  i n  t h e  

encapsula ted  l i t h f u m  hydrlde du r ing  b u r s t  power opera t ion ,  The s t o r e d  

hea t  would then  be r e j c c t e d  over  t h e  longe r ,  non-operat ional  p o r t i o n  of 

the o r b i t .  The candida te  hea t  t r a n s p o r t  f l u i d s  inc lude  NaK and l i t h i u m ,  

whi le  t h e  r a d i a t o r  could u t i l i z e  h e a t  pEpe technology. Other tech-  

nologies  as they are developed would provide a l t e r n a t i v e s .  

ORNL--DWG 87L4004 ETD - 
POWER WEAPON 

CON V E WSI ON POWER 

1 

HEAT t 

Fig. 2.1. Schematic of power system employing encapsula ted  sink- 
s i d e  thermal storage. 
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2.2 Value Analys is  

The mass of t h e  h e a t  r e j e c t i o n  system u s i n g  s t o r a g e  w a s  compared t o  

t h e  mass of t h e  b a s e l i n e  system, which used only  a r a d i a t o r ,  t o  g i v e  a 

measure of t h e  va lue  of t h e  s t o r a g e  system. I n  t h e  b a s e l i n e  system, 

waste h e a t  i s  r e j e c t e d  immediately v i a  r a d i a t i o n  dur ing  t h e  power gener- 

a t i o n  p o r t i o n  of t h e  o r b i t .  Thus, t h e  r a d i a t o r  i s  s i z e d  t o  handle  t h e  

in s t an taneous  load  imposed by t h e  power cyc le .  With thermal s t o r a g e  t h e  

reject  h e a t  i s  p laced  i n t o  s t o r a g e  du r ing  t h e  power gene ra t ion  p o r t i o n  

of t h e  o r b i t ;  then ,  du r ing  t h e  non-operational p o r t i o n  of t h e  o r b i t  t h e  

s t o r e d  h e a t  i s  r e j e c t e d  v i a  rad ia tbon .  

The major parameters of concern inc lude :  energy s t o r a g e  d e n s i t y ,  

minimurn temperature of t h e  s t o r a g e  medium, b u r s t  ope ra t ion  per iod  and 

r a d i a t o r  s p e c i f i c  mass. The s t o r a g e  d e n s i t y  depends upon t h e  des ign  of 

the u n i t  (which i s  addressed  i n  t h e  subsequent s e c t i o n )  and t h e  tempera- 

t u r e  swing ( t h e  d i f f e r e n c e  between t h e  maximum and minimun s t o r a g e  t e m -  

p e r a t u r e ) .  The s t o r a g e  medium u t i l i z e s  t h e  s e n s i b l e  h e a t  of t h e  l i q u i d  

and s o l i d  phases i n  a d d i t i o n  t o  t h e  l a t e n t  h e a t  of fus ion .  Thus, t h e  

t o t a l  h e a t  s t o r e d  i s  s t r o n g l y  in f luenced  by t h e  tempera ture  swing. The 

maximum temperature of t h e  s t o r a g e  u n i t  i s  c o n t r o l l e d  by t h e  r e a c t o r  

coo lan t  tempera ture ,  which i n  t h i s  a n a l y s i s  w a s  assumed t o  be 1100 K. 

The temperature swing, t h e r e f o r e ,  was f i x e d  by t h e  minimum s t o r a g e  t e m -  

p e r a t u r e .  V a r i a t i o n  of t h e  minimum s t o r a g e  tempera ture  produces two 

opposing e f f e c t s .  A s  t h e  minimum s t o r a g e  temperature i n c r e a s e s ,  t h e  

tempera ture  swing decreases .  This dec reases  t h e  s t o r a g e  d e n s i t y  and i n -  

c r e a s e s  t h e  r equ i r ed  s t o r a g e  mass. However, t h e  average r a d i a t o r  f l u x  

i n c r e a s e s  and t h i s  dec reases  t h e  r e q u i r e d  r a d i a t o r  a r e a  and mass. 

The t o t a l  o r b i t  t i m e  was f i x e d  a t  6000 s and t h e  b u r s t  per iod  

v a r i e d  between 100 and 900 s .  Thus, t h e  non-operational per iod  ( t h e  

t i m e  a v a i l a b l e  f o r  hea t  r e j e c t i o n )  v a r i e d  between 5900 and 5100 s. The 

b a s e l i n e  (i.e., non-storage) system r a d i a t o r  was assumed t o  ope ra t e  a t  

1100 K. This  r e s u l t s  i n  a r a d i a t o r  h e a t  f l u x  of 74.3 kW/m2. The 

r a d i a t o r  s p e c i f i c  mass w a s  f i x e d  a t  20 kg/m2, which i s  f e l t  t o  be 

r e p r e s e n t a t i v e  of a s u r v i v a b l e  h e a t  p i p e  system. 
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Previous a n a l y s i s  by Olszewski and I lo r r i s2  i n d i c a t e d  t h a t  t h e  

opt imal  hea t  s t o r a g e / r e j e c t i o n  s y s t e m  ope ra t ed  w i t h  minimum s t o r a g e  

temperature  i n  the  range of 500 t o  700 K. The a n a l y s i s  w a s ,  t h e r e f o r e ,  

confined t o  t h i s  range of lower ope ra t ing  temperatures .  

The va lue  a n a l y s i s  r e s u l t s  are glven i n  Fig. 2.2. The c rossove r  

t i m e  i s  def ined  as the  t i m e  a t  which t h e  s t o r a g e  hea t  r e j e c t i o n  and t h e  

rad ia tor -only  systems a r e  of equal  mass. For t o t a l  gene ra t ion  times 

less than t h e  c rossover  t i m e  t h e  s t o r a g e  s y s t e m  i s  l i g h t e r .  Thus, a 

s t o r a g e  hea t  r e j e c t i o n  system wi th  a s t o r a g e  d e n s i t y  of 3 MJ/kg o p e r a t -  

i ng  wi th  a lower temperature  of 700 K will show advantage over a 

rad ia tor -only  system f o r  gene ra t ion  times of 600 s o r  less. A s  a n t i c i -  

pated but no t  i l l u s t r a t e d  i n  t h e  f i g u r e  ( s e e  Ref. 2 f o r  d e t a i l s )  t h e  

value of s t o r a g e  ( i . e . ,  mass sav ings )  i n c r e a s e s  w i t h  dec reas ing  genera- 

t i o n  time, To have reasonable  a p p l i c a b i l i t y  t o  b u r s t  power needs i t  i s  

d e s i r a b l e  t h a t  t h e  s t o r a g e  s y s t e m  have a c ros sove r  time of a t  l ea s t  

500 s .  From Fig. 2.2 i t  i s  ev iden t  t h a t  t h € s  w f l l  r e q u i r e  a s y s t e m  

s t o r a g e  d e n s i t y  of a t  l e a s t  3 MJlkg, Thus, t h e  r e sea rch  program i s  

d i r e c t e d  a t  achiev ing  a system s t o r a g e  d e n s i t y  exceeding t h i s  value.  

ORNL DWG87 4005ETD 
10001 I I 1 I I 

STORAGE DENSITY (MJ!kg1 

Fig. 2.2. Heat r e j e c t i o n  system c rossove r  t i m e  f o r  vary ing  minimum 
s t o rage temper a t  UT e s . 

2.3 S torage  System Conceptual Design 

Pre l iminary  s y s t e m  conceptual. des igns  were prepared f o r  t h e  pro- 

posed s t o r a g e  s y s t e m  u s i n g  encapsula ted  l i t h i u m  hydride shapes i n  a 
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packed bed conf igu ra t ion .  The purpose of t h i s  des ign  a n a l y s i s  was t o  

de te rmine  i f  t h e  system s t o r a g e  d e n s i t i e s  could  meet t h e  goa l  of 3 MJ/kg 

or  g r e a t e r  as determined by t h e  va lue  ana lys i s .  Conceptual des igns  were 

completed f o r  modules t h a t  would meet t h e  requ€rements of t h e  fo l lowing  

miss i o n  : 

b u r s t  gene ra t ion  t i m e ,  500 s 

0 system ou tpu t  power, 300 MW(e) 

@ power system e f f i c i e n c y ,  25% 

8 r e j e c t  h e a t  l oad ,  900 M W ( t )  

* h e a t  s t o r e d ,  450 G J .  

The TES system o p e r a t i o n a l  s t o r a g e  d e n s i t y  depends upon many des ign  

r e l a t e d  f a c t o r s .  The s t o r a g e  medium used, t h i c k n e s s  of t h e  encapsula t -  

i n g  s h e l l ,  packing d e n s i t y  of t h e  encapsula ted  shapes and choice  of 

coo lan t  have s i g n i f i c a n t  impact on t h e  mass requirements of t h e  non- 

s t o r a g e  components of t h e  u n i t  and t h i s  a f f e c t s  t h e  s t o r a g e  d e n s i t y  of 

t h e  system. 

System s t o r a g e  d e n s i t i e s  were c a l c u l a t e d  f o r  s e v e r a l  des ign  op- 

t i o n s .  Lithium and NaK were examined a s  t h e  h e a t  t r a n s p o r t  f l u i d s .  

Also,  t h e  s t o r a g e  medium w a s  examined using n a t u r a l l y  occur r ing  l i t h i u m  

(Li7) and t h e  i s o t o p e  l i t h i u m  6 (Li6).  P re l imina ry  informat ion  i n -  

d i c a t e s  t h a t  L i 6  possess  the  same molar thermal p r o p e r t i e s  as L i 7 .  

Thus, on a mass b a s i s  t h e  h e a t  of f u s i o n  and s p e c i f i c  h e a t  w i l l  be 12% 

h ighe r  f o r  t h e  L i 6 ,  

It w a s  assumed t h a t  t h e  l i t h i u m  hydr ide  was formed i n  sphe res  and 

encapsula ted  wi th  a 0.013-cm ( S - m i l )  t h i c k  s t a i n l e s s  s t e e l  s h e l l  ( t h i s  

s h e l l  t h i ckness  assumption r e p r e s e n t s  a des ign  goa l ) .  As desc r ibed  i n  

Sect. 3.2, l i t h i u m  hydr ide  h e a t  t r a n s p o r t  p r o p e r t i e s  l i m i t  t h e  maximum 

l i t h i u m  hydr ide  sphere  d iameter  t o  3.8 cm ( t h e  maximum sphe re  d iameter  

t h a t  a l lows  f o r  complete mel t ing  of t h e  l i t h i u m  hydr ide  i n  the  500 s 

b u r s t  tFme), With t h i s  des ign  t h e  mass of t h e  l i t h i u m  hydr ide  sphe re  

(us ing  L i 7 )  i s  15.8 g and t h a t  of t h e  s t ee l  s h e l l  i s  4.7 8. 

R e s u l t s  of t h e  des ign  a n a l y s i s  a r e  presented  i n  Table 2.1, A s  i n -  

d i c a t e d  by t h e s e  r e s u l t s  l i t h i u m  is t h e  p r e f e r r e d  thermal t r a n s p o r t  

medium s i n c e  a l l  des€gns y i e l d  s t o r a g e  s y s t e m  d e n s i t i e s  i n  excess  of 



T a b l e  2.1. Storage s y s t e m  operaLional  energy d e n s i t i e s  (MJ/Kg) 

Encapsulated 

Hinimun L i H  on ly  L i  L i  
s t  o r e  temperature  

(K) L i 7  L i b  7 5% 60% 7 5 %  60% 

&a:( Li NaK L i  N a K  L i  U a K  L i  

300 .  7 .90  9.04 4.46 5.32 3.7G 5.02 4.78 5.76 3.91 5.37 
4 0 0 .  7 - 4 4  8.51 4.20 4.99 3.47 4.68 4.50 5.40 3.67 5.01 
5 0 0 .  6.96 7.96 3.92 4.65 4.23 4 . 3 4  4.21 5.03 3.42 4.64 
6 0 0 .  6.42 7.34 3.62 4.27 2.97 3.96 3.88 4.62 3.14 4 . 2 3  
7 Q O .  5.80 6.63 3.27 3.84 2.68 3.53 3.51 4.16 2.33 3.78 
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3 MJ/kg. The use  of L i 6  is  a l s o  p r e f e r r e d  because of i ts  enhanced s t o r -  

age dens i ty .  A s  t n d i c a t e d  by t h e  d e t a i l e d  mass breakdown in fo rma t ion  

p resen ted  i n  Table 2.2 t h e  mass of t h e  encapsu la t ed  s t o r a g e  medium 

( l i t h i u m  hydr ide  and s h e l l )  and t h e  coo lan t  e s s e n t i a l l y  determine t h e  

s y s t e m  mass. S ince  t h e  s t o r a g e  c a p a c i t y  of t h e  coo lan t  i s  much less 

t h a n  t h a t  of t h e  encapsu la t ed  l i t h i u m  hydr ide  (< lo% of t h e  s t o r a g e  

c a p a c i t y  of t h e  l i t h i u m  h y d r i d e ) ,  i n c r e a s i n g  t h e  packing d e n s i t y  (by 

u s i n g  two sphe re  s i z e s )  h a s  a s i g n i f i c a n t  impact. 

T a b l e  2.2. S t o r a g e  s y s t e m  d e t a i l e d  mass 
breakdown f o r  700 K minimum s t o r a g e  

t e m p e r a t u r e  d e s i g n  o p t i o n  

Mass (kg)  
P a c k i n g  

S torage  medium C o o l a n t  d e n s i t y  P i p i n g  
l i t h i u m  i s o t o p e  S t  o r a q e  

C o o l a n t  c o n t a i n e r  T o t a l  
e t c .  

('1 m e  n i  urn 

L i  N a K  60 95,377 68,316 4,500 168,194 
L i b  N a K  60 8 6 , 2 2 5  68 ,471 4 ,500 159,196 
L i b  L i  60 7 9 , 4 3 5  35 ,146 4 , 5 0 0  119,081 

8 4 , 8 7 0  18 ,776 4 ,500 108,146 L i 6  L i  75 

Using t h e  r e s u l t s  i n  Table 2.1 w i th  those  i n  Fig. 2.2 confirm t h e  

a p p l i c a b i l i t y  af the  packed bed des ign  f o r  b u r s t  power needs. The 

des ign  u s i n g  Li6, a packing d e n s i t y  of 75% and l i t h i u m  coo lan t  y i e l d s  a n  

o p e r a t i o n a l  s t o r a g e  d e n s i t y  of 4.2 MJ/kg a t  a minimum s t o r a g e  tempera- 

t u r e  of 700 K. Comblning t h e s e  va lues  wi th  t h e  va lue  a n a l y s i s  r e s u l t s  

i n  Fig. 2.2 i n d i c a t e s  t h a t  t h e  s t o r a g e  s y s t e m  would be a t t r a c t i v e  f o r  

bu r s t  times as long as 800 s. This  g r e a t l y  exceeds t h e  o r i g i n a l  goa l  o f  

500 S. 

Ln summary, s y s t e m  s t o r a g e  d e n s i t i e s  of 3 MJ/kg o r  g r e a t e r  w i l l  be 

r equ i r ed  t o  produce a f e a s i b l e  s ink - s ide  h e a t  s t o r a g e  u n i t .  It i s  rea- 

sonab le  t o  expect o p e r a t i o n a l  s t o r a g e  d e n s i t i e s  i n  excess  of 3 MJ/kg 

us ing  t h e  encapsula ted  l i t h i u m  hydr ide  packed bed concept. The most 

promising s y s t e m  uses  L i 6  as t h e  s t o r a g e  medium w i t h  a packing d e n s i t y  

of 75% and l i t h i u m  as t h e  thermal  t r a n s p o r t  medium. 



3. DEVELOPMENT ISSUES AND EVALUATION 

3.1 Overview of I s s u e s  

A s  i n d i c a t e d  i n  Sect.  2,3, t h e  l i t h i u m  hydr ide  encapsu la t ing  s l i e l l  

must be s u f f i c i e n t l y  t h i n  t o  achieve  a s t o r a g e  system des tgn  which p ~ o - - -  

v i d e s  overal.1 system mass savings .  %3\7ever, t h e r e  are s e v e r a l  f a c t o r s  

(design I s s u e s )  which might no t  a l low the  use of a t h i n  sheJ-1, and 

t h e r e f o r e  need t o  be inves t iga t ed .  The key i s s u e  of concern i s  stress 

induced i n  t h e  s h e l l  dur ing  heatup. The stress r e s u l t s  from h y d r o s t a t i c  

f o r c e s  as 1-ithium hydr ide  expands du r ing  phase change. A second area of 

concern i s  hydrogen d i f f u s i o n  through t h e  s h e l l .  The ra te  of hydrogen 

loss  v a r i e s  i n v e r s e l y  w i t h  s h e l l  th ickness .  Thus, hydrogen l o s s  

i n c r e a s e s  wi th  dec reas ing  s h e l l  th ickness .  

A s  mentioned p rev ious ly ,  i f  l i t h i u m  hydr ide  i s  encapsula ted  i n  

sphe res ,  t he  poor heat t r a n s p o r t  p r o p e r t i e s  of l i t h i u m  hydr ide  limit t h e  

maximum sphere s i z e  t o  about 3 .8  c m  ( f o r  a 500 s b u r s t  t ime).  Void 

behavior  p l ays  a key r o l e  i n  assessing the des ign  l i m i t a t i o n s  r e su l - t i ng  

from poor l i t h i u m  hydr ide  h e a t  t r a n s p o r t ,  and even more impor t an t ly ,  on 

phase-change induced she1.l stress. A void a t  a s h e l l  s u r f a c e  reduces 

hea t  t r a n s f e r  al-though hydrogen f s  a good gas  thermal condiictor, The 

way i n  which t h e  void i n f l u e n c e s  s h e l l  stress i s  desc r ibed  l a t e r  i n  t h i s  

sect ion. 

From a materials s t andpo in t ,  c o m p a t i b i l i t y  of t he  s h e l l  w i th  

l i t h i u m  hydr ide ,  l i t h i u m ,  and hydrogen i s  r equ i r ed  over  a f a i r l y  wide 

range 05 temperatures.  However, c o m p a t i b i l i t y  concerns are sonewhat 

mi t iga t ed  by t h e  r a t h e r  s h o r t  p ro j ec t ed  system i n t e g r a t e d  o p e r a t i n g  

t i m e .  Other materials concerns inc lude  thermal  shock r e s i s t a n c e ,  

material c o s t ,  ease of f a b r i c a t i o n ,  s t r e n g t h ,  and d u c t i l i t y .  

Sec t ions  3.2 through 3.6 d e s c r i b e  models, a n a l y s i s ,  and r e sea rch  

conducted t o  d a t e  t o  assess and r e s o l v e  t h e  key desi-gn i s sues .  
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3.2 Thermal Analys is  

3.2.1 Desc r ip t ion  of h e a t  t r a n s f e r  model 

A two-dimensional f i n i t e  d i f f e r e n c e  h e a t  t r a n s f e r  computer code i s  

being developed t o  model t h e  thermal  performance of l i t h i u m  hydr ide  en- 

capsu la t ed  i n  a s p h e r i c a l  s h e l l .  The model u ses  t h e  “enthalpy” method 

t o  account f o r  phase change i n  t h e  salt .  I n  t h e  en tha lpy  method, t h e  

l o c a t i o n  of t h e  phase change f r o n t  is  not  determined d i r e c t l y  but  i s  in-  

f e r r e d  from t h e  energy conten t  of t h e  material. This method has  been 

used e x t e n s i v e l y  a t  ORNL, f o r  example see Refs,  3 and 4. A non-typical  

a spec t  of t h e  p re sen t  computer program i s  t h a t  t h e  f u l l y  impl . ic i t  form 

of t h e  h e a t  balance equat ions  i s  so lved ,  r a t h e r  t han  t h e  e x p l i c i t  form 

u s u a l l y  employed. The two main reasons  € o r  u s i n g  t h e  f u l l y  i m p l i c f t  

s o l u t i o n  are t o  avoid s t a b i l i t y  problems a s s o c i a t e d  wi th  t h e  e x p l i c i t  

s o l u t i o n  and t o  minimize the  d i f f i c u l t y  i n  implementing a n a t u r a l  con- 

v e c t i o n  model du r ing  t h e  l a t t e r  p a r t  of the pro jec t .  Heat balance equa- 

t i o n s  are so lved  on a r e g u l a r  g r i d  i n  r,  8 coord ina tes .  The equa t ions  

a r e  so lved  d i r e c t l y  f o r  t h e  one-dimensional ca se  o r  by l i n e  r e l a x a t i o n  

f o r  t h e  two-dimensional case. The s o l u t i o n  method is given  In Ref. 5 .  

Temperatures are s c a l e d  s o  t h e  s c a l e d  temperature ,  TO, a t  t h e  m e l t  p o i n t  

is zero: 

T ” = T - T  , 
QaP 

where 

T = 956 K (1260OF) 
mP 

Energy conten t  i s  s c a l e d  s o  t h e  energy con ten t ,  E ,  of t h e  s o l i d  a t  t h e  

m e l t  po in t  is  zero. Therefore ,  

E = CST * For T’ < 0 

E = C ~ T ’  + nsR For T’ > 0 

where C, and CQ are t h e  s p e c i f i c  h e a t s  of t h e  s o l i d  and l i q u i d ,  and HsR 

is t h e  h e a t  o f  f u s i o n  [ -  2.6 MJ/kg (=1109 Btu/lbm)].  When a g iven  node 
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has 0 < E < Hs2,  t h e  temperature is fixed at z e r o  until enough heat is 

added or removed so E > €1 or E < 0. 
SP, 

Results from the finite difference model were compared to an ana- 

lytical solution for 8 one-dimensional Stefan problem for a sphere, In 

t h e  problem considered, a sphere of lithium hydride is  initially liquid 

a t  the fusion temperature. A t  time = 0 a temperature 56 K (100'F) below 

the fusion temperature is applied at the outer surface and is maintained 

thereafter. Density, specific heat and thermal conductivity are con- 

sidered t o  be constant. An asymptotic s o l u t i o n  for this problem is 

given in Ref. 6 .  In Fig. 3.1 thc predicted phase front locations f o r  

the finite difference calculation and the analytical solution are con- 

pared (Ro is the radius of  the sphere). 

ORNL---DWG 87-4419 ETD 
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Fig .  3.1. Comparison of phase f r o n t  location predicted by 
analytical solution and finite difference calculatlon f o r  one- 
dimensional Stefan problem. 
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A s  can be seen from t h e  p l o t ,  agreement between t h e  two s o l u t i o n s  

w a s  s a t i s f a c t o r y .  R e s u l t s  of two-dimensional c a l c u l a t i o n s  were checked 

a g a i n s t  resul ts  from t h e  e x p l l c i t  HEATING6 code (see Ref. 4) and were 

found t o  ag ree  w i t h i n  1%, t h u s  conf i rming  t h a t  t h e  numerical  fo rmula t ion  

was c o r r e c t .  Comparison wi th  exper imenta l  r e s u l t s  w i l l  be needed t o  

v a l i d a t e  t h e  model. 

3.2.2 Heat t r a n s f e r  a n a l y s i s  

The f i n i t e  d i f f e r e n c e  code was used t o  determine t h e  thermal re- 

sponse of s i n g l e  sphe res  of va r ious  d i ame te r s  exposed t o  l i q u i d  metal 

convec t ion  when the f l u i d  temperature undergoes a s t e p  change from 300 K 

(8Q°F) t o  1100 K (1520'F). This s imulates  t h e  power-up of a n  o r b i t a l  

power sys t em where sphe res  con ta in ing  l i t h i u m  hydr ide  a r ranged  i n  a 

packed bed would be used as  a h e a t  s i n k  wi th  NaK o r  l i t h i u m  as t h e  h e a t  

t r a n s f e r  f l u i d .  T h e o r e t i c a l  r e l a t i o n s h i p s  f o r  convect-Lon c o e f f i c i e n t s  

f o r  a l i q u i d  metal f lowing p a s t  a s i n g l e  sphe re  have been developed. 

The convec t ion  c o e f f i c i e n t  €or  a s i n g l e  sphe re  v a r i e s  s t r o n g l y  wi th  

angle  from t h e  l e a d i n g  s t a g n a t i o n  p o i n t ,  w i th  a maximum a t  t h e  l e a d i n g  

s t a g n a t i o n  po in t  and a minimum a t  t h e  t r a i l i n g  s t a g n a t i o n  poin t .  How- 

e v e r ,  i t  was f e l t  t h a t  an average v a l u e  over  t h e  ent51-e s u r f a c e  would be 

more r e p r e s e n t a t l v e  of convect€on i n  a packed bed. Based on c o r r e l a -  

t i o n s  given i n  Ref. 7 ,  an average  v a l u e  of 17 kW/m2-K (3000 Btu/h-ft2- 

O F )  [ f o r  a f l u i d  v e l o c i t y  of 0.30 m / s  ( 1  f t / s ) ]  w a s  used i n  t h e  study. 

The mass of l i t h i u m  hydr ide  i n  t h e  s p h e r e s  w a s  set s o  they  are com- 

p l e t e l y  f i l l e d  when t h e  l i t h i u m  hydr ide  i s  l i q u i d .  The s h e l l s  are 

s t a i n l e s s  steel ,  w i t h  t h i c k n e s s  equa l  t o  1% of t h e  i n s i d e  r a d i u s  [e.g., 

f o r  Ri = 1.9 em, s h e l l  t h i c k n e s s  = 0.019 c m  (7.5 mil ) ] .  L inea r  s c a l i n g  

of s h e l l  t h i c k n e s s  can be j u s t i f i e d  due t o  stress c o n s i d e r a t i o n s ,  and as 

a r e s u l t  t h e  s h e l l  has  no e f f e c t  when comparing t h e  s p e c i f i c  energy con- 

t e n t  of d i f f e r e n t  s i z e  spheres.  P r o p e r t i e s  f o r  t h e  s h e l l  m a t e r i a l ,  and 

s o l i d  and l i q u i d  l i t h i u m  hydr ide  were cons idered  t o  be cons tan t .  A l ist  

of p rope r ty  va lues  used i n  t h e  s tudy  i s  g iven  i n  Table  3.1. 

In o r d e r  to fo rmula t e  a thermal model f o r  me l t ing  of l i t h i u m  

hydr ide  i n  a sphere ,  two impor tan t  assumptions must be made. The f i r s t  

of t h e s e  is  t h e  i n i t i a l  l o c a t i o n  of t h e  vo id  i n  t h e  s o l i d  material. The 
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Table 3.1. Property va lues  used i n  thermal anal-ysis  

S p e c i f i c  heat Thermal conduct I v i  t y  Dens i ty ,  p i 3  J / s  ,-cm--K 
J/g-K 

(Bt U /  1 bm-' F ) ( ~ t u / h - f  t - ~  F 
(lbm/f t ) Mat e r i a 1 

-̂- 

S o i i d  L i H  0.63 ( 4 3 . 0 8 )  6.25 ( 1 . 5 0 )  0.042 ( 2 . 4 2 )  

S t a i n l e s s  s t e e l  7.81 ( 4 8 7 . 6 )  0.582 ( 0 . 1 3 9 )  0.22 ( 1 2 . 8 6 )  

LiH m e l t  temperature  = 95b  K (1260'F).  

L iH  h e a t  of f u s i o n  = 2.58 MJ/kg (1109 Btu/lhm). 

Li-quid L i H  0.55 ( 3 4 . 3 0 )  7.37 (1 .76)  0.023. ( 1 . 2 1 )  

__I -- 

behavior  of t h e  void dur ing  s o l i d i f i c a t i o n  i s  no t  we1 1 understood, and 

developing an understanding o€ void mechanics i s  one of t h e  main g o a l s  

of t h i s  p r o j e c t  (void mechanics i s  d iscussed  i n  d e t a i l  i n  Sect.  3 . 3 ) .  

Minimum energy c o n s i d e r a t i o n s  i n d i c a t e  t h a t  i n  t h e  case of uniform 

cool ing  i n  micro-gravity,  a s p h e r i c a l  void w i l l  form i n  t h e  c e n t e r  of 

t h e  c o n t a i n e r  (no s t a b i l i t y  a n a l y s i s  has  been done t o  determine i f  o t h e r  

shapes are. p o s s i b l e ) .  This  assumption i s  made i n  t h e  p r e s e n t  study. A 

second c r i t i c a l .  assumption t h a t  must be made concerns how t h e  volurnetrfc 

expansion due t o  mel t ing i s  accounted f o r  i n  t h e  case where the l i q u i d  

is not i n  c o n t a c t  wi th  t h e  void.  The f i r s t  p o s s i b i l i t y  i s  t h a t  t h e  

s h e l l  expands t o  provide t h e  requi red  volume. This  case i s  no t  of 

i n t e r e s t  i n  t h e  h e a t  t r a n s f e r  s t u d y ,  s i n c e  any p r a c t i c a l  shell would be 

a b l e  t o  expand very l i t t l e  before  ruptur ing.  It i s ,  however, of g r e a t  

i n t e r e s t  i n  determining t h e  des ign  of t h e  s h e l l .  This problem i s  

d iscussed  i n  d e t a i l  i n  Sect.  3 , 4 . 4 .  A second way t h e  volume expansion 

could be accommodated i s  f o r  t h e  s o l i d  t o  be crushed uniformly inward 

i n t o  t h e  void. Whether o r  no t  t h i s  i s  a r e a l i s t i c  p o s s i b i l i t y  wi th  a 

p r a c t i c a l  s h e l l  th ickness  depends on t h e  compressive s t r e n g t h  of t h e  

s o l i d  l i t h i u m  hydride,  but i n  any event  i t  provides  a l i m i t i n g  case  f o r  

t h e  h e a t  t r a n s f e r  study. A t h i r d  p o s s i b i l i t y  i s  fo r  t h e  excees  l i q u i d  

t o  l e a k  through t h e  s o l i d  i n t o  the void. This  would l i k e l y  occur i f  

t h e r e  are s u f f i c i e n t  c racks  i n  t h e  s o l i d .  Heat t r a n s f e r  c a l c u l a t i o n s  

were c a r r i e d  out  assuming t h e  second case  mentioned above, h e r e a f t e r  

r e f e r r e d  t o  as the  "crush" model, and t h e  l a s t  ca se ,  h e r e a f t e r  r e f e r r e d  
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t o  as t h e  "leak" model. I n  t h e  l e a k  model c a l c u l a t i o n s ,  t h e  means by 

which t h e  l i q u i d  makes i t s  way through t h e  s o l i d  i s  no t  considered. It 

i s  assumed t h a t  l i q u i d  a t  t h e  f u s i o n  tempera ture  appears  i n  a f r e e z i n g  

volume a t  t h e  i n n e r  s u r f a c e  of t h e  s o l i d .  In r e a l i t y ,  t h e  phase f r o n t  

a t  t h e  i n n e r  s u r f a c e  of t h e  s o l i d  may n o t  he uniform s i n c e  t h e  l i q u i d  

pas ses  through l o c a l i z e d  c racks  i n  t h e  s o l i d .  The p rocesses  Involved i n  

t h e  two models are i l l u s t r a t e d  i n  Fig.  3.2. 

F i g u r e  3.3 compares t h e  f r a c t i o n  of t h e  l i t h i u m  hydr ide  melted 

ve r sus  t i m e  f o r  t h e  c rush  and t h e  l e a k  models. The r e s u l t s  shown are 

.UME 

ORNL-DWG 8lC-4009 ETD - 

/ / Lou'h ,--MELTING 

Fig. 3.2. Crush and l e a k  thermal models. 
a. Crush model - s o l i d  i s  uniformly crushed toward c e n t e r  to account 

b. Leak model -excess l i q u i d  from mel t ing  volume appears  i n  f r e e z i n g  
for volume expansion a t  m e l t  f r o n t .  

volume a t  i n n e r  s u r f a c e  of s o l i d .  How i t  g e t s  t h e r e  is  no t  
considered. 
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ILEAKMODEL - 
CRUSH MODEL ----- 

I I I I 1 1 1 1 I 1 
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 4QO.O 450.0 500.0 

TIME Is) 

Fig. 3.3. F r a c t i o n  melted versus  t h e ,  Ro = 1.9 cm. 

f o r  a 1.9-cm rad ius  sphere.  During the  e a r l y  s t a g e  of t he  mel t ing  

p rocess ,  t h e  two taodels g ive  very similar r e s u l t s ,  bu t  as  t h e  process  

cont inues  the  ra te  of mel t ing  p red ic t ed  by t h e  l eak  model begins  t o  

exceed t h a t  of t h e  c rush  model. This  d i f f e r e n c e  i n c r e a s e s  wi th  t i m e *  

T h i s  r e s u l t  is  due p r imar i ly  t o  two e f f e c t s .  The conduct ion pa th  

through t h e  l i q u i d  i s  s h o r t e r  i n  t h e  l e a k  model. I n  a d d i t i o n ,  some h e a t  

i s  carrEed along wi th  t h e  l i q u i d  t h a t  leaks through t h e  s o l i d  and thus  

bypasses t h e  conduct ion pa th  through t h e  s o l i d .  

F igure  3.4 shows a comparison of energy g a i n  vs  time f o r  spheres  

ranging  from 0.635 t o  3.81 cm i n  rad ius .  Assuming a t o t a l  t i m e  of 5 0 0  s 

a v a i l a b l e  € o r  charging,  t he  1.9-cm rad ius  sphere  is  t h e  l a r g e s t  t h a t  

a t t a i n s  i t s  maximum p o t e n t i a l  energy s t o r a g e  € n  t h e  requi red  t i m e .  A s  

shown i n  Fig. 3.5, the 3.81-cm rad ius  sphere r e q u i r e s  about 900 s t o  
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0.64 cm- 2.54 cm -.- 
1.27 ern..-..- 3.18 cm---- 
1.91 cm--- 3.81 cm- 

0 50 100 150 200 250 300 350 400 450 501) 
TIME (SI 

Fig. 3.4. Energy s t o r a g e  ve r sus  time for  l i t h i u m  hydr ide  sphe res  
( l e a k  model) e 

completeiy m e l t .  Table 3.2 l i s t s  energy con ten t  a f t e r  500 s f o r  t h e  

va r ious  sphere  s i z e s  p r e d i c t e d  by t h e  c rush  and l eak  models. It i s  

i n t e r e s t i n g  t o  note  khat t h e  r e s u l t s  for  t h e  two cases  do not  d i f f e r  

g r e a t l y  ( t h e  maximum d i f f e r e n c e  i s  about  2 % ) .  

I n  summary, t h e  mechanism by which t h e  volume expanston due t o  

mel t ing  .is accommodated i s  n o t  c r i t i c a l  i n  t h e  h e a t  t r a n s f e r  model, as 

Table 3.2. Energy con ten t  a t  500 s 
f o r  v a r i o u s  sphere s i z e s  

Energy c o n t e n t  a t  t = 500 s 

Diameter Crush model Leak model 

(em) ( i n c h e s )  (MJ/kg) (% max) (MJ/kg) (% max) 

1.27 0.51) 5.560 100.0 5.559 100.0 
2.54 1.00 5.558 99.96 5.558 99.98 
3.81 1.50 5.532 99.50 5.550 99.84 
5.08 2.00 5.260 94.60 5.412 97.36 
6.35 2.50 4.918 88.45 5.039 90.65 
7.62 3.00 4.611 82.93 4.701 84.57 
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RADIUS = 0.64 cm _I 2.54cm -.- 
3.18cm --- 1.27 cm -..-.. 

1.91 cm ---- 3.81 cm -- 

o.o* I I I 1 I s 1 r 1 1 
0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 

TIME is)  

Fig. 3.5. F r a c t i o n  melted ve r sus  t i m e  f o r  l i t h i u m  hydr ide  sphe.res 
( l eak  model). 

t h e  c rush  and l eak  models g ive  very  similar r e s u l t s .  Both models 

i n d i c a t e  t h a t  f o r  complete mel t ing  i n  500 s with an 1100 K sou rce  

temperature ,  t h e  maximum c o n t a i n e r  d iameter  t h a t  can be used i s  about  

3.81 cm. 

3.3  Void Mechanics 

3 . 3 . 1  Phys ics  of so l id - l iqu id -vapor  systems 

Determinat ion of l iquid-vapor  i n t e t € a c e  shapes i s  a class of 

problems which has  rece ived  a g r e a t  d e a l  of s tudy.  However, with t h e  

except ion  of some r e l a t i v e l y  simple gt?omctries 110 s t r a igh t fo rward  

method of s o l v i n g  f o r  i n t e r f a c e  shapes i s  a v a i l a b l e -  Surface energy 



19 

arises because molecules a t  t h e  s u r f a c e  of a l i q u i d  are no t  a t t r a c t e d  

e q u a l l y  from all s i d e s  a s  are t h o s e  i n  t h e  bulk l i q u i d .  Thus, t h e s e  

molecules have some excess energy compared t o  molecules i n  t h e  bulk 

l i q u i d .  The unequal a t t r a c t i o n  exper ienced  by t h e  s u r f a c e  molecules re- 

s u l t s  i n  a f o r c e  a c t i n g  a long  t h e  l i q u i d  sur face .  This f o r c e  can be 

r ep resen ted  as a uniform t e n s i o n  a c t i n g  on a h y p o t h e t i c a l  membrane 

s t r e t c h e d  over t h e  s u r f a c e  and is  r e f e r r e d  t o  as s u r f a c e  t ens ion ,  6. 

The r e l a t i o n s h i p  of t h e  s u r f a c e  t e n s i o n s  between t h e  l i q u i d  and 

vapor ,  a t h e  s o l i d  and vapor,  usv, and t h e  s o l i d  and l i q u i d ,  asR, i s  

expressed  by t h e  equa t ion  
RV' 

CT c O s e - o  - 0  av sv sR 

where 8 i s  t h e  ang le  of c o n t a c t  between t h e  s o l i d  and l i q u i d .  This  

r e l a t i o n s h i p ,  known as Young's equat ion ,  is u s u a l l y  r ep resen ted  as a 

f o r c e  ba lance  as shown i n  Fig. 3.6. It is  ques t ionab le  i f  i t  can be  

ORNL-DWG 87-4422 ETD 

VAPOR 

LIQUID 

SOLID 

Fig. 3.6. Contact ang le  - Young's equation. 
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j u s t i f i e d  on t h a t  b a s i s ,  however, s i n c e  t h e  f o r c e  normal t o  t h e  s o l i d  

s u r f a c e  i s  not  balanced. A l t e r n a t e l y ,  Young’s equa t ion  can be de r ived  

based on thermodynamic cons idera t ions .  

Although t h e  s u r f a c e  t e n s i o n  and c o n t a c t  angle  are man i fe s t a t ions  

of microscopic  f o r c e s ,  t o g e t h e r  they have been found t o  provide a n  

adequate  r e p r e s e n t a t i o n  of t h e  macroscopic behavior  of c a p i l l a r y  sys-  

t e m s .  The main disadvantage of t h e  s u r f a c e  tension-contact  a n g l e  

r e p r e s e n t a t i o n  i s  t h a t  t h e  con tac t  ang le  can be s t r o n g l y  Inf luenced  by 

t h e  cond i t ion  of t h e  s u r f a c e  and i s  s u b j e c t  t o  h y s t e r e s i s  when t h e  

l i q u i d  advances or  recedes ,  thus caus ing  some u n c e r t a f n t y  i n  ca l cn la -  

t i o n s .  

There  are two b a s i c  approaches t h a t  can be used t o  c a l c u l a t e  i n t e r -  

face shapes.  The? f i r s t  involves  minfmizing t h e  f r e e  energy, P ,  of t h e  

system, which f o r  an i so the rma l  c a p i l l a r y  system of mass, rn, i s  t h e  sum 

01 t he  surfzce energy and p o t e n t i a l  energy,  arid can  be expressed  as:  

where Ac i s  the  c a p i l l a r y  area, V i s  t h e  t o t a l  system volume and h i s  

t h e  e l e v a t i o n  r e l a t i v e  t o  a f i x e d  re ference .  The equa t ion  f o r  t h e  mini- 

mum energy s u r f a c e  can be determined by apply ing  t h e  c a l c u l u s  of va r i a -  

t i o n s  (6F = 0) with  the c o n s t r a f n t  t h a t  the l i q u i d  volume i s  cons t an t ,  

This  method has  been applFed s u c c e s s f u l l y  to determine equ i l ib r inm in-  

terface shapes i n  axisymmetric c o n t a i n e r s  * 9 

A second method t h a t  can be used t o  c a l c u l a t e  i n t e r f a c e  shapes in-  

vo lves  ba lanc ing  farces on the i n t e r f a c e .  Consider a small s u r f a c e  e le-  

ment dA of t h e  l iquid-vapor  i n t e r f a c e  as shown i n  Fig, 3.7, Element dA 

has  mlnimum and maxtmum r a d i i  of cu rva tu re  R 1  and R 2  w i t h  o r i g i n s  a long  

t h e  normal t o  dA. S ince  they r e p r e s e n t  p r i n c l p a l  (maximum and minimum) 

c u r v a t u r e s ,  the planes of R l  and R2 are pe rpend icu la r  t o  each other, 

The l eng th ,  L1,  of dA i n  the p l ane  of R 1  i s  R I A a l ,  where A O l  i s  assumed 

t o  be very small. S i m i l a r l y ,  t h e  l e n g t h  L2 of dA i n  t h e  p lane  of R 2  

i s  R2QO2. I n  o r d e r  f o r  f o r c e s  d f r e c t e d  a long  t h e  normal t o  be balanced, 

t h e  norm1 csmponetn61 of t h e  s u r f a c e  t ens fon  f o r c e s  a c t i n g  on the edges 

of dA must e q u a l  the p r e s s u r e  f o r c e  on dA. The equa t ion  expres s ing  the  
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Fig, 3.7. Force balance method -Laplace equation. 

force balance is 

*e2 A81 
(p1 - P2) L1L2 = 2 L 1 0  sin - + 2L20 sin - 2 2 

Substituting for L1 and L2 i n  terms of R and AhB, and assuming 
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s i n  A 8  = A O ,  t h e  cquatdon becomes 

which reduces t o  

Equation (3.1) i s  c a l l e d  t h e  Lap lace  equat ion  and i s  the c lass ica l  

express ion  f o r  equi l ibr ium of a l iquid-vapor  in te r face .  It should be 

noted t h a t  the Laplace equat ion  can a l s o  be. d e r i v e d  froin minimum energy 

c o n s i d e r a t i o n s .  l o  O f  course ,  bo th  of the methods mentioned above wrist 

give  t h e  same r e s u l t ,  s o  the choice of method depends on t h e  p a r t i c u l a r  

problem being considered.  Most sources  i n d i c a t e  t h a t  t he  minimum energy 

formula t ion  i s  more s t r a i g h t f o r w a r d  for most s l t u a t i o n s ,  wi th  t h e  excep- 

t i o n  of a few simple cases .  N O W ~ V ~ P ,  i t  appears  t h a t  t h e  number of 

c a s e s ,  simple o r  otherwise,  f o r  which a closed forin s o l u t i o n  can l x  

ob ta ined  i s  very l imi ted .  

3.3.2 Determination of  i n t e r f a c e  shape 
f o r  an axisymmetric c a s e  

F o r t u n a t e l y ,  f o r  a n  axtsymmetric case a v e r t i c a l  f o r c e  balance can 

be used t o  f i n d  t h e  i n t e r f a c e  shape. Consider an element of t h e  i n t e r -  

f a c e  wi th  l e n g t h  dL, as shown i n  Fig. 3.8. This  element forms an 

annular  r i n g  about t h e  a x i s  of symmetry. The p r e s s u r e  d i f f e r e n c e  a c r o s s  

t h e  i n t e r f a c e  i s  Pv - PI1, where Pv and PI1 are  t h e  vapor and l i q u i d  

pressures .  P can be expressed i n  terms of t h e  l i q u i d  pressure  a t  the 

or  1. g i n  
R 
and t h e  h y d r o s t a t i c  head; so  ’ 

P - P = Pv - PRO +- Pgz v R  

The p r o j e c t e d  a r e a  t h a t  t h e  pressure  d i f f e r e n c e  a c t s  over  i s  2 i r r A r .  

Therefore  t h e  p r e s s u r e  f o r c e  i n  t h e  -z d i r e c t i o n  i s  

+- p g z )  2~rj4.r ‘pv - 
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I 

= 2nr %VX I L+AL 
dZ t (P, - Ppo + pgz) 2nr Ar 

I 

Fig. 3.8. Vertical f o r c e  ba lance  f o r  axisyrnrnetric i n t e r f a c e .  

Sur face  t e n s i o n  f o r c e s  a c t  a long  t h e  edges of t h e  element a t  L and 

L + AL. The s u r f a c e  t e n s i o n  f o r c e  a t  each edge is given by cr ( 2 a r  1, 
and t h e  v e r t i c a l  component i s  

RV 

The expres s ion  f o r  t h e  f o r c e  ba lance  i s  t h e r e f o r e  

+ pgz) 2ar  A r  = aRv ( 2 a r )  - - u (21rr) - I Rv L + AL (pV - 

which can be rewritten 

- “Rv IC bZ. Az I 
AL 

Ar 
AL (Pv - Pko + pgz)  r - = 
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Taking the limit as AL +. 0 ,  the differential equation is 

For a constant surface tension case, the right s i d e  of Eq. ( 3 . 2 )  can be 

differentiated to give 

which can be rearranged yielding 

( 3 . 3 )  

A t  this point two simplifications can be int roduced.  Using Eq. ( 3 . 1 ) ,  

the pressure difference at the orlgin can be expressed in terms of the 

r a d i u s  of curvature at the origin, where R1 = R 2  = Ro, giving 

2a 

'v - ' ! t o  R 
XV 

=--.I- 

O 

or 

pv - PQo 2 
E -  

O 
(I R 
RV 

dr dz 
dL dL 

The relationship between - and - is 

o r  

. 
Substituting E q s .  ( 3 . 4 )  and (3.5) i n t o  E q .  ( 3 . 3 )  yields 

( 3 . 4 )  
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Eqs. (3.5) and (3.6) can be so lved  by t h e  Runge-Kutta method t o  y i e l d  

i n t e r f a c e  shapes f o r  g iven  va lues  of d P and g. The s o l u t i o n  i s  

i t e r a t i v e ,  w i th  va lues  of Ro being guessed t o  provide  t h e  r equ i r ed  vapor 

volume and con tac t  a n g l e  between t h e  l i q u i d  and con ta ine r ,  Equat ions 

similar t o  Eqs. (3.5) and (3.6) were used i n  Ref. 11 t o  develop an  

e x t e n s i v e  set of curves  t h a t  g ive  meniscus shape as a f u n c t i o n  of 

Pg/aQv and 8. Figure  3.9 shows i n t e r f a c e  shapes f o r  l i q u i d  l i t h i u m  

hydr ide  i n  a s p h e r i c a l  c o n t a i n e r  f o r  void f r a c t i o n s  ranging from 5 t o  

25%. It should be noted t h a t  f o r  t h e  micro-gravi ty  case  t h e  i n t e r f a c e  

shape is a segment of a sphere ,  and f o r  t h e  case where 0 = O", shown i n  

Fig. 3,9c, t h e  i n t e r f a c e  is a s p h e r i c a l  bubble which has  no a f f i n i t y  f o r  

t h e  c o n t a i n e r  w a l l  and may be completely surrounded by t h e  l i q u i d .  

2V' 

3.3.3 E f f e c t  of s u r f a c e  t e n s i o n  g r a d t e n t s  

I n  o r d e r  t o  determine t h e  shape and l o c a t i o n  of t h e  void i n  t h e  

above case, i t  is  necessary  to cons ide r  t h e  e f f e c t  of s u r f a c e  t e n s i o n  

g rad ien t s .  Sur face  t e n s i o n  g r a d i e n t s  can be caused by v a r i a t i o n s  i n  t h e  

chemical composition of t h e  l i q u i d ,  and s u r f a c e  t ens ion  i n  gene ra l  

dec reases  l i n e a r l y  wi th  i n c r e a s i n g  temperature.  A s u r f a c e  t ens ion  

g r a d i e n t  produces a shea r  stress a long  t h e  s u r f a c e  of t h e  l i q u i d ,  caus- 

i n g  l i q u i d  t o  move toward t h e  reg ion  of h ighe r  s u r f a c e  tension.  Conse- 

quen t ly ,  t h e  bubble tends  t o  move toward t h e  r eg ion  of lower s u r f a c e  

tens ion .  ThLs phenomenon can be expla ined  i n  terms of t h e  s u r f a c e  

energy as w e l l ,  s i n c e  t h e  s u r f a c e  energy i s  decreased when t h e  s u r f a c e  

temperature  is higher .  Flow r e s u l t i n g  from s u r f a c e  t e n s i o n  g r a d t e n t s  i s  

c a l l e d  Marangoni f l o w .  The complete vec to r  equa t ion  d e s c r i b i n g  

Marangoni flow, g iven  i n  Ref. 10, i s  

, 

where is t h e  u n i t  normal t o  t h e  s u r f a c e  and i s  t h e  v iscous  stress 

t e n s o r  a t  t he  s u r f a c e  of t h e  l i q u i d ,  not  i nc lud ing  p res su re  terms. 

Although t h e  above equat ion  would be very d i f f i c u l t  t o  apply for a 

gene ra l  case, i t  shows t h a t  if a s u r f a c e  t ens fon  g r a d i e n t  e x i s t s  t h e r e  

must be motion i n  t h e  f l u i d .  
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Fig. 3.9.  Void shape i n  a s p h e r i c a l  c o n t a i n e r  i n  earth's g r a v i t y  
and space micro-gravity us ing  the force balance method. 
a. Earth's g r a v i t y ,  0 --. 0". 
be Earth's g r a v i t y ,  0 = 90". 
cI Space micro-gravity,  0 = 0". 
d. Space micro-gravity,  8 = 90". 
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The e f f e c t  of a s u r f a c e  t e n s i o n  g r a d i e n t  on t h e  i n t e r f a c e  shape can 

be es t imated  us ing  Eq. (3.2). I n  t h e  p re sen t  case, t h e  s u r f a c e  t e n s i o n  

w i l l  vary l i n e a r l y  i n  t h e  z d i r e c t i o n ,  so 

u = Q  + h z  
Rv 0 

where u 
t h i s  i n t o  Eq. (3.2) y i e l d s  

is t h e  s u r f a c e  t ens ion  a t  t h e  o r i g i n  and A = -  du I n s  e rt i n g  
0 az 

Following t h e  same s t e p s  used t o  develop Eq. (3.6) t h e  r e s u l t i n g  

d i f f e r e n t i a l  equat ion  i s  

-a - x 
d2z 

dL2 (k 1 +-2 0 0 r 1 dL dz)/* dL o 1 +-2 0 0 

Eq. (3.7) can be s u b s t i t u t e d  f o r  Eq. (3.6) and used t o g e t h e r  w i th  

Eq. (3.5) t o  s o l v e  f o r  t h e  i n t e r f a c e  shape. F igure  3.10 shows a com- 

par i son  of t h e  p red ic t ed  void shape f o r  a ze ro  g, zero  c o n t a c t  angle  

s i t u a t i o n  wi th  no s u r f a c e  t e n s i o n  g r a d i e n t  ve r sus  t h e  p red ic t ed  shape 

wi th  a s u r f a c e  t ens ion  g r a d i e n t  corresponding t o  a 22 K / c m  (lOO°F/in.) 

temperature  i n c r e a s e  i n  t h e  -z d i r e c t i o n .  As shown in t h e  f i g u r e ,  t h e  

e f f e c t  of t h e  s u r f a c e  t e n s i o n  g r a d i e n t  on t h e  i n t e r f a c e  shape is very  

small, r e s u l t i n g  i n  a s l i g h t  s t r e t c h i n g  of t h e  bubble a long t h e  z-axis. 

The e f f e c t  of t h e  s u r f a c e  t e n s i o n  g r a d i e n t  on t h e  bubble! l o c a t i o n  

is much mre s i g n i f i c a n t .  An estimate of t h e  r e s u l t a n t  f o r c e  on a 

s p h e r i c a l  bubble due t o  Marangoni flow is developed i n  Ref. 12 f o r  t h e  

case  of a uniform s u r f a c e  t e n s i o n  g rad ien t .  The shear stress due t o  t h e  

s u r f a c e  t e n s i o n  g r a d i e n t  is i n t e g r a t e d  over  t h e  s u r f a c e  of t h e  bubble,  

and t h e  r e s u l t a n t  f o r c e ,  Fm, i n  t h e  z d i r e c t i o n  is  found t o  be 
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where Ro i s  t h e  bubble rad ius .  The buoyancy f o r c e ,  Fb, is g iven  by 

Under normal g r a v i t y  cond i t ions ,  t h e  Marangoni f o r c e  is n e g l i g i b l e  com- 

pared t o  t h e  buoyant force .  On t h e  o t h e r  hand, under o r b i t a l  cond i t ions  

where t h e  maximum e f f e c t i v e  g r a v i t y  is less than  g, t h e  Marangoni 

f o r c e  dominates f o r  dT/dz = 1.82 K/m ( l ° F / f t ) .  Assuming t h e  bubble 

motion is  accord ing  t o  Stokes '  l a w ,  t h e  d rag  f o r c e  on t h e  bubble,  Fd i s  

and t h e  v e l o c i t y  of a bubble under t h e  i n f l u e n c e  of a s u r f a c e  t e n s i o n  

g r a d i e n t  f o r  a zero-gravi ty  case can  be e s t ima ted  by equa t ing  Fd and Fm, 

g i v i n g  

R A  4 0  
9 l J  

vu, = - -  

For L iH,  LI IJ 3.78 x d ne (7.9 x loe6 Ibf) and - d a  6.83 x 

10" dyne (2.6 x loe6 -). f t .  F Assuming Ro = 0.30 em, t h e  bubble 

dT 
s.cm2 s o f t 2  

lbf  
cm-K 

v e l o c i t y  due t o  a 0.182 K/cm ( l O ° F / f t )  t empera ture  g r a d i e n t  is  

4 6.83 x * cm-K 
voD = - 

3.78 x 10-3 x 
9 

f t  
= 0.44 (1.5 x 7) 

S 

From t h e  a n a l y s i s  it can be concluded t h a t  f o r  purposes of h e a t  t r a n s f e r  

a n a l y s i s  i n  t h e  zero-gravi ty ,  z e r o  c o n t a c t  ang le  case, t h e  bubble can  be  

assumed t o  be loca ted  a t  the h o t t e s t  p o i n t  i n  t h e  l i q u i d .  
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3.3.4 Boundary l a y e r  e f f e c t s  

Boundary l a y e r  e f f e c t s  i n  the t h i n  l a y e r  of l i q u i d  nea r  t h e  p o l n t  

where t h e  l iquid-vapor  i n t e r f a c e  c o n t a c t s  t h e  w a l l  i s  another  a s p e c t  of  

void behavior  t h a t  must be understood because of t h e  important  part. t h i s  

reg-ton p lays  i n  s o l i d i f i c a t i o n .  I n  o r d e r  t o  s i m p l i f y  t h e  a n a l y s t s ,  t h e  

system considered f o r  t h e  boundary l a y e r  problem w i l l  c o n s i s t  of a f l a t  

p l a t e  wi th  an axisymmetric bubble c o n t a c t i n g  t h e  p l a t e  from below. The 

c o n t a c t  ang le  i s  ze ro  and g r a v i t y  i s  1-g. 

To f u r t h e r  s p e c i f y  the  problem, t h e  bubble volume i s  set  equa l  t o  

t h a t  of a 0.254-cm r ad ius  sphere.  Th i s  s y s t e m ,  w i t h  bubble shape calcu-  

l a t e d  us ing  Eqs. (3.5) and ( 3 . 6 ) ,  i s  shown i n  Fig. 3.11. 

I n  t h e  r eg ion  near  the  w a l l  t h e  i n t e r f a c e  cu rva tu re  i s  small, so a 

r e l a t i v e l y  s imple equa t ion  r e l a t i n g  t h e  p re s su re  d i f f e r e n c e  a c r o s s  che 

i n t e r f a c e  t o  i n t e r f a c e  shape can be developed. The d e r i v a t i o n  fo l lows  

t h e  method g iven  i n  R e f .  13. The v a r i a t i o n  of t h e  f r e e  energy,  F ,  of an  

i so thermal  c a p i l l a r y  system i s  g iven  by 

where V Consider a 

s u r f a c e  element on the i n t e r f a c e .  The a r e a  of t h e  uncleformed element, 

dAo, i s  given by 

i s  t h e  l i q u i d  volume and Ac i s  t h e  c a p i l l a r y  area. R 

and t h e  area of t h e  deformed element ,  dA, i s  

where h i s  the v e r t i c a l  displacement  from t h e  p l ane  z = 0, For  small 

values of h ,  t h e  above equa t ion  can be approximated by 
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Fig. 3.11.  Bubble contacting horizontal surface. 1-g, 8 i= 0’. 

The surface area after deformation is  

Ac = 27I J,R [l + +  (g)2] rdr , 

and the variation of the surface area is  

(3.9) 
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t h e  change i n  t h e  l i q u i d  volume produced by a smal l  displacement of t h e  

s u r f a c e  i s  

6Vg = 2r 1: r 6h dr . (3.10) 

S u b s t i t u t i n g  Eqs. (3.9) and (3.10) i n t o  Eq. (3.81, t h e  change in t h e  

f r e e  energy is  

For an equi l ibr fum s t a t e  6F = 0. Since 6h is  a r b i t r a r y ,  i t  fo l lows  t h a t  

o r  

1 dh 
pv - r d r  

(3.11) 

The approximation implied by Eq. (3.11) can be determined by comparing 

Eq. (3.11) t o  Eq. (3.3). Equation 3.3 can be r e w r i t t e n  as 

'R I 1 dz) & 
r dL dL 

dL2 

Near t h e  poin t  of c o n t a c t  wi th  t h e  h o r i z o n t a l  p l a t e  dr * dL. Making 

t h i s  s u b s t i t u t i o n  i n  t h e  above equat ion  g i v e s  

d2z - 'v - ' 2  1 dz 
I_- --- 

U r d r  
d r 2  

which when rearranged is i d e n t i c a l  t o  Eq. (3.11). Thus, t h e  approxima- 

t i o n  made i n  Eq. (3.11) Is t h a t  t h e  i n t e r f a c e  l e n g t h  dL J dr .  If i t  i s  

f u r t h e r  assumed t h a t  t h e  d i f f e r e n c e  i n  h y d r o s t a t i c  head can be neglec ted  

a c r o s s  t h e  boundary l a y e r ,  t h e  p r e s s u r e  d i f f e r e n c e  i s  cons tan t  and 

Eq. (3.11) can be solved a n a l y t i c a l l y .  The r e s u l t f n g  equat ion  f o r  h as 
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a func t ion  of r is  

r 
C + -  2 h - c  (3.12) 

, a cons tan t ,  and rc i s  the r a d i u s  a t  which t h e  l i q u i d -  where e = 

vapor i n t e r f a c e  c o n t a c t s  t h e  w a l l .  (z = 0 a t  r = rc was used as a 

boundary condi t ion.  ) Figure  3,12 shows t h e  small displacement approxi- 

mation s o l u t i o n ,  Eq. (3.121, compared t o  t h e  exac t  s o l u t i o n  ( a l s o  shown 

i n  Fig. 3,11) f o r  the example case.  The results p l o t t e d  i n  Fig. 3.12 

i n d i c a t e  t h a t  t h e  small. displacement  approximation agrees reasonably 

w e l l  w i th  the exac t  s o l u t i o n  for h G 0.0254 cm. 

pv - % 
dh 

U 

In order to determine t h e  e f f e c t  of s o l i d i f i c a t i o n  i n  t h e  boundary 

reg ion ,  the momentum i n t e g r a l  equat ion  can be app l i ed  over  the boundary 

layer t o  de r ive  a d i f f e r e n t i a l  equat ion  fo r  t h e  boundary l a y e r  th ick-  

ness ,  h (r). The momentum i n t e g r a l  equa t ion  for t h e  p re sen t  case  can be 

ORNL-DWG 87-4428 ETD 
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Fig. 3.12. Comparison of small displacement  s o l u t i o n  wi th  e x a c t  
s o l u t i o n .  
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derived by applying the conservation of momentum principle to a control 

volume as shown in Fig. 3.13  ( R e f .  1 4 ) .  Since the flow i s  axisymmetric, 

the control volume forms an annular ring about the axis of symmetry. 

Total radial momentum entering and exiting the control volume is found 

by integrating over the entire boundary layer thickness. The change i n  

momentum is equated to the sum of forces on the control volume, includ- 

ing viscous stresses and pressure. The resulting equatlon is 

where u is the radial velocity component, T is the shear stress at the 

wall and Th is the shear stress at the free surface. After rearranging 

and letting Ar -f 0, the flnal form of the momentum integral equation is 

0 

ORNL-DWG 87-4429 E7-D 

I r 

CONTROL 

I 

( 3 .13 )  

Fig. 3,13. Control volume for momentum integral analysis. 
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In order to solve Eq. (3 .13)  a velocity profile must be assumed. For 

creeping flow along a plate the velocity profile is parabolic, so the 

velocity profile is assumed to be of the form 

u = A + B  - h z + c ( f )2  

where A, B, and C are constants. Boundary conditions on u are 

u = O  a t  z = O  

du 
dz h P - = T  a t z = h  

Applying the boundary conditions, the velocity profile can be rewritten 

The value of the constant B is determined by mass conservation. Solid- 

ification is modeled by a constant mass flux per unit area through the 

wall, m. Assuming the boundary layer extends to the centerline, as 

shown in Fig. 3.13, the requirement for conservation o f  mass can be 

written 

. 

h h vr2  = 2rr I, pudz 

Inserting the expression for the velocity profile into the above equa- 

tion, the value of the constant is found to be 

and the velocity profile is therefore 

(3 .14 )  

The shear stress at the wall can be found by differentiating Eq. 3 . 1 4 ,  
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(3.15) 

Setting Pv = 0 in Eq. (3.11) the pressure in the liquid is given by 

(3.16) 

Eqs. (3 .14 ) ,  (3.15), and (3.16) can now be inserted into Eqe (3.13) and 

after much algebra, the resulting differentLa1 equation for h is 

(3.17) 8 

where 

Equation (3.17) was s o l v e d  by the Runge-Kutta method using repre- 

It was assumed that T resulted from a sentative values o f  m and T 

surface tension gradient. Boundary conditions were provided by matching 

with the static solution gPven by Eq. (3.12) at h = 0.0254 cm. It was 

found that the deviation from the static solution was negligible for 

h > 2.54 x low4 em. This result indicates that the static interface 

shape given by Eq. (3.5) and Eq. (3.6) is approximately correct in the 

boundary region during solidification. 

. 
h’ h 

In summary, the analysis indicates that l n  microgravity the void 

will be located at the hottest point i n  t h e  liquid, and thus in the  case 

o f  uniform cooling a concentric void will form. An analysis based on 

caplllary hydrostatics appears t o  model void behavior in an axlsymmetric 

solidification problem with sufficient accuracy. However, it should be 
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.- 

Y 1000 ,; 

noted t h a t  i n  many i n s t a n c e s  l i q u i d  l i t h i u m  hydr ide  h a s  been observed t o  

"crawl" up t h e  wal ls  of c o n t a i n e r s  i n  a manner t h a t  seems i n c o n s i s t e n t  

w i th  what t$e h y d r o s t a t i c  a n a l y s i s  would p r e d i c t .  The theo ry  t o  e x p l a i n  

such behavior  is no t  a v a i l a b l e  a t  p re sen t .  Hopefully,  an  unders tanding  

of t h i s  behavior  w i l l  be gained from t h e  experiments t o  be conducted as 

p a r t  of t h i s  program. 

w 
n: 
3 

- LIH CENTERLINE TEMP ----- LIH SOLID A V G  TEMP - SHELL TEMP 

- . - 1 - # - l - l - *  

3.4 Phase-Change Induced Stress 

3.4.1 Sphe r i ca l  s h e l l  e l a s t i c  stress a n a l y s i s  

A s  i n d i c a t e d  i n  Sect.  3.2, t h e  void  is  expected t o  be l o c a t e d  i n  

t h e  sphe re  c e n t e r  fo l lowing  cooldown i n  a micro-gravity space  envi ron-  

ment. Then, du r ing  h e a t  up, t h e  l i q u i d  l i t h i u m  hydr ide  expands a g a i n s t  

t h e  s h e l l  and s o l i d  l i t h i u m  hydr ide  as shown i n  Fig. 3.14a. Figure  

3.14b shows the  r e s u l t s  of a thermal a n a l y s i s  performed f o r  a 3.81-crn 

ORNL-DWC 8713-4235 ET0 

Fig. 3.14a. Heat-up s c e n a r i o  of s p h e r i c a l l y  encapsu la t ed  l i t h i u m  
hydr ide  i n  micro-gravi tye  

TIME ( 5 )  

Fig. 3.14b. S p h e r i c a l l y  encapsu la t ed  l i t h i u m  hydr ide  thermal  
p r o f i l e  du r ing  hea t -up ,  Ro = 1.9 cm. 
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diam sphere  wi th  an i n i t € a l  temperature  of 700 K suddenly exposed t o  

l i q u i d  metal  a t  1100 K. The one-dimensional "crush" model d e s c r i b e d  i n  

Sect. 3.2 w a s  used t o  c a l c u l a t e  t h e  s h e l l  temperature ,  average tempera- 

t u r e  of s o l i d  l i t h i u m  hydride and minimum temperature  o f  s o l i d  l i thium. 

hydride a s  a f u n c t i o n  of t i m e ,  It can be seen  t h a t  while  t h e  s h e l l  

reaches  t h e  l i q u i d  metal  temperature  very r a p i d l y ,  much of t h e  sol€d i s  

a t  a temperature  s i g n i f i c a n t l y  below che m e l t  p o i n t  when t h e  l i t h i u m  

hydr ide  ad jacent  t o  t h e  s h e l l  s t a r t s  t o  m e l t .  S ince  the s h e l l  has a 

l i m i t e d  c a p a c i t y  t o  expand e l a s t i c a l l y ,  t h e r e  a t e  t h r e e  p o s s i b l e  hea tup  

s c e n a r i o s :  

1. r u p t u r e  ( p l a s t i c a l l y  deform) t h e  e n c a p s u l a t i n g  s h e l l ,  

2. "break" (deform o r  c o l l a p s e )  t h e  l i t h i u m  hydride s h e l l ,  o r  

3 .  l i q u i d  l e a k s  through t h e  s o l i d  l i t h i u m  hydride ( v i a  c r a c k s )  t o  Lhe 

void. 

I f  i t  i s  assumed t h a t  t h e  void  forms i n  t h e  sphere  c e n t e r ,  and t h e  

l i t h i u m  hydride c o n t a i n s  no c r a c k s ,  then a s imple e l a s t i c  a n a l y s i s  can  

be performed t o  determine,  in an approximate manner, the requi red  s h e l l  

t h i c k n e s s  t o  prevent  s h e l l  rup ture .  O l i v e r l S  used e l a s t i c  a n a l y s i s  t o  

examine t h e  p o t e n t i a l  use o f  a s i l i c o n  c a r b i d e  s h e l l  f o r  l i t h i u m  hydride 

containment . 
The requi red  s h e l l  t h i c k n e s s  f o r  s h e l l s  cons t ruc ted  of 304L s t a i n -  

less s t e e l  and molybdenum were determ-lned u s i n g  a n  e l a s t i c  a n a l y s i s .  In  

t h i s  a n a l y s i s  t h e  fol lowing assumptions are  made: 

1. t h e  void forms i n  t h e  sphere  c e n t e r ,  

2. t h e  s o l i d  l i t h i u m  hydr ide  forms a t h i c k  she l l  w i t h  no c r a c k s ,  

3.  t h e  containment s h e l l  is a t h i n  s h e l l ,  and 

4 .  thermal stresses o t h e r  t h a n  t h o s e  r e s u l t i n g  from phase-change are 

neglected.  

I n  a d d i t i o n ,  based on t h e  thermal p r o f i l e s  i n  Fig.  3.14b, t h e  con- 

tainment shell i s  assumed t o  be i so thermal  a t  t h e  peak o p e r a t i n g  tern- 

p e r a t u r e ,  and t h e  s o l i d  l i t h i u m  hydride is assumed t o  be i so thermal  a t  

t h e  minimum s t o r a g e  temperature.  These assumptions l e a d  t o  a conserva- 

t i v e l y  low s h e l l  t e n s i l e  s t r e n g t h  and a conserva t ive ly  high J i thium 

hydr ide  compressive s t r e n g t h .  
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A f o r c e  balance on a thin-wal l  sphere  wi th  i n t e r n a l  p re s su re ,  P, 

and no e x t e r n a l  p re s su re  y i e l d s :  l6 

P = 2 t  u s / r  , (3.18) 

where 

t = s h e l l  t h i ckness ,  

r = s p h e r i c a l  s h e l l  r a d i u s ,  and 

0 = s h e l l  t e n s i l e  s t r eng th .  

Timoshenko and Goodier17 have developed t h e  stress equa t ions  f o r  a 

t h i c k - w a l l  s p h e r i c a l  s h e l l .  The maximum p r i n c i p a l  stress occurs  i n  t h e  

t a n g e n t i a l  d i r e c t i o n  a t  t h e  i n n e r  r a d i u s ,  and i s  compressive: 

S 

(3.19) 

where 

= maximum l i t h i u m  hydr ide  compressive stress, 
T d H  

Q 

a = i n n e r  r a d i u s  of t h e  l i t h i u m  hydr ide  s h e l l ,  and 

r = o u t e r  r a d i u s  of t h e  l i t h i u m  hydr ide  s h e l l  ( encapsu la t ing  

s h e l l  r a d l u s  ) . 
As shown by O l i v e r , l S  i f  t h e  sphe re  is  assumed t o  be completely f u l l  a t  

t h e  h o t t e s t  l i q u i d  cond i t ion  and a c e n t r a l  void forms on cooldown, then: 

(3.20) 

where 

ps are t h e  l i q u i d  and s o l i d  l i t h i u m  hydr ide  d e n s i t i e s  a t  t h e  

h o t t e s t  t empera ture  and minimum s t o r a g e  temperature ,  

re spec  t i v e  l y  . 
Using Eqs. 3.18 through 3.20, i t  fo l lows  t h a t  t h e  minimum requ i r ed  

encapsu la t ing  s h e l l  t h i ckness  t o  prevent  r u p t u r e  i s  g iven  by: 

(3.2 1) 

Pressed l i t h i u m  hydr ide  u l t i m a t e  compression s t r e n g t h  d a t a  are g iven  i n  

Fig.  3.15 ( l e f t  v e r t i c a l  a x i s ) .  As shown t h e r e  i s  a s t r o n g  tempera ture  

dependence. 18, l9 Table 3.3 p r e s e n t s  l i t h i u m  hydr ide  compressive 
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Fig. 3.15. Pressed and estimated e a s t  lithium hydride ultimate 
compression strength (Refs.  18 and 19). 

Table  3.3. Compressive s t r e n g t h  of l i t h i u m  h y d r i d e  
a t  room t e m p e r a t u r e  (Ref .  2 0 )  

S t r e n g t h  
-- Conme n t s 

MPa PS i 

100.7 f 3.34 14,600 f 485 Cold p r e s s e d  

135.6 f 34.61 19 ,670  f 5,020 Cold p r e s s e d  and s i n t e r e d ,  3 c y c l e s *  

110.0 f 30.13 15,950 f: 4,370 Cold p r e s s e d  and s i n t e r e d ,  5 c y c l e s *  

167.5 f 6.31 24,300 f 915 Cold p r e s s e d  and s i n t e r e d ,  10 c y c l e s *  

( 9 5 %  c o n f i d e n c e  f n t e r v a l  - *Blocks t h e r m a l  c y c l e d  from room tem- 
room-temperature  d a t a )  p e r a t u r e  t o  593OC, specimens 

machined from sound,  uncracked  
p o r t i o n  of b l o c k s  

qcI 

strength at room temperature for pressed and sintered material. 2 o  These 

data indicate that sintering results in large strength gains (about a 

factor of 1.7 greater for the 10 cycle sample). The sintered data are 

more likely representative of e a s t  material, thus the data of Fig.. 3.15 
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should probably be s c a l e d  upward by t h i s  f a c t o r .  This  has  been done i n  

t h e  r i g h t  v e r t i c a l  a x i s  of Fig. 3 .15 .  

A t  -1100 K, t h e  y i e l d  s t r e n g t h  of 304L s t a i n l e s s  steelz1 and 

molybdenum" are taken  as 69 ( e s t ima ted )  and 255 MPa (10 and 37 k s i ) ,  

r e s p e c t i v e l y .  These p r o p e r t i e s  do n o t  r e f l e c t  any e f f e c t s  of hydrogen 

or l i t h i u m  on s t r e n g t h ;  t h e s e  e f f e c t s  are d i scussed  i n  Sect. 3.5. 

A small computer program, SHELL, was w r i t t e n  t o  c a l c u l a t e  achiev- 

a b l e  energy s t o r a g e  d e n s i t i e s  ( i -e . ,  i n c l u d e s  s h e l l  and l i t \ i u m  hydr ide )  

based on the  minimum requ i r ed  s h e l l  t h i c k n e s s  determined as desc r ibed  

above. Resu l t s  are p resen ted  i n  Table 3.4 f o r  encapsula ted  l i t h i u m  

hydr ide  i n  s p h e r i c a l  s h e l l s  cons t ruc t ed  of 304L s t a i n l e s s  s t e e l  and 

nolybdenum. S torage  d e n s l t i e s  are based on a 500 s hea tup  per iod  and 

use  of n a t u r a l l y  occur r ing  l i t h i u m  and a r e  shown f o r  a range of minimun 

s t o r a g e  temperatures.  These r e s u l t s  show t h a t  t h e  r e q u i r e d  s h e l l  t h i c k -  

ness  is  very l a r g e  a t  low minimum s t o r a g e  tempera tures ,  r e f l e c t i n g  high 

l i t h i u m  hydr ide  compressive s t r e n g t h  a t  low temperatures. Obviously, 

w i t h  t h i c k  s h e l l s ,  only a very low energy s t o r a g e  can be achieved. Even 

f o r  minimum s t o r a g e  tempera tures  i n  t h e  500 t o  700 K range, c a l c u l a t e d  

s h e l l  t h i c k n e s s e s  are much g r e a t e r  t han  permi t ted  t o  o b t a i n  des-lred 

energy s t o r a g e  d e n s € t i e s .  A s  t h e  l i t h i u m  hydr ide  m e l t  t empera ture  i s  

approached and t h e  l i t h i u m  hydr ide  s t r e n g t h  becomes small, more reason- 

a b l e  s h e l l  t h i c k n e s s e s  and energy s t o r a g e  d e n s i t i e s  can be achieved. 

For comparison purposes,  energy s t o r a g e  wi th  l i t h i u m  is shown i n  Table  

3.4 where i t  is  assumed t h a t  a s h e l l  w i th  n e g l i g i b l e  mass can be used. 

I n  t h e  o p e r a t i n g  range of i n t e r e s t  f o r  t h e  minimum s t o r a g e  temperature 

(500 t o  700 K ) ,  t h e  ach ievab le  s t o r a g e  d e n s i t y  is s t i l l  well below t h a t  

des i r ed .  

The s t o r a g e  d e n s i t i e s  presented  i n  Table 3.4 can be compared t o  

those  shown i n  Table 2.1 f o r  L16H and Li7FI, a lone ,  t o  see t h e  p e n a l t y  

pa id  for t h e  encapsu la t ing  s h e l l  o r  u s ing  l i t h i u m  i n s t e a d  of l i t h i u m  

hydride.  Based on e l a s t i c  a n a l y s i s  i t  appea r s  t h a t  a d e s i r e d  she l l  

t h i c k n e s s  of -0.0127 c m  ( 5  m i l )  cannot be ob ta ined  i n  t h e  temperature 

range of i n t e r e s t  (even f o r  a molybdenum s h e l l ,  a material. w i th  subs tan-  

t i a l  high tempera ture  s t r e n g t h )  i f  l i t h i u m  hydr ide  forms a mono l i th i c  

s h e l l .  



Table 3.4. Energy s t o r a g e  d e n s i t i e s  of l i t h i u m  hydr ide  and s h e l l  
( s t r e s s  cons t r a ined )  and l i t h i u m  

Molybdenum s h e l l  S t a i n l e s s  s tee l  s h e l l  
Minimum Li (no s h e l l )  

s t o r e  Required s h e l l  Energy s t o r a g e  Required s h e l l  Energy s to rage  energy s t o r a g e  
T (K) t h i ckness  d e n s i t y  th i ckness  d e n s i t y  d e n s i t y  (MJ/kg) 

(cm> ( m i l s )  (MJ/kg) (cm) (mi l s )  (MJ/kg) 

300 0.29 
400 0 .23  
500 0.17 
600 0.097 
700 0.069 
800 0 . 043 
900 0.013 
962 0.0020 

116 
9 2  
67 
38 
2 7  
17 

5 
0.8 

0.90 
1 .o 
1.2 
1.7 
1.9 
2.3 
3.3, 
3.6 

1.08 426 
0.86 338 
0.62 246 
0.35 139 
0.26 101 
0.15 61 
0.05 1 20 
0.0076 3 

0.50 
0.51 
0.57 
0.77 
0.88 
1.1 
2.0 
3.0 

3.7 
3.3 
2.5 
2.4. 
1.7 
1.3 
0.84 
0.56 

Note: Sphere diameter  = 3.81 cm. 

LiK mss p 15.5 grams 

P u l s e  d u r a t i o n  = 500 s 

Natural  l i t h i u m  

Peak s t o r a g e  temperature = 1100 K 
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However, it has been observed in tests conducted for this program 

and others,23,24a that cracks form in the lithium hydride during cool- 

down ( see  Sect. 4.1).  Thus, cracks that penetrate the solid lithium 

hydride from the containment shell to the void, may provide a path for 

expanding liquid lithium hydride to reach the centrally located void 

during heatup. Bence, large hydrostatic forces are avoided, and a thin 

shell can successfully contain the lithium hydride. 

In the event that predictable, "well-behaved" cracks do not form, 

there are a series of potential desCgn modifications to nitigate the 

stress problem. These are discussed in the following section. 

3.4.2 Potential design modifications to reduce phase-change 
induced stress 

A s  previously mentioned, the potential for high stresses in the 

shell resulting from melting lithium hydride when the liquid is not in 

contact with the void is one of the most serious potential problems in 

developing a durable energy storage capsule. Design modifications that 

have been investigated as potential means of reducing phase-change 

induced stress are listed below: 

1. providing internal fins made of the shell material 

2. making the container from a non-wetting material or insulating part 

of the surface, thus causing the void to form at the wall 

3. making the container flexible 

These potential modifications are discussed below. 

Internal fins 

Two potential benefits result from providing internal fins that 

extend from the shell into the solid lithium hydride. First, they keep 

the. lithium hydride from forming a monolithic solid, thus making the 

solid easier to break (the concept is somewhat analogous to removing ice 

cubes fron an ice tray). In addition, by providlng a thermal conduction 

path to the void, the fins provide a potential channel €or  liquid to by- 

pass the solid into the void. The effectiveness of fins as a heat con- 

duction path can be estimated by a constant density finite difference 

calculation. For the example problen shown in Fig. 3.15, lithium 
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0.38 mm I 1 

0 . 9 O  

Fig. 3-15. Spher i ca l ly  encapsula ted  l i t h i u m  hydr ide  w i t h  an  
i n t e r n a l  f i n  shown i n  c ros s - sec t ion  i n  l e f t  symmetric h a l f .  

hydr ide  i n  a 1.9-cm rad ius  0.0381-cm (15-41) t h i c k  s p h e r i c a l  c o n t a i n e r  

i s  considered.  A f i n  made of t h e  s h e l l  material ex tends  completely 

around the equator  of t he  s h e l l .  F igure  3.17 shows t h e  e f f e c t  of t h e  

f i n  on the  temperature  d i s t r i b u t i o n  i n  the  s o l i d  l i t h i u m  hydr ide  when a 

sphe re  wi th  i n i t i a l  temperature  of 700 K (800°F)  i s  suddenly exposed t o  

convect ion from NaK a t  1100 K (1520°F). Temperature d i s t r i b u t i o n s  i n  

t h e  l i t h i u m  hydride ad jacen t  t o  t h e  f i n  and a long  t h e  c e n t e r l i n e  ( a t  a 

90" angle  from t h e  f i n )  a f t e r  1 s of h e a t i n g  a re  shown f o r  s h e l l s  made 

of s t a i n l e s s  s t e e l ,  niobium, and copper. ( I t  should be noted i h a t  t h e s e  

temperatures  are average va lues  f o r  t h e  f i n i t e  d i f f e r e n c e  c o n t r o l  vo l -  

umes adjacent t o  t he  f i n ;  t empera tures  a t  t h e  f i n  s u r f a c e  are higher . )  

The e f f e c t  of t h e  f i n  i s   small^ i n  t h e  case  of s t a i n l e s s  s t e e l  and 

niobium. Only copper has  a conduc t iv i ty  s u f f i c i e n t l y  h igher  than  t h e  



45 

ORNL DING87 4432 E T 0  

0 

-50 

-loa 

Y 

a 
E 

t- 
I 

t- 

I 

-150 

-200 

-25C 

1.125 1.250 1.375 1.500 1.625 1.750 1.875 
RADltJS (cm) 

Fig. 3.17. Comparison of temperature  d i s t r i b u t i o n s  in s o l i d  
l i t h i u m  hydr ide  a d j a c e n t  t o  f i n  v e r s u s  90" away from f i n  a f t e r  1 s. 
heat ing .  

l i t h i u m  hydride t o  provide a conduct ion p a t h  t h a t  s i g n i f i c a n t l y  reduces 

t h e  mechanical s t r e n g t h  of t h e  l i t h i u m  hydr ide  near  t h e  f i n .  The t h e r -  

m a l  d i f f u s i v i t i e s  of s t a i n l e s s  s t ee l ,  niobium and copper are,  respec- 

t i v e l y ,  about 5, 25, and 120 t i m e s  t h a t  of s o l i d  l i t h i u m  hydride.  It 

can be concluded from t h e  above a n a l y s i s  t h a t  t h e  s h e l l  thermal  d i f -  

f u s i v i t y  would need t o  be about t w o  o r d e r s  of magnitude g r e a t e r  t h a n  
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that of solid lithium hydride in order for fins to be an  effective 

conduction path. It is not known if potential shell materials with such 

high thermal diffusivities exist. However, even without a significant 

heat conduction effect fins would be effective if the solid lithium 

hydride does not form a strong bond with the shell material and is a 

technique that merits further investigation. 

Void management 

In a micro-gravity environment, the liquid-vapor interface is a 

spherical segment with the radius being determined by the contact 

angle. For a non-zero contact- angle the void would be most likely to 

form a t  a wall, since a wall-bound bubble has less  surface area p e r  unit 

volume than a free bubble.ll Therefore9 it would seem that if the 

container is made of a material which lithium hydride does not wet the 

void would form at the wall. It is not known at this time if such 

materials exist and efforts are underway to obtain data on lithium 

hydride wetting behavior. In any event, a cold container surface 

exposed to lithium hydride vapor would tend to form a thin surface layer 

of frozen ltthium hydride as a resu l t  of condensation. The void would 

then assume the zero contact angle orientation. Therefore, it does not 

seem likely that wetting behavior alone can be used t o  control the void 

l oca t  ion. 

Another possible method for influencing void location would be to 

reduce the cooling rate on part of the container. This would tend to 

cause the void to form at the area of slowest cooling and might result 

in a thinner layer of solid being formed in that area, A full evalua- 

tion of this idea will require a heat transfer computer code with an 

integrated void mechanics model. The influence of insulating a small 

section oE the container surface on the rate of solidlfication can be 

demonstrated by a constant density finite difference calculation. For 

the example problem shown in Ftg .  3.18, the surface of a 1.9-cm rad ius  

sphere containing liquid lithium hydride is exposed to liquid metal 

convection except for an area extending 15" froo the axis of symmetry on 

one end, which i s  insulated. The temperature of the heat transfer fluid 

decreases gradually with time, simulating rejection o f  heat to space 
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Fig. 3.18. Effect of an insulating surface on the solidification 
of spherically encapsulated lithium hydride. 

through a radiator. As shown in the figure, the thickness of the frozen 

layer under the insulated area is much less than under the uninsulated 

surface after cooling for 800 8 9  and this effect should be increased 

when the influence of the void is taken into consideration. The dashed 

line in Fig. 3.18 shows the volume a concentric void would occupy when 

the lithium hydride is completely solid. 

Unfortunately, it will not be possible to evaluate void management 

schemes experimentally under normal gravity conditions. Experiments in 

orbit will be needed to confirm the predicted performance. 
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Flexible containers 

Phase-change induced stress in the container walls can be elimi- 

nated if the container can be designed to accommodate the excess liquid 

volume produced by melting via expansion. Estimates of the maximum 

volume expansion that axially symmetric containers can undergo without 

damage can be made by considering the container to be a thin elastic 

membrane. Equations for the deformations of shells of revolution 

subjected to uniform internal pressure are given in Ref. 25. These 

equations were solved for a sphere and for oblate spheroids (ellipse 

rotated about Cts minor axis) of various eccentricities. The flattest 

spheroidal shell that can be subjected to internal pressure without 

buckling has a ratio of semiaxes i; = a. It was found that for oblate 
spheroids with i; < a sphere (t = 1) has the greatest volume expansion 

for a given wall thickness and maximum allowable stress level. In any 

case, the maximum volume expansion that can be achieved with a practical 

shell design is about 1%, which is far less than needed to accomnodate 

the liquid volume expansion. 

a 

a 

On the other hand, bellows containers can accommodate rather large 

volumetric expansions, on the order of 20 to 30%, without incurring 

damage. Figure 3.19 shows a photograph of a 304L stainless steel seam- 

less bellows with dimensions in the range of interest: length of 

ORNL PHOTO 7903-86 

Fig. 3.19. 304L stainless steel bellows container. 



49 

3.6  cm, inside diameter of 2.3 cm, outside diameter of 3.2 cm, and a 

0.0091-cm (3.6 mil) wall thickness. Optimal bellows dimensions and 

characteristics have not been determined; however, experimental testing 

with the bellows in Fig. 3.19 could be performed to determine first- 

order feasibility. 

3.5 Hydrogen Diffusion 

Lithium hydride tends to dissociate into lithium and hydrogen gas 

as it is heated to higher temperatures. To prevent lithium hydride dis- 

sociation an overpressure of hydrogen is required. Figure 3.20 presents 
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Fig. 3.20. Dissociation pressure isotherms for lithium-lithium 
hydride system. 

Fig. 3.20 source: Messer, Charles, E., "A Survey Report on Lithium 
Hydride," NYO-9470, October 27, 1960, Fig. 2, p. 19b. 
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equilibrium dissociation pressure isotherms for a lithium-lithium 

hydride melt at 700, 770, and 825°C.24b The central, flat portion of 

each of the isotherms is referred to as the plateau region. In this 

region the equilibrium hydrogen pressure over the melt is insensitive to 

lithium hydride mole fraction. The plateau dissociation pressures as a 

function of temperature for the lithium-lithium hydride system are shown 

in Fig. 3.21.24b 
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Fig. 3.21. Plateau dissociation pressures for lithium-lithium 
hydride system. 

Fig. 3.21 source: Messer, Charles, E., "A Survey Report on Lithium 
Hydride," NYO-9470, October 27, 1960, Fig. 1, p. 19a. 
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A s  shown in Fig. 3.20, the required hydrogen overpressure t o  

prevent lithium hydride dissociation for high mole fraction lithium 

hydride systems increases dramatically with increasing lithium hydride 

mole fraction. For a pure lithium hydride system (LiH mole fraction of 

loo%),  the equilibrium hydrogen pressure would theoretically be 

infinite.26 Thus, for a practical system it will be necessary that the 

encapsulated lithium hydride contain excess lithium to permit a teason- 

able hydrogen overpressure. 

Since lithium hydride tends to dissociate, free hydrogen i s  present 

in the encapsulating container and can diffuse through the walls. The 

loss of hydrogen from the container results in a loss  of energy storage 

density. A s  described in Ref. 27,  hydrogen diffusion (loss) can be 

calculated using the following equation: 

S t A P1I2 
d R 2  loss = 9 

where 

s =  
t =  

A =  

P =  

a =  

hydrogen permeability of the metal, 

time, 

surface area of the encapsulating metal, 

hydrogen pressure, and 

shell wall thickness. 

(3.22) 

Permeabilities of stainless steel and molybdenum, the materials of in -  

terest for encapsulating lithium hydride, are sh0.m in Table 3.5 

(Ref. 27) along with permeabilities of other materials.28 As shown, the 

permeability of clean stainless steel is quite high whereas the permea- 

hilities of oxidized stainless steel and molybdenum are much lower. 

Hydrogen loss from lithium hydride encapsulated in molybdenum and 

clean stainless steel has been calculated for a 25 cycle lifetime.29 

The calculations were performed for a sphere with a diameter of 1.5 in. 

containing approximately 15.5 grams of LIH (initial. mole fraction 

99.16%). In addition, calculations assumed the use of naturally occur- 

ring isotopic hydride, a thermal storage temperature range of 700 to 

1100 K, and a pulse duration and orbit time of 500 and 5880 s ,  respec- 

tively. Phenomenologically, .it was assumed that hydrogen diffusion 
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Table 3.5. Hydrogen p e r m e a b i l i t i e s  
of s e l e c t e d  materialsz7 ,28 

(P res su re  = 760 mmHg) 

Mat e r i a l  
cc(  STP)mm 

Pe rme a b i  li t y 
h -a t m  1 / 2 -c m2 

SS 304 - c l e a n  

SS 304 - oxid ized  

Molybdenum 

sic 
Tungsten 

Nickel 

I r o n  

0.45a 

0*012a 

0.07' 

4.3 x 10-Gb 

0,0007' 

1.18 

1.47 

b 

b 

a 

b 
Temperature nea r  1100 K. 

Temperature nea r  1000 K. 

occur red ,  as c a l c u l a t e d  by Eq. 3.22, when l i q u i d  l i t h i u m  hydr ide  o r  

hydrogen gas  con tac t ed  t h e  c o n t a i n e r  w a l l ,  and t h a t  on cooldown l i t h i u m  

hydr ide  f r e e z e s  f i r s t  and uniformly on t h e  s h e l l  s u r f a c e  p reven t ing  

f u r t h e r  hydrogen d i f f u s i o n  (i.e., the l l t h i u m  hydr ide  f r e e z e s  over t h e  

e n t i r e  s h e l l  s u r f a c e  which u l t i m a t e l y  r e s u l t s  i n  a c e n t r a l  vo id) .  The 

p r e s s u r e  used i n  Eq. 3.22 w a s  allowed t o  vary from cyc le  t o  c y c l e  and 

was assumed t o  be t h e  hydrogen e q u i l i b r i u m  p r e s s u r e  corresponding t o  t h e  

l€ th ium hydr ide  composition a t  t h e  beginning of each cycle.  

Based on t h e  assumptions desc r ibed  above, Table 3.6 p r e s e n t s  t h e  

c a l c u l a t e d  l o s s  i n  energy s t o r a g e  d e n s i t y  f o r  molybdenum and c l e a n  

s t a i n l e s s  s teel  s h e l l s  0.00254, 0.0127, and 0.0381 c m  (1, 5, and 10 m i l s )  

t h i ck .  These results i n d i c a t e  t h a t  hydrogen l o s s  through a 0.0127 c m  

(5 m i l )  c l e a n  s t a i n l e s s  s h e l l  is only  2.9%; however, t h e  loss from a 

0.00254 c m  (1 m i l )  c l e a n  s t a i n l e s s  s t ee l  s h e l l  i s  unacceptably h igh  a t  

11%. On t h e  o t h e r  hand, molybdenum s h e l l s  as t h i n  as 0.00254 c m  (1 m i l )  

are! accep tab le  wi th  less than  3% loss i n  s t o r a g e  dens i ty .  S ince  t h e  

hydrogen pe rmeab i l i t y  of oxidfzed s t a i n l e s s  s t e e l  is s i g n i f i c a n t l y  

b e t t e r  than  molybdenum va lues ,  a 0.00254 c m  (1 m i l )  oxided s t a i n l e s s  
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Table 3.6. E f f e c t  of hydrogen l o s s  on 
energy s t o r a g e  d e n s i t y  

Energy d e n s i t y  
S h e l l  t h i c k n e s s  (MJ/kg) Energy dens 1 t y 

l o s s  ( X )  Material 
(cm) ( m i l )  

1st c y c l e  25th c y c l e  
_. _ _  

0.00254 1 SS-clean 5.468 4.880 11. 

0.0127 5 S S-c 1 e an 4.493 4.362 2.9 

0.0381 15 SS-clean 3.112 3.068 1.4 

0.00254 1 Molybdenum 5.379 5.250 2.4 

0.0127 5 ?lo lybdenum 4.206 4.173 0.78 

0.0381 15 Molybdenum 2.725 2.715 0.37 

steel  s h e l l  would c e r t a i n l y  be accep tab le .  The nominal s t a i n l e s s  s teel  

oxide  c o a t i n g  would not be s t a b l e  i n  t h i s  a p p l i c a t i o n .  Thus, u se  of a 

very t h i n  s t a i n l e s s  s t ee l  s h e l l  ("1 m i l )  would require i d e n t i f i c a t i o n  of 

a s t a b l e ,  low hydrogen pe rmeab i l i t y  c o a t i n g  (poss ib ly  sone type  of 

r e f a c t o r y  ceramic) t o  apply  t o  the o u t s i d e  shell su r face ,28  

3.6 Material Cons ide ra t ions  

Success fu l  encapsu la t ion  of l i t h i u m  hydr ide  r e q u i r e s  t h a t  t h e  s h e l l  

material be compatible wi th  l i t h i u m  hydr ide ,  l i t h i u m  and hydrogen s i n c e  

a l l  t h r e e  materials w i l l  be p r e s e n t  i n  t h e  capsule.  Compa t ib i l i t y  is 

requjired over  t h e  tempera ture  range -700 t o  1100 K, where most of t h e  

exposure is a t  -700 K. As mentioned p rev ious ly ,  s i n c e  t h e  system is  

expected t o  be cycled 25 t i m e s  over  i t s  l i f e t i m e ,  r e l a t i v e l y  s h o r t  l i f e  

i s  r equ i r ed  a t  high tempera tures  (i.e., above t h e  l i t h i u m  hydr ide  m e l t  

temp e r a t  u r e ) . 
In a d d i t i o n  t o  be ing  compatible w i t h  l i th iurn  hydr ide ,  l i t h ium,  and 

hydrogen, t h e  s h e l l  must be r e s i s t a n t  t o  thermal  shock, s i n c e  the heatup  

ra te  is  severe.  Thus, t h e  s h e l l  material must be reasonably d u c t i l e  

w i th  s u f f i c i e n t  s t r e n g t h  t o  c o n t a i n  l i t h i u m  hydr ide  i n  a t h i n  w a l l  s h e l l  
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in light of thermal stresses, phase-change induced stress on heatup, and 

solidification shrinkage forces generated during cooldown. In addition, 

material costs must be considered as well as the relative ease of 

fabricating capsules. 

The results of lithium hydride compatibility studies have been re- 

ported in several sources. 30-35 Figure 3.22 presents results of stress 

corrosion testing of a group of metals in contact with lithium hydride 

at 866 K e 3 '  As shown, only 430 stainless steel survived the full 1000 h 

without failure; however, the material has relatively low strength at 
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Fig. 3.22. Results of stress corrosion testing of various metals 
in contact with lithium hydride at 866 K. 

Fig. 3.22 source: H a m i l l ,  C. W., "Stress Corrosion Testing of Various 
Alloys," Union Carbide Nuclear Company, in "Lithium 
Hydride as a Thermal Energy Storage Material," 
Woods, Frank L., Wannemacher, Eaarvin P., and Houck, 
Oscar O., editors, Wright-Patterson Air Force Base, 
ASD-TR-61-427, May 1962, Fig. 53, p. 79. 
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high temperature. Uastelloy B ,  Inconel, Inconel (exposed to lithium 

hydride with 1% F as LiF), Inconel 600 and 316 stainless steel survived 

for 500 h or more at 866 K. In tests at 644 K, 316 and 304 (with 

1% boron by weight) stainless steels survived the full 1000 h. Stain- 

less steel 316 also survived the full 1000 h in tests at 811 K. It i s  

reported that at 811 K, 301 stainless steel performed the best. 

In another study of lithium hydride corrosion,31 molybdenum, 

niobium, Hastelloy C, and Hastelloy N samples were tested at 977 K in 

Hastelloy capsules. Molybdenum was found to be the best material, while 

niobium disintegrated during testing. It was reported that the niobium 

disintegration was thought to be due to the bimetallic effect rather 

than corrosion. 

R ~ y e r ~ ~  has indicated that pure iron (ARMCO) and low carbon, 300 

series stainless steel are suitable lithium hydride containment mate- 

rials below 1023 K, and that for higher temperatures tungsten and 

molybdenum might be used. 

Smith and Miser24c have compiled a data base of lithium hydride 

(and lithium) compatibility and corrosion informatlon. Rased on studies 

by lle~ser,~~ it is reported that 

"molten lithium hydride of high purity does not appear to 
attack Armco iron, 312 o r  347 stainless steels at tempera- 
tures below 720°C." 

Messer does not recommend mild steel or silica for molten lithium 

hydride, even though others have reported favorable experience with 

1 it hi urn. 

Lithium hydride corrosion studies have been conducted at General 

Electric by Welch34, 3 5  where austenitic stainless steels, and the 

19-9DL alloy (Universial Cyclops alloy austenitic stainless steel type) 

were investigated. It was found that no signiEicant changes in ultimate 

tensile strength and 0.2% yield strength occurred in 301, 304, 316, 

316ETJC, 317, 318, 321, and 347 stainless steels after exposure to 

lithium hydride at 992 K for  periods up to 100 h. Results for the 

19-9DL alloy were very similar. Yield strength data ate presented in 

Fig. 3.23 for these metals for no exposure, and 65 and 100 h exposure. 

I n  general, the data (Tables 3.7 and 3.8  for common stainless steels) 



Table 3.7. Percent  e l o n g a t i o n  of unwelded s t a i n l e s s  steels a f t e r  
va r ious  exposures t o  molten l i t h i u m  hydr ide  a t  992klA K 

321 SS Type 301 SS 304 SS 314 SS 

Tes t  temp 

Exposure 
Room temp 727 K Roon temp 727 K Room temp 727 K Room temp 727 K 

~~~~~~~ ~~~~ 

Contro ls  59 43 56 38 44 28 46 28  

30 h 55 14 53  14 44 16 41 11 

50 h 45 - 49 - 39 - 43 

65 h 47 - 47 - 41 

100 h 46 25 49 28 41 10 39 23 

- 
- 42 - 

~~~~~~~~ ~~ 

Source: Welch, F. H., "P rope r t i e s  of Lithium Hydride V: Corros ion  of A u s t e n i t i c  
S t a i n l e s s  S t e e l s  i n  Molten LiH," General Electr ic  Company, APEX-673, 
August 1961, Appendix 2, p. 67. 
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Table 3.8. 727 K percent elongation of 
welded stainless steels after various 

exposures to molten lithium 
hydride at 992i14 K 

Type specimen 

301 0 
65 
100 

304 0 
65 
100 

316 0 
65 
100 

317 0 
65 
100 

321 0 
65 
100 

347 0 
65 
100 

40.1 
30.8 
23.7 

34.0 

27.5 

32.3 
28.5 
19.5 

29.8 
25.3 
22.5 

28.3 
20.3 
22.3 

29.2 

- 
26.7 
22.7 

33.1 
14.7 
13.0 

25.8 
21.9 
21.2 

19 .o 
18.0 
18.0 

22.5 
19.5 
25.0 

27 .O 
19.2 
21.0 

20.0 
18.5 

- 

32.9 
20.0 
22.8 

29.1 
22.7 
22.8 

28.8 
24.0 
25.3 

22.8 
16.8 
18.5 

25.0 
16.7 
17.7 
.." 
17.8 
18.0 

35.6 
25.2 
21.5 

30.0 
24.7 
24.2 

28.8 
23.5 
20.0 

25.2 
14.5 
18.0 

28.9 
16.7 
18.0 
- 
18.7 
19.5 

a 
Weld transverse to length of 

standard strip spec-lmen; 0.037-inch-thick 
sheet. 

Weld transverse to length of b 
standard strip specimen, ground flush; 
0.050-inch-thick sheet. 

e Weld longitudinal to length of 
standard strip specimen; 0.037-inch-t hick 
sheet. 

Weld longitudinal to length of 
d 

standard strip specimen, ground flush; 
0.050-inch-thick sheet. 

Source: Welch, I?. H . ,  "Properties of 
Lithiuu Hydride V: Corrosion of 
Austenitic Stainless Steels in Molten 
LiH," General Electrtc Company APEX-673, 
August 1961, Appendix 3, p. 68. 



58 

I - 
0.2% YIELD STRENGTH AT 727k '9-9 DL * 19-9 O----- 

- 
I 

ORNL-DWG 87---4436 ETD 

25 

20 

- 
m a 
I 
r 
t- u z 15 
u1 
K 
I- 
v) 

0 
.J 

> 

- 

w 
g 10 
0 

5 

0 
I 

0 50 100 
HOURS EXPOSURE TO MOLTEN LiH AT 992i 14k 

*NO CONTROL 

Fig. 3.23. 0.2% yield strength data for stainless steels and 
19-9DL alloy exposed to molten lithium hydride at 992 K. 

Fig. 3.23 source: Welch, F. H., "Properties of Lithium Hydride XI, 
Lithium Hydride Corrosion Studies: 
General Electric Company, APEX-586, April 10, 1961, 

19-9DL Alloy," 

Fig. 2 2 ,  pm 3 4 .  

show that percent elongation decreased slightly (<-20%) from control 

values; however, more significant reductions occurred in 301 and 316 

stainless steels tested at 727 K (850°F). In addition, large reductions 

in percent elongation can be observed after 30 h of exposure to lithium 

hydride in 301, 304, 316, and 321 stainless steels (Table 3.7). No 

large reductions in percent elongation were observed for 19-9DL alloy. 35 
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Selected stainless steels and 19-9DL alloy were also exposed to 

heat and hydrogen determine the effect of hydrogen on mechanical 

properties. For these metals, the hydrogen exposure caused mechanical 

property changes of the same magnitude to occur. Thus, Welch concluded 

that exposure to molten lithium hydride does not have a significant 

effect on the ultimate tensile strength, and percent elongation of the 

metals tested over the time periods and temperatures examined. 

For the 300 series stainless steels Welch reports, 34a 

"Metallographic examination of unwelded and welded speci- 
mens of the eight alloys showed that exposure to molten 
lithium hydride up to 100 h at 1325'F or 65 h at 1425'F did 
not produce any significant attack (0.001 in. o r  less)." 

At 1047 K (1425'F), corrosive attack became significant for 100-h 

exposure to molten lithium hydride for 304, 317, and 3 2 1  stainless 

steels (0.005-0.01 cm), and showed a slight increase in 316, 316ELC, and 

347 stainless steel. 301 stainless steel was essentially unaffected at 

1047 K (1425'F). For the 19-9DL alloy, Welch36 found the lithium 

hydride attack to be slight with no definite indication o f  intergranular 

attack. Stainless steel and the 19-9DL alloy welds showed a slightly 

greater corrosive attack than the bare metal. 

Welch,35 based on his studies of the effects of molten lithium 

35 concluded hydride on 300 series stainless steels and 19-9DL 

that the 19-9DL alloy was definltely superior to the others tested. 

Several studies have examined the compatibility o i  various 

materials with lithium. 36-38 Figure 3 . 2 4  presents a summary of resis- 

tance of various materials to lithium.36 As -Indicated, pure iron, 

ferritic-chromium stainless steel, columblum, tantalum, and molybdenum 

show good resistance t o  lithium up t o  at least 800°C (application peak 

design temperature is 1100 K or 827'C). However, since the system only 

operates for relatively short times at peak temperatures, it is probably 

reasonable to consider austenitic Cr-Ni stainless steel as being accept- 

able. 

Reference 37 summarizes the results of numerous corrosion studies 

of refractory metals and alloys, among other materials. Studies 

indicate that Mo-30 W, Mo-0.5 Ti, and Pio-0.5 Ti-0.08 Zr resist static 
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Fig. 3.24. Resistance of materials to liquid lithium. 

Fig. 3.24 source: Atomic Energy Commission, Dept.  oE Navy, Liquid 
Metals Handbook, June, 1952, Chart 111, p. 159. 

lithium attack at 120OOC for 8 to 9 days, and that a TZM lithium heat 

pipe functioned wlthout incldent f o r  over 9400 h at 1500°C. Studies 

a l so  indicate tungsten and rhenium are resistant to corrosive a t t a c k  f o r  

100 h at 1538OC. 

Resistances of some non-metals are shown in Fig. 3.24, and indicate 

"no structural possibilities" (or "unknown" in the case of ElgO) f o r  tem- 

peratures of interest. Corrosion resistance of various ceramics to 
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static lithium at 1089 K for 100 h is provided in Fig. 3.25 (Ref. 3 8 ) .  

O f  those studied, TIC, ZrC, and Cr3C2 show good lithium resistance. 

The effect of hydrogen on the mechanical propertfes of many of the 

refractory metals prevents their use. Niobium suffers severe hydrogen 

embrittlement when exposed to hydrogen gas in the 500 to 6OOOC (773 to 

873 K) range.39 The material loses its ductility, and about half of its 

strength. Hydrogen also adversely affects the mechanical properties of 

tantalum,40 titani~m,~~,~' and zirconium.43 On the other hand, rhenium 

has been reported44 to behave well in hydrogen at elevated temperatures 

while tungsten is reported45 as not reacting with hydrogen. 

Westphal and WorzalaJt6 describe two forms of hydrogen damage in 

steels: hydrogen attack and hydrogen embrittlement. Hydrogen attack is 

distinguished from hydrogen embrittlement in that in the Eormer, a 

methane reaction occurs, but not in the latter. In addition, hydrogen 

enbrittlement is reversible and occurs below 473 K, while hydrogen 

attack is usually considered irreversible and occurs only above 4 7 3  K. 

In a summary paper by 140rris''~ it is reported that for high temperature 

conditions (greater than 866 K), steels containing greater than 12% 

chromium, and the austenitic stainless steels are resistant to hydrogen 

attack in all known applicatlons. 

As described previously, Welch34, 35 studied the effects of heated 

hydrogen on the mechanical properties of selected stainless steels and 

19-9DL alloy. For 316 and 318 stainless steels, and 19-9DL alloy, Welch 

concluded that the losses in ultimate tensile strength, yield strength, 

and percent elongation were due primarily to hydrogen. Welch, in 

arriving at this conclusion, was aware of reported stability of high 

chromium content austenitic steels to hydrogen.3S It i s  interesting to 

note that 361 atid 316 stainless steels (which, as Indicated previously, 

suffered more significant reductions in percent elongation following 

exposure to molten lithium hydride) have less chromium content (16-18%) 

than the other common steels tested (SS 304 and 317 and 19-9DL alloy, 

18-20%; and SS 321 and 347, 17-19%). 

Based on the compatibility of shell materials with lithium hydride, 

lithium, and hydrogen in the temperature range of interest, many poten- 

tial materials considered here can be eliminated for possible use. Most 
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F i g .  3 .25 source: Cook, W. H., "Csrraslon Resistance a€ Various 
Ceramics and Cermets to Liquid Metals," Oak E d g e  
National. Laboratory, ORNL-2391, May 31, 1360, F i g .  
10, p. 14. 
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of the non-metals can be eliminated due to incompatibility with lithium 

hydride and/or lithium. Exceptions include Z r C ,  TIC, and Cr3Cp. With 

the exception of the refractory metals, nonferrous metals are not c o w  

patible with lithium. And, of the refractory metals, niobium, zir- 

conium, titanium, and tantalum suffer from hydrogen embrittlement. Of 

the ferrous metals, pure iron, ferritic-chromium stainless steels, and 

austenitic Cr-Ni. stainless steels of fer either good or limited lithium 

combatibility at temperatures at least as high as 800'C. 

In addition to materlal compatibility, other material considera- 

tions applicable to the encapsulating application include: 

1. strength, 

2. density, 

3. ductility, 

4 .  thermal shock resistance, and 

5. material and fabrication cost. 

Table 3.9 presents the yield strength, density, and ductility (total 

elongation) of materials (data from Refs. 21, 22, 48-53) which, based 

on material compatibility, could be considered for use. As fndicated, 

pure iron and ferrltic-Cr stainless steels have low strength at high 

temperature. Unlike SIC, Tic (and also ZrC and Cr3C2) do not have good 

thermal shock resistance. 5 2  Tungsten (and rhenium) have high densi- 

ties. 304L stainless steel has moderate high temperature strength and 

density and good ductility. Similarly, molybdenum has moderate density, 

and good ductility (however, molybdenum has a high brittle-to-ductile 

transltion temperature, -lOO"C>, but also possess high strength at 

elevated temperatures. 

It is felt that constructing and sealing a shell using one o f  the 

carbide ceramics would be qu-lte difficult. 54 Fabricating shells o f  

tungsten or rhenium would be more difficult than molybdenum, which is a 

lower cost refactory metal which can be spun or hydrof~rmed.~~ 

Obviously, the material and fabrication costs of stainless steels are 

much less, 

Based on the data presented, it is concluded that molybdenum or one 

of the austenitic stainless steels would provide the best possible 
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Table 3.9. Selected mechanical properties 
of potential shell materials 

Pure iron48 -39 7.87 26.5-53.5 
h a~~-44621,49a, 50 -29 7.6 25. 

bSS-304L21 9 49b9 -69 8.03 3 5 ~ 0 .  

2969 4.92 britt le 

Mo lybdenum22 255 10.2 24.-26. 

Tungs -1 10 1 9 . 3  40. -60.' 

aRepresentative of ferritic-Cr stainless steels, 

'Representative of austenitic stainless steels. 

'Representative of ZrC and Cr3C2. 

dYield strength at -1100 K. 

"Density at room temperature. 

fpropetty variation over temperature range of 

STensile strength at 1100 K. 

hNominal value. 

'Above 300' C 

interest. 

containment shell. Rased on the Y-12 Plant successful experience with 

304L stainless steel, its use is selected for testLtig over the other 

stainless steels. Although molybdenum is mors difficult to fabricate 

and material costs are much higher, it appears to be a better material 

than stainless steel in terms of strength and compatibility with lithium 

hydride. The compatibility of a statnless steel shell with lithium 

hydride may be improved with a thin liner of pure iron on the inslde and 

outside shell surfaces. 
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4 .  EXPERIMENTAL INVESTIGATION 

A series of experiments  which would addres s  t h e  f e a s i b i l i t y  of 

u t i l i z i n g  encapsula ted  l i t h i u m  hydr ide  as an  energy s t o r a g e  medium have 

been i d e n t i f i e d .  The series of tests can be subdivided i n t o  f i v e  

groups: 

1. i n i t i a l  scoping  experiments ,  

2. t h i n - s h e l l  stress tests, 

3. thermal  c h a r a c t e r i z a t i o n  tests, 

4. hydrogen d i f f u s i o n  tests,  and 

5. s h e l l / l i t h i u m  hydr ide  c o m p a t i b i l i t y  tests. 

To d a t e ,  i n i t i a l  scoping experiments  have been performed and are d i s -  

cussed i n  Sect. 4.1. The o t h e r  f o u r  groups of tests, which addres s  

s p e c i f i c  i s s u e s  d i scussed  p rev ious ly ,  have no t  been conducted. It 

appears  t h a t  i t  wauld be more e f f i c i e n t  t o  conduct groups of exper i -  

ments, each aimed a t  a s p e c i f i c  i s s u e ,  r a t h e r  than  t r y  t o  des ign  a 

"s ingle"  experiment t o  answer a l l  ques t ions .  

See t ion  4.2 con ta ins  a d i s c u s s i o n  of exper imenta l  and a n a l y t i c a l  

work performed t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of u s ing  a h igh  h e a t  rate 

g r a p h i t e  i nduc t ion  furnace  t o  simulate t h e  r ap id  hea tup  r equ i r ed  i n  t h e  

a c t u a l  s t o r a g e  system ( " rea l  system"). Rapid heatup of capsules  i n  t h e  

t h i n - s h e l l  stress tests is  c r i t i ca l  and is h i g h l y  d e s i r a b l e  i n  t h e  the r -  

m a l  c h a r a c t e r i z a t i o n  tests. 

4.1 Scoping Experiments 

With t h e  a s s i s t a n c e  of Y-12 p l a n t  personnel ,  i n i t i a l  scoping  exper- 

iments w e r e  performed us ing  c y l i n d r i c a l  cans con ta in ing  l i t h i u m  hydride.  

The purposes of t hese  experiments were t o  perform pre l iminary  scoping 

tests of c y l i n d r i c a l  containments  and t o  g a i n  exper ience  i n  t h e  thermal  

cyc l ing  of encapsula ted  l i t h i u m  hydride.  The tests provided i n s i g h t s  

i n t o  con ta ine r  (and weld) s u r v i v a b i l i t y  dur ing  phase-change and t h e  

l o c a t i o n  and shape of t h e  void formed dur ing  l i t h i u m  hydr ide  s o l i d i f i c a -  

t i o n .  Xn a d d i t i o n ,  exper ience  was gained i n  t h e  areas of hydrogen gas  
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e v o l u t i o n  due t o  i m p u r i t i e s  and l i t h i u m  hydr ide  decomposition, fu rnace  

equipment func t ion ing ,  and t h e  thermal response  of fu rnace  and sample. 

The exper imenta l  s e t u p  i s  p i c t u r e d  i n  Fig. 4.1. As shown, t h e  can 

€ i l l - t u b e  i s  a t t ached  through f l e x i b l e  tub ing  t o  a p r e s s u r e  gage, vacuum 

pump, and argon purge l i n e .  The l i t h i u m  hydr ide  c o n t a i n e r  w a s  placed i n  

a s t a i n l e s s  s teel  beaker and packed wLth MgO. A thermocouple was 

l o c a t e d  ad jacen t  t o  t h e  o u t s i d e  of t h e  l i t h i u m  hydr ide  con ta ine r  about 

halfway up t h e  s ide .  The beaker was p laced  i n s i d e  t h e  r e s i s t a n c e  hea ted  

fu rnace  (900 W c a p a c i t y )  and t h e  t o p  of t h e  fu rnace  was covered wi th  in -  

s u l a t i o n .  The cans were f i l l e d  wi th  preoutgassed  l i t h i u m  hydr ide  powder 

(chemical a n a l y s i s  of similar samples i n d i c a t e d  99.16 mole % LIH). 

Following f i l l i n g  of t h e  comta iners ,  t h e  l i d  wi th  f i l l - t u b e  w a s  welded 

t o  t h e  can. 

Using t h e  s e t u p  desc r ibed  above, t h r e e  tests were performed. Two 

tests used c y l i n d r i c a l  cans 2.54-cm long ,  3.81 cm i n  d iameter ,  and 

0.089-cm (35-mi l )  t h i c k ,  f i l l e d  wi th  about 14 grams of l i t h i u m  hydride. 

Based on d e n s i t y  c o n s i d e r a t i o n s ,  t h e  c o n t a i n e r  was -88% f u l l  a t  t h e  

maximum experimental  temperature (-1050 K) .  I n  t h e  f i r s t  tes t  ( tes t  

C-11, t h e  can was cyc led  once from room t e n p e r a t u r e  t o  -1000 K and then  

back t o  room temperature. I n  t h e  second t e s t  ( tes t  C-2),  t h e  can was 

cycled a total .  of fou r  times over a two day pe r iod  wi th  two cyc le s  p e r -  

Eormed each day. The second cyc le  performed each day w a s  i n i t i a t e d  from 

about 25 K below t h e  melt p o i n t  r a t h e r  t h a n  a f t e r  r e t u r n  t o  room temper- 

a t u r e ,  However, based on thermal a n a l y s i s  and thermocouple response ,  i t  

i s  f a i r l y  c e r t a i n  t h a t  complete f r e e z i n g  occurred  a f t e r  completing t h e  

f i r s t  cyc le .  Heating from about 25 K below t h e  melt  po in t  t o  about 50 K 

above t h e  m e l t  po in t  occurred over  111; t h e  coo l ing  process  was a l s o  1 h 

i n  du ra t ion .  The time-temperature and time-power curves f o r  bo th  tests 

are shown i n  Figs.  4.2a and 4.2b. The fu rnace  power w a s  c o n t r o l l e d  

(manually) t o  provide heatup from -25 K below t h e  m e l t  p o i n t  t o  25 K 

above t h e  m e l t  p o i n t ;  a s imilar  s t r a t e g y  was employed on cooldown. 

Since t h e  powder was preoutgassed ,  i t  w a s  a n t i c i p a t e d  t h a t  on ly  a 

small amount of gas would evolve on hea tup  t o  t h e  m e l t  temperature. In 

a l l  tests, t h i s  was observed. I n  h e a t i n g  through and above t h e  phase- 

change tempera ture ,  t h e  p r e s s u r e  r o s e  i n  tests C-1 and C-2 t o  a maximum 
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Fig. 4.2a. Temperature and pawer h i s t o r i e s  f o r  test  C-1. 

of about 100 d g .  Figure 4.3 presen t s  two ca l cu la t ed  equi l ibr ium 

hydrogen pressure  curves f o r  t h e  test C-2 con ta ine r  as a func t ion  of 

temperature (results f o r  test C-1 are e s s e n t i a l l y  the same).26 The 
upper-most curve was c a l c u l a t e d  us ing  an es t imated  con ta ine r  p lus  fill- 

tube  free volume of 50 cm3 and i n i t i a l  material composition of 99.16 
mole X l i t h i u m  hydride. P l a t eau  d i s s o c i a t i o n  p res su res  f o r  t h e  l i th ium= 

l i t h ium hydride system a r e  shown i n  t h e  lower curve. S ince  t h e  maximum 

temperature achieved i n  t h e  test w a s  1034 K, one would expect t o  measure 

a m c h  higher  pressure  with high mole f r a c t i o n  l i t h ium hydride. How- 

eve r ,  pos t - tes t  examination revealed t h a t  t h e  l i t h ium hydride had 



69 

1100 

1000 

- 900 

800  a 

70 0 

8 600 

500 

400 

300 
90 

80 

E 7 0  

6 0  

d 5 0  

Y - 
3 
k- 

W 
d 

W 
I- 

- 
3 

z 
aR 4o 
E 30 
3 2 20 

- 

10 

0 

ORNL-DWG 87C-4440 ETD 

0 200 400 600 800  1000 1200 1400 1600 1800 2000 
T I M E  FROM TEST START ( m i d  

Fig. 4.2b. Temperature and power h i s t o r i e s  for test C-2. 

"crawled" up t h e  f i l l - t u b e  and poss ib ly  i s o l a t e d  t h e  l i t h i u m  hydride i n  

t h e  can from p res su re  measurement. I n  t es t  C-2, t h e  l i t h i u m  hydride had 

"crawled" through t h e  f i l l - t u b e  and en te red  t h e  f l e x i b l e  tub ing  ( l i t h ium 

hydride only  p a r t i a l l y  f i l l e d  t h e  f i l l - t u b e  in test C-1). The mechanism 

f o r  t h i s  behavior is not  c u r r e n t l y  understood, but is being i n v e s t i -  

gated. 

P o s t - t e s t  examination of t h e  cycled test  C-1 and C-2 c a n i s t e r s  

showed t h a t  a s i n g l e ,  cont inuous void formed near  t h e  t o p  of t h e  can i n  

both tests. As shown i n  Fig. 4.4, t h e  void i n  t h e  test C-1 can w a s  no t  
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Fig. 4.4. Void and lithium hydride cracks formed upon freezing i n  
test C1. 
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symmetr ica l ly  formed, sugges t ing  t h a t  t h e  can w a s  no t  l e v e l  du r ing  test- 

i n g  and/or  t h a t  t h e r e  e x i s t e d  some nonuniform hea t ing /cool ing .  Radio- 

graphs of t h e  test C-2 can show a similar void  shape and l o c a t i o n .  

Comparison of measurements of c o n t a i n e r  d iameter  b e f o r e  and a f t e r  

C-1 and C-2 showed no measurable change. However, comparison of b e f o r e  

and a f t e r  top-to-top measurements f o r  test C-2 showed t h a t  t h e  top-to- 

t op  d i s t a n c e  had decreased  about  0.05 c m  (20 m i l )  ( s i m i l a r  d a t a  was no t  

c o l l e c t e d  for test  C-1). S ince  t h e  top  and bottom of t h e  can were f l a t ,  

t h e s e  s u r f a c e s  could e a s i l y  be deformed, p o s s i b l y  by "gripping" o r  

shr inkage  f o r c e s  genera ted  by t h e  l i t h i u m  hydr ide  du r ing  cooldown. As a 

r e s u l t  of h e a t i n g  i n  an air atmosphere,  cans  i n  both  tests oxidized.  

Based on v i s u a l  obse rva t ion ,  t h e  welds performed wi thout  f a i l u r e .  

T e s t  C-3 was performed w i t h  a c y l i n d r i c a l  can w i t h  t h e  same dimen- 

s i o n s  as t h e  f i r s t  two tests, except  t h a t  t h e  w a l l  t h i c k n e s s  was  

25 mils .  The primary o b j e c t i v e  of t h e  test was t o  examine void behavior  

i n  a ' h o t - f u l l "  c o n t a i n e r  (i.e., t h e  can w a s  f i l l e d  wi th  16 grams of 

l i t h i u m  hydr ide  t o  produce a can almost  completely f u l l  of l i q u i d  a t  t h e  

h i g h e s t  t empera ture  achleved) .  Experience w i t h  l i t h i u m  f l u o r i d e  a t  

TRWS6 and OWLs7 i n d i c a t e s  t h a t  i n  some cases vo ids  t end  t o  be l o c a t e d  

near  t h e  c e n t e r  of the c o n t a i n e r  fo l lowing  s o l i d i f i c a t i o n  even i n  t h e  

presence  of E a r t h ' s  g rav i ty .  C e n t r a l  vo ids  occurred  when t h e  c o n t a i n e r s  

were both "hot - fu l l , "  and cooled from t h e  e n t i r e  e n c l o s i n g  su r face .  TRW 

used r e c t a n g u l a r l y  shaped test modules (Fig. 4 . 5 )  t o  s tudy  l i t h i u m  

f l u o r i d e  phase-change behavior.  F igu re  4.6a shows a c r o s s - s e c t i o n a l  

view of a TRW test module fo l lowing  thermal  c y c l i n g  of l i t h i u m  f l u o r i d e .  

Since t h e  top  c o n t a i n e r  s u r f a c e  had a s i g n i f i c a n t  downward d i p  (caused 

by machining . o p e r a t i o n s  i n  making thermocouple w e l l  grooves) ,  t h e  

l i t h i u m  f l u o r i d e  i n  t h e  molten state con tac t ed  t h e  t o p  su r face .  Then, 

as t h e  test module cooled, l i t h i u m  f l u o r i d e  s o l i d i f i e d  on t h e  c o n t a i n e r  

s u r f a c e s  l eav ing  a " c e n t r a l l y "  l o c a t e d  void. F igu re  4.6b shows a con- 

t r a s t i n g  s i t u a t i o n  where l i t h i u m  f l u o r i d e  d i d  no t  c o n t a c t  t h e  t o p  p l a t e  

s u r f a c e  i n  the molten. I n  t h i s  case, even i n  t h e  presence  of f i n s ,  t h e  

void tended t o  form at  t h e  top  of t h e  conta iner .  

Heat s t o r a g e  tubes  f o r  t h e  NASA Brayton-cycle h e a t  r e c e i v e r  were 

f i l l e d  wi th  l i t h i u m  f l u o r i d e  a t  OWL. A photograph of a tube  is shown 
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Fig. 4.6b. V i e w  of TRW module nom 4 sectioned af ter  completion of 
test ing.  

Fig. 4.6b source: TRW Power System Department, "Brayton Cycle Cavity 
Receiver Design Study," TRW Equipment Laboratories, 
NASA CR-54752 ER-6497, N O V O  22, 1965, Fig. 36, pm 71. 
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Fig. 4.7. Brayton-cycle heat storage tube. 

Fig. 4.7 source: Gnadt, P. Am, "Fi l l ing  Heat Storage Tubes for Solar 
Brayton-Cycle Reat Receiver with Lithium Fluoride," 
Oak Ridge National Laboratory, ORNL/TM-2732, July 
1970, Fig. 2, p. 4. 
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was not  too s u r p r i s i n g  s i n c e  t h e  can was v i r t u a l l y  completely f u l l  of 

powder when t h e  weld was made. The weld was made wi th  some d i f f i c u l t y  

as l i t h i u m  hydride melted and made con tac t  w i th  t h e  welded sur faces .  

T e s t  C-3 w a s  conducted i n  a s i m i l a r  f a sh ion  t o  T e s t  C-1 with  one cyc le  

being performed from room temperature  t o  -1000 K and then back t o  room 

temperature. 

T e s t  C-3 temperature and p res su re  behavior was s i m i l a r  t o  t h a t  ob- 

served i n  test C-1 and C-2; however, t h e  maximum pressure  observed i n  

8 
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tes t  C-3 was s l i g h t l y  lower (-80 mmHg). Pos t - tes t  examination revea led  

t h a t  l i t h i u m  hydride had "crawled" up t h e  f i l l - t u b e  and e n t e r e d  t h e  

f l e x i b l e  tub ing  as observed i n  tes t  C-2. Although n o t  apparent  dur ing  

t h e  conduct of t e s t  C-3, l i t h i u m  hydr ide  leaked from t h e  can, and 

s o l i d i f i e d  i n  t h e  MgO. The ElgO/LiH mixture  formed a hard material which 

bonded t i g h t l y  t o  t h e  test  can and beaker making it very d i f f i c u l t  t o  

remove t h e  can. The can was removed by c h i s e l l i n g  t h e  MgO/LiH mixture  

from t h e  can and beaker. 

With t h e  leakage of l i t h i u m  hydr ide  i n t o  t h e  MgO, and t h e  l o s s  of 

l i t h i u m  hydride up t h e  f i l l - t u b e ,  a s i g n i f i c a n t  amount of l i t h i u m  

hydr ide  was l o s t  from t h e  can. Radiographs of t h e  tes t  C-3 can show a 

void l o c a t e d  as sketched i n  Fig. 4 . 9 .  Apparent ly ,  t h e  l i t h i u m  hydr ide  

was a b l e  t o  "crawl" up t h e  can w a l l s  and e x i t  through t h e  opening(s)  

where t h e  weld f a i l u r e ( s )  occurred. 

A s  mentioned previous ly ,  i n  tes ts  C-1, C-2, and C-3 e x t e n s i v e  

c racking  was observed ( v i s u a l l y  o r  r a d i o g r a p h i c a l l y )  i n  t h e  cast  l i t h i u m  

hydr ide  a f t e r  cooldown ( f o r  example, see Fig. 4.4), and is  most e a s i l y  

seen  i n  radiographs.  Lithium hydr ide  c racking  has  been observed by 

o t h e r s ,  namely W a l d r ~ p * ~  who r e p o r t s :  

... some cracks  are always p r e s e n t  i n  f i n i s h e d  [ l i t h i u m  
hydr ide]  c a s t i n g  of any a p p r e c i a b l e  s i z e  ... w e  have found 
i t  p o s s i b l e  t o  prepare  c a s t i n g  of c o n s i d e r a b l e  s i z e  which 
a re  sound, i n  t h e  sense  t h a t  t h e r e  i s  no pipe,  a l though 
t h e r e  a r e  numerous cracks." 

11 

S t u d i e s  by Rapp a t  Thompson R a m 0  Wooldrige, Inc. ,  a s  r e p o r t e d  i n  

Ref. 24a, a l s o  i n d i c a t e  t h e  formation of l i t h i u m  hydride c r a c k s  follow- 

i n g  c a s t i n g .  Cracks were observed i n  a s l a b  c a s t i n g  -30-cm long, 15-crn 

wide, and 1.27-cm t h i c k .  

ORNL-DWG 67-4444 ETD m 

Fig. 4 . 9 .  Sketch of void shape, s i z e ,  and l o c a t i o n  a f t e r  t e s t i n g  
C-3 can. 
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4.2 Development of Large, High Heat Rate Furnace 

4.2.1 Graphite induction furnace performance 

Couparison between the capsule experiments performed thus far and 

conditions anticipated in the "real system" show some very important 

differences, other than the obviously small number of cycles experimen- 

tally performed. As indicated previously, operational heatup times 

from -700 to 1100 K will be on the order of 10 min, whereas the lab- 

oratory procedure required hours. 

In order to obtain "real system" heatup times, an existing Y-12 

Plant graphite induction furnace will he modified and used for cycle 

testing. The furnace is cylindrical with a peak operational power of 

about 60 kW, and about 0.01 m3 (0.4 ft3> of heated volume. The size and 

power of the furnace will permit multiple sample testing. 

Initial heatup tests were performed with the furnace in its current 

configuration to assess its performance ~apabilities.~~ A sketch of the 

furnace cross-section is provided in Fig. 4.10. A s  shown the furnace 

contained a rather large graphite sample to provide some thermal mass. 

ORNL-DWG 87-4647 ETD 

ARGON 
PURGE 

ARGON 
PURGE 

I 
I 1 

0' 
0 '  

ARGON 0 

0 
0 '  
0 ,  
0 .  
0 .  
0 
0 
0 .  

INDUCTION 0 

PURGE 0 
THERMAL 
I NSU LATlON 

. GRAPHITE 
SU SC EPTO R 
8 in. diam x 14 in. long 

1 1 - 1/4 in. thick 

Fig. 4.10. Cross-sectional sketch of cylindrical graphite 
induction furnace. 



79 

I n  a d d i t i o n ,  t h e  thermocouple w a s  p laced  i n s i d e  a g r a p h i t e  t ube ,  which 

a l s o  provided thermal mass. F i g u r e  4.11 shows t h e  thermocouple K - ~ S ~ Q I I S ~  

dur ing  two hea tups ,  and t h e  fo l lowing  cooldowns. During o p e r a t i o n  t h e  

system was purged wi th  argon flowing a t  0.003 rn3/min (0.1 f t3 /min ) ,  

Following a b r i e f ,  low power p r e h e a t ,  t h e  fu rnace  power w a s  ramped 

qu ick ly  t o  60 kW. I n  the  f i r s t  c y c l e  (denoted "Rl" i n  Fig. 4.11), t h e  

thermocouple tempera ture  rose  from -150°C t o  a peak temperature of 

-915°C over about 10 min. Furnace power was shut-off when t h e  tem- 

p e r a t u r e  reached 850°C. Following cooldown to -3OO0C, a second cycle 

("R2") was performed wi th  similar r e s u l t s .  
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Fig. 4.11. Graphi te  i nduc t ion  fu rnace  performance i n  c u r r e n t  
conf igu ra t ion .  

Fig. 4.11 source: Wrenn, George, Y-12 P l a n t ,  Mar t in  M a r i e t t a  Energy 
Systems, Inc. ,  Oak Ridge, TN, January 1987. 



These data indicate that rapid heatups can be obtained in the in- 

duction furnace. It is anticipated that improvements in performance 

could be obtained by removing some of the thermal insulation, and re- 

ducing the susceptor wall thicknesses. 

4.2.2 Projected performance of furnace 

A s  described above, checkout tests of the 60 kW induction furnace 

indicate that a graphite sample can be heated i n  the furnace at a rate 

of about 100 K/min (180°F/min). In order to estimate the thermal 

response of a sphere containing lithium hydride being heated in the 

furnace, a computer simulation was carried out assuming the furnace 

radiates as a blackbody initially at ainblent temperature with the 

furnace temperature increasing at a rate of 100 K/min ( 180°F/min). 

Lithium hydride contained in a 7.62-ern diameter, 0.0381-cm (153il) 

thick spherical stainless steel s h e l l  is surrounded by a muffle which is 

a 10.2-cn inside diameter, 0.076-cm thick, concentric sphere made of 

niobium. The muffle is exposed to radiation from the furnace. All 

surfaces are  assumed to have an emisslvity of 0.8, and all heat transfer 

is by radiation with no heat losses from the muffle or lithium hydride. 

The resulting temperature profile in the solid lithium hydride at 

the initiation of melting is shown in Fig. 4.12. Also  shown in 

Fig. 4.12 is the predicted temperature profile at the initiation of 

melting resulting from suddenly exposing a sphere with an initial 

temperature of 400 K (620'F) to convection heat transfer from NaK at 

1100 K (1520°F), and the corresponding profile obtained in a low flux 

furnace (with an assumed heatup rate of 200 K/h or  360°F/h). It can he 

seen that while the average temperature of the selid in the high flux 

furnace sample is much higher than that expected in the real cases much 

of t h e  solid is cold enough to retain some mechanical strength. Thus, 

some of the stress-related problems previously discussed are likely to 

be observed in tests conducted in the high-flux furnace, On the other 

hand, in low flux furnace tests the solid is all very close to the melt 

point at the time melting begins and € t  is not likely that stress 

problems wi 1 1 oc cur . 
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5. CONCLUSIONS 

Based on preliminary system concept analysis, encapsulated lithium 

hydride thermal energy storage provides significant benefits t o  space 

burst power systems. The use of encapsulated L i 6 H  in a packed bed with 

a 75% packing density along with a lithium coolant, will provide calcu- 

lated system mass benefits for burst periods as long as 800 S .  In 

addition, the use of thermal storage will permit large reductions in 

radiator area, with larger benefits at shorter burst periods. 

A group of feasibility issues associated with encapsulated lithiam 

hydride thermal energy storage have been identified and studied. The 

feasibility issues include: 

1, phase-change induced shell stress on heatup, 

2. hydrogen diffusion and l o s s ,  

3. lithium hydride heat transfer, 

4 .  void behavior/managernent , and 
5. material considerations. 

The key issue of concern is the possible large shell stress induced 

during heatup. Elastic analysis indicates that very thick shells will 

be required to prevent shell rupture, assuming the lithium hydride forms 

a structurally sound shell following solidification. However, cracks in 

the lithium hydride which have been observed to form during cooldown, 

may mitigate shell stresses and permit the use of a thin shell. Never- 

theless, analysis has shown that void control, via sphere heat transfer 

control, can reduce significantly phase-change induced shell stress. In 

addition, optimization studies have indicated the benefit of high 

minimum storage temperatures (-500 to 700 K), at which lithium hydride 

has much less compressive strength. Alternatively, a flexible shell, 

such as a bellows, nay be viable. 

Based on material consideration, 304L stainless steel and molyb- 

denum are leading candidate shell materials. Material considerations 

included material compatibility between the shell and lithium hydride, 

lithium and hydrogen, ductility, strength, density, material cost, and 

ease of fabrication. The refactory metals niobiuu, tantalum, titanium, 

and zirconium have been eliminated from consideration due to hydrogen 

. 
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embrittlement. It was determined that Sic is not compatible with 

lJthium at -1100 K. Other ceramic materials have been eliminated 

primarily due  t o  their poor thermal shock resistance. Molybdenum and 

304L stainless steel possess reasonable ductility and moderate density, 

Elolybdenum has greater strength and better material compatibility than 

304L stainless steel, but is more expensive and harder to fabricate. 

Based on projected system requirements, a 0.0127-cm (5-mil) 

stainless steel shell will provide sufficient hydrogen containment to 

prevent significant hydrogen loss, and associated loss of  energy storage 

density. Due to molybdenum's lower hydrogen permeability, a molybdenum 

shell as thln as 1 m i l  could be used without  significant hydrogen l o s s .  

Initial scoping experiments have been compl-eted f o r  cylindrical 

cans, 2.54-cm long, 3.81-cm diameter, and 0.0635- and 0.0889-crn (25- and 

35-mils) thick. Four thermal cycles were successfully completed in a 

l o w  heat flux furnace for a 0.0889-cm (35-mil) can. Post-test exarnina- 

tion of all cans tested show the presence of numerous cracks in the 

lithium hydride. 

Future experimental work will be directed at determlning the 

feasibility of using a thin-wall container. To this end, an existing, 

high power graphite induction furnace will be modified and used t o  

simulate, as closely as possible, "real system" perf  ormance. The 

material and fabrication costs associated with using 304L stainless 

s t ee l  and molybdenum will be investigated. Presumably, both materials 

will be tested and w i l l  permit not only an assessment of shell heatup 

stress, but also hydrogen l o s s ,  material compatibility, and lithium 

hydride heat transfer. 

Future analytlcal work will extend current capability to include 

the effect of surface tension gradients on void shape, void location, 

and liquid flow, and boundary layer efEects on the void. In addition, 

the void and natural convection models will he integrated into the heat 

transfer code. These models, in addition to models for stress analysis 

and hydrogen loss, can then be compared t o  data to detesmfne consis- 

tency. 

Since the micro-gravity space environment will produce different 

behaviors than those on Earth, some basic verification tests should be 
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performed in space t o  determine the accuracy of model assumptions and 

resul ts ,  and whether a l l  important differences have been anticipated. 
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