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THERMAL ANALYSIS OF HEAT STORAGE CANISTERS 
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ABS TRACT 

A the rma l  a n a l y s i s  w a s  performed of a thermal ene rgy  
s t o r a g e  c a n i s t e r  of a t y p e  sugges t ed  f o r  u se  i n  a s o l a r  
r e c e i v e r  f o r  an o r b i t i n g  Brayton c y c l e  power system. 
Energy s o t r a g e  € o r  t h e  e c l i p s e  p r o t i o n  of t h e  c y c l e  i s  
p rov ided  by t h e  l a t e n t  h e a t  of a e u t e c t i c  m i x t u r e  of L i F  
and CaF:! c o n t a i n e d  i n  t h e  c a n i s t e r .  The c h i e f  m o t i v a t i o n  
f o r  t h e  s t u d y  i s  t h e  p r e d i c t i o n  of vapor  vo id  e f f e c t s  o n  
t empera tu re  p r o f i l e s  and t h e  i d e n t i f i c a t i o n  of p o s s i b l e  
d i f f e r e n c e s  between ground t e s t  d a t a  and p r o j e c t e d  be- 
h a v i o r  i n  mic rograv i ty .  The f i r s t  phase of t h i s  s t u d y  i s  
based on a two-dimensional,  c y l i n d r i c a l  c o o r d i n a t e s  model 
u s i n g  a n  i n t e r i m  p rocedure  f o r  d e s c r i b i n g  vo id  behav io r  i n  
l-g and m i c r o g r a v i t y .  The the rma l  a n a l y s i s  i n c l u d e s  t h e  
e f f e c t s  of s o l i d i f i c a t i o n  f r o n t  behav io r ,  conduct ion i n  
l i q u i d / s o l i d  s a l t  and c a n i s t e r  materials, v o i d  growth and 
s h r i n k a g e ,  r a d i a n t  h e a t  t r a n s f e r  a c r o s s  t h e  void,  and 
c o n v e c t i o n  i n  t h e  melt due t o  Elarangoni-induced f low and ,  
i n  1-g, f l ow due t o  d e n s i t y  g r a d i e n t s .  A number o €  
s i g n i f i c a n t  d i f  f e r e n c e s  between 1-g and 0-g b e h a v i o r  were 
found. The r e s u l t e d  from d i f f e r e n c e s  i n  void l o c a t i o n  
r e l a t i v e  t o  the maximum h e a t  f l u x  and a s i g n i f i c a n t l y  
smaller e f f e c t i v e  conductance i n  0-g due t o  t h e  absence of 
g rav i ty - induced  convec t ion .  

1. I N T R O D U C T I O N  

1.1 O b j e c t i v e s  and Scope 

The p r i n c i p a l  o b j e c t i v e  of t h i s  work is t o  perform a d e t a i l e d  

thermal a n a l y s i s  of a h e a t  s t o r a g e  c a n i s t e r  of t h e  t y p e  c u r r e n t l y  con- 

s i d e r e d  f o r  s p a c e  power Brayton c y c l e  systems. 4 t t empt s  a r e  made t o  

deve lop  d e t a i l e d  and r e a l i s t i c  t e m p e r a t u r e  p r o f i l e s  and h i s t o r i e s  w i t h  

s p e c i f i c  emphasis on the e f f e c t s  of t h e  vapor  vo id  which deve lops  d u r i n g  

t h e  f r e e z i n g  phase f o r  a l l  f l u o r i d e  s a l t  phase change m a t e r i a l s  



2 

(PCM's). A second major o b j e c t i v e  i s  t o  l i n k  t h e  thermal. a n a l y s i s  code 

w i t h  a f i n i t e  e lement  s t ress  a n a l y s i s  program t o  d e t e r m i n e  t h e  r e s u l t i n g  

the rma l  stresses and u l t i m a t e l y ,  the p r e d i c t e d  l i f e  of t h e  c a n i s t e r .  

This pape r  r e p o r t s  on t h e  f i r s t  phase of t h e  the rma l  a n a l y s i s  p o r t i o n  o f  

t h e  work. 

The the rma l  s t o r a g e  arrangement c o n s i d e r e d  h e r e  i s  one i n  which 

annular-shaped c a n i s t e r s  c o n t a i n i n g  a f l u o r i d e  s a l t  phase  change mate- 

r i a l  - a e u t e c t i c  mix tu re  of L i F  and CaP2 - are  s t a c k e d  around t u b e s  i n  

the r e c e i v e r .  A He-Xe gas  mix tu re  c o n t a i n i n g  28 vol-% X e  i s  passed 

through t h e s e  t u b e s  b e f o r e  e n t r y  t o  t h e  t u r b i n e  ( F i g .  1> . l  Both t h e  

t e m p e r a t u r e  of t h e  heat sink (i..e., the  gas i n  the t u b e s )  and t h e  s o l a r  

h e a t i n g  r a t e  on the. e x t e r i o r  of t h e  c a n i s t e r  vary w i t h  c y c l e  t i m e .  

Eioreover, t h e  s o l a r  h e a t  f l u x  i s  n o t  uniform around t h e  p e r i p h e r y  of t h e  

t u b e ,  peaking i n  t h e  d i r e c t i o n  f a c i n g  t h e  c e n t e r  of t h e  r e c e i v e r  and 

becoining s i g n i f i c a n t l y  lower a l o n g  t h e  s u r f a c e  which f a c e s  t h e  r e c e i v e r  

w a l l .  

Accurate  p o r t r a y a l  of t h e  temperature behav io r  i n  such  a system re- 

q u i r e s  t h a t  a number of c o n c u r r e n t  phenomena be t a k e n  i n t o  accoun t .  

Motion of t h e  s o l . i . d i f i c a t i o n  f r o n t  a f f e c t s  t h e  h e a t  ba l ance  and t h e  h e a t  

ORNL-DWG 87-4557 ETD 
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Fig .  1. Arrangement of PCII c a n i s t e r s  on He-Xe  t u b e s  (dimensions i n  
c m  ( i n ) .  
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t r a n s p o r t  behav io r  due b o t h  t o  t h e r m a l  conductance d i f f e r e n c e s  between 

t h e  l i q u i d  and s o l i d  and t h e  a v a i l a b i l i t y  of l i q u i d  volume f o r  convec- 

t i o n .  I n  a d d i t i o n ,  vapor  v o i d  f o r m a t i o n  o c c u r s ,  common t o  a l l  f l u o r i d e  

PCtl sys t ems ,  r e s u l t i n g  from t h e  h i g h e r  d e n s i t y  of the s o l i d  r e l a t i v e  t o  

t h e  l i q u i d .  Thus a t h r e e  phase  system ex is t s  w i t h i n  t h e  c a n i s t e r  i n  

which the s o l i d  and vapor  phases  grow d u r i n g  c o o l i n g ,  and t h e  l i q u i d  

phase grows on h e a t i n g .  

Heat t r a n s p o r t  through t h e  s o l i d  phase i s  assumed t o  occur  s o l e l y  

by conduction*, however, c o n v e c t i o n  can be a s i g n i f i c a n t  t r a n s p o r t  

mechanism i n  t h e  l i q u i d  phase. T h i s  is  e s p e c i a l l y  t r u e  a t  times 

approach ing  s u n s e t  when t h e  maximum d e g r e e  of  m e l t i n g  o c c u r s ,  and i n  a 

g r a v i t y  f i e l d ,  which p r o v i d e s  a body f o r c e  f o r  d e n s i t y - d r l v e n  cur-  

r e n t s .  A t  t h e s e  t e m p e r a t u r e  l e v e l s  (-1050 K)  r a d i a t i o n  c lear ly  domi- 

n a t e s  conduc t ion  as t h e  h e a t  t r a n s f e r  mechanism a c r o s s  the  void. How- 

e v e r ,  f o r  s i t u a t i o n s  where v o i d s  are  t o t a l l y  e n c l o s e d  i n  l i q u i d ,  a 

vaporization/condensation mode of h e a t  t r a n s p o r t  a c r o s s  t h e  void may be 

c o m p e t i t i v e  w i t h  r a d i a t i o n .  

Fo r  t h i s  f i r s t  phase of t h e  thermal a n a l y s i s ,  a number of s i m p l i -  

f y i n g  assumptions have been made which w i l l  be  r e f i n e d  i n  t h e  c o u r s e  of 

model development work f o r  NASA's Advanced S o l a r  Dynamic Program. Most 

i m p o r t a n t l y ,  a two d imens iona l ,  r-8 geometry was assumed w i t h  e s s e n -  

t i a l l y  c o n s t a n t  c o n d i t i o n s  a l o n g  t h e  d i r e c t i o n  of t h e  c a n i s t e r  a x i s .  

T h i s  less t h a n  s a t i s f a c t o r y  assumption f o r  a s t r o n g l y  3-D s i t u a t i o n  w a s  

found t o  be e s s e n t i a l  as a model devel-opment s t a g e  w h i l e  s t i l l  p r o v i d i n g  

e a r l y  t empera tu re  p r o f i l e  estimates f o r  t h e  r e c e i v e r  d e s i g n e r s .  I n  

a d d i t i o n ,  t h e  s i z e  and l o c a t i o n  of t h e  v o i d  i n  1-g and m i c r o g r a v i t y  i s  

de te rmined  by a n  i n t e r i m  p rocedure  d e s c r i b e d  i n  p a r t  3.1. 
b 

I n  summary, t h e  h e a t  t r a n s p o r t  mechanisms and phenomena that  are 

t a k e n  i n t o  accoun t  i n  t h e  a n a l y s i s  a re  t h e  f o l l o w i n g :  (1)  l i q u i d / s o l i d  

phase f r o n t  motion, ( 2 )  vapor  void l o c a t i o n ,  s i z e  and shape,  by a n  

i n t e r i m ,  e m p i r i c a l  p rocedure ,  ( 3 )  h e a t  conduc t ion  i n  t h e  s o l i d  phase ,  

"Samples of LiF-CaFz s o l i d  appea r  t o  be n e a r l y  opaque however, 
s i g n i f i c a n t  r a d i a n t  t r a n s m i s s i o n  th rough  l i q u i d  s a l t  i s  p o s s i b l e .  
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( 4 )  c o n v e c t i v e  f low i n  the l i q u i d  phase d r i v e n  by s u r f a c e  t e n s i o n  v a r i a -  

t i o n  a l o n g  t h e  void s u r f a c e ,  and a d d i t i o n a l l y  i n  1-g by bouyancy 

e f f e c t s ,  (5 )  convec t ive  and conduc t ive  h e a t  t r a n s p o r t  i n  t h e  l i q u i d ,  and 

( 6 )  r a d i a t i v e  h e a t  t r a n s p o r t  a c r o s s  t h e  void.  

1.2 Geometry and Boundary Cond i t ions  

I n f o r m a t i o n  r e g a r d i n g  c a n i s t e r  geometry, m a t e r i a l s ,  i n s o l a t i o n  

rates as a f u n c t i o n  o f  time and t h e  d i s t r i b u t i o n  of  t h e  i n c i d e n t  h e a t  

f l u x  around t h e  c a n i s t e r  were p rov ided  by NASA Lewis Research Center.  

The s p e c i f i c  c o n f i g u r a t i o n  d e p i c t e d  i n  Fig.  1 on which t h e  a n a l y s i s  i s  

based was developed by Rocketdyne under c o n t r a c t  from NASA Le-Rc.1 The 

arrangement of t h e  a n n u l a r  c a n i s t e r s  s u r r o u n d i n g  t h e  gas  h e a t i n g  t u b e s  

i n  t h e  r e c e i v e r  i s  shown i n  Fig.  1. Each c a n i s t e r  i s  2.54 cin (1.0 i n . )  

l ong  and h a s  a 4.52-crn (1.78-in.) OD. The OD of t h e  i n t e r i o r  tube i s  

2.22 c m  (0.875 i n . ) .  Thus, t h e  volume w i t h i n  t h e  c a n i s t e r  i s  21.2 cm3, 

which if completely f i l l e d  w i t h  l i q u i d  s a l t  would c o n t a i n  44.5 gm of 

PCM. The h i g h e r  d e n s i t y  of  t h e  s o l i d  ( s e e  T a b l e  I) would f o r  t h e s e  con- 

d i t i o n s  r e s u l t  i n  a 4.6 cm3 vapor  void i n  t h e  f u l l y  f r o z e n  s t a t e  o r  

approx ima te ly  22% of t h e  c a n i s t e r  volume, A He-Xe gas mix tu re  e n t e r s  

t h e  r e c e i v e r  t ube  a t  811 K (1000'F) t o  be h e a t e d  t o  a nominal e x i t  t e m -  

p e r a t u r e  of 1033 K (1400°F). I n  a c t u a l i t y ,  g a s  t e m p e r a t u r e s  i n  t h e  

r e c e i v e r  t ubes  vary somewhat d u r i n g  t h e  h e a t i n g  and c o o l i n g  cyc le .  The 

mass f low rate of -9.4 g / s  i n  t h e  t u b e  r e s u l t s  i n  a h e a t  t r a n s f e r  

c o e f f i c i e n t  of -145 ( W / m 2 e K ) .  

Thermal a n a l y s e s  were performed f o r  t h r e e  l o c a t i o n s  a long  t h e  

tube.  R e s u l t s  are  r e p o r t e d  h e r e  € o r  a l o c a t i o n  abou t  t h r e e - q u a r t e r s  of 

t h e  d i s t a n c e  from t h e  i n l e t  t o  t h e  e x i t  where t h e  gas  t empera tu res  and 

h e a t  f l u x e s  a re  g i v e n  i n  Fig.  2. The c y c l e  t i m e  i s  -92  min w i t h  a h e a t  

f l u x  a t  t h i s  l o c a t i o n  of -1 (W/cm ) f o r  a l a r g e  p o r t i o n  o f  t h e  i n s o l a -  

t i o n  pe r iod .  During t h e  shadow phase ,  g a s  t e m p e r a t u r e s  f a l l  f r o m  a max- 

imum v a l u e  of -1050 K a t  s u n s e t  t o  minimum d u r i n g  shadow of -975 K. It 

i s  a l s o  noteworthy t h a t  t h e  h e a t  f l u x  d u r i n g  t h e  e c l i p s e  p o r t i o n  of r h e  

c y c l e  becomes q u i t e  n e g a t i v e  a t  t h i s  l o c a t i o n ,  r e r a d i a t i n g  t o  c o o l e r  

2 
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Tab le  1. LiF-CaF2 S a l t  P r o p e r t i e s  Near t h e  
Melt T e u p e r a t u r e  ( R e f .  2 )  (1040 K) 

P r o p e r t y  

m o l %  CaF2 

me 1 t t empe r a t  u r e  

L a t e n t  h e a t  

S o l i d  d e n s i t y  

L i q u i d  d e n s i t y  

L 
v - v  

S 

L 
V 

S p e c i f i c  h e a t ,  s o l i d  

S p e c i f i c  h e a t ,  l i q u i d  

Thermal c o n d u c t i v i t y ,  s o l i d  

Thermal c o n d u c t i c i t y ,  l i q u i d  

V i s  cos  i t y 

S u r f a c e  t e n s i o n  (Y) 

dv/dTa 

a 

K 

J/g 

g/cm3 

g /cm3 

J/g*K 

J / g * K  

W/crn*K 

C.J/cm* K 

p o i s e  

ergs / c  m2 

ergs/cm2*K 

19.5 

1040 

815 

2.48 

2.10 

-0.216 

1.76 

1.76 

0.040 

0.016 

0.022 

2 4 4  

9.9 x 10-2 
a 

L i F  p r o p e r t i e s  (Ref. 21 ) .  

ORNL DWC. 87 -4558 ETD 

0 10 20 30 40 50 60 70 80 1 

CYCLE TIME (man) 

F i g .  2. Can i s t e r  boundary c o n d i t i o n s .  
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p o r t i o n s  of t h e  r e c e i v e r  a t  a r a t e  of up t o  75% of t h e  maximum i n s o l a -  

t i o n  rate. The maximum i n s o l a t i o n  r a t e  i n  the r e c e i v e r  i s  -2 (W/crn2) 

and o c c u r s  n e a r e r  t h e  g a s  i n l e t .  

The h e a t  f l u x  subtended by t h e  c a n i s t e r  c r o s s - s e c t i o n  i s  d i s t r i b -  

u t e d  p e r i p h e r a l l y  i n  t h e  manner shown i n  Fig.  3. A h i g h e r  the rma l  f l u x  

e x i s t s  a long  t h e  c a n i s t e r  s u r f a c e  € a c i n g  t h e  i n t e r i o r  of t h e  r e c e i v e r  

r e l a t i v e  t o  t h e  back f a c e .  The h e a t  f l u x  a l o n g  t h e  c a n i s t e r  s u r f a c e  

f a c i n g  t h e  r e c e i v e r  w a l l  r e s u l t s  from thermal  r a d i a t i o n  p a s s i n g  between 

t h e  c a n i s t e r s  and r e r a d i a t i n g  from t h e  back w a l l .  The p e r i p h e r a l  f l u x  

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

(0,t) = (0 .54 cos  0 3. 0.29) q ( t )  
‘ f ron t  

where t h e  0 = 0 d i r e c t i o n  i s  d e f i n e d  as b e i n g  i n  the d i r e c t i o n  of t h e  

ORNLLDWG 87-407RA ETD 

BACKWAL L : 

CAVITY 

Fig .  3. Heat f l u x  around c a n i s t e r .  
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receives c e n t e r l i n e  and q ( t )  i s  the h e a t  f l u x  sub tended  by the c a n i s t e r  

c r o s s - s e c t i o n .  The h e a t  f l u x  on t h e  rear f a c e  (90"  < 0 < 270")  was 

assumed t o  be c o n s t a n t  w i t h  9 and e q u a l  a t  each  time, t ,  t o  t h e  h e a t  

f l u x  d i r e c t e d  i n t o  t h e  gap between a d j a c e n t  c a n i s t e r s ,  ( i . e . ,  t h e  gap, 

s ,  i n  F ig .  3). The resu l t  i n  

( t )  = 0.29 q(t) 
'rear 

The boundary c o n d i t i o n s  f o r  t h e  2-D a n a l y s i s  are s p e c i f i e d  by t h e  

fo l lowing :  (1)  t h e  heat f l u x  a l o n g  t h e  e x t e r i o r  s u r f a c e ,  which v a r i e s  

wi th  time as shown i n  Fig.  2 and w i t h  p e r i p h e r a l  l o c a t i o n  as d e f i n e d  by 

E q s .  (1.1) and (1.2), ( 2 )  t h e  gas  t empera tu re  i n  the i n t e r i o r  t u b e ,  

v a r y i n g  w i t h  t i m e  as shown i n  Fig.  2 ,  and ( 3 )  t h e  i n s u l a t e d  s i d e w a l l  

f a c e s .  

1.3 Sa 1 t P r o p e r t i e s  

Except where i n d i c a t e d ,  t h e  p r o p e r t i e s  of t h e  s a l t  used as t h e  

l a t e n t  h e a t  s t o r a g e  medium, g i v e n  i n  Tab le  1, were p rov ided  by NASA 

The m e l t i n g  t empera tu re  of  t h e  LiF-CaF2 e u t e c t i c  i s  IO40 K w i t h  

a n  e s t i m a t e d  l a t e n t  heat of 815 ( J / g ) .  Note t h a t  the h i g h e r  d e n s i t y  of 

t h e  s o l i d  would c a u s e  a vapor  v o i d  t o  form on f r e e z i n g  e q u a l  t:o 21.6% of 

t h e  c a n i s t e r  volume, assuming i t  t o  be completely f u l l  as  a l i q u i d .  

Values of t h e  s u r f a c e  t e n s i o n  and t h e  r a t e  of v a r i a t i o n  of  t h e  s u r f a c e  

t e n s i o n  w i t h  t empera tu re ,  t h e  pa rame te r  which d r i v e s  t h e  Marangoni f low,  

are n o t  a v a i l a b l e  f o r  ch is  s a l t  mixture .  Values f o r  t h e s e  p a r a m e t e r s  

were t h e r e f o r e  t a k e n  as t h o s e  f o r  p u r e  LiF .  
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2 ,  THEFWAL ANALYSIS PlETHODS 

2.1 S o l i d i f i c a t i o n  F r o n t  Ana lys i s  

The v a r i o u s  approaches towards s p e c i f i c a t i o n  of a t r a n s i e n t  

me l t - f r eeze  f r o n t  may be c l a s s i f i e d  a s  f o l l o w s :  (1 )  e x a c t  a n a l y t i c a l  

s o l u t i o n s ,  ( 2 )  app rox ima t ion  methods a p p l i e d  t o  o b t a i n  a n a l y t i c a l  s o l u -  

t i o n s ,  ( 3 )  s t r o n g  numerical  methods, and ( 4 )  weak numerical  methods. A 

d i s c u s s i o n  r e g a r d i n g  t h e  g e n e r a l  a p p l i c a b i l i t y  and 1 i m i t a t i o n s  of each 

t y p e  of approach i s  provided by Solomon e t  a l a 3  B r i e f l y ,  a n a l y t i c a l  

approaches,  bo th  e x a c t  and approximate,  are l i m i t e d  t o  r e l a t i v e l y  s imple  

s y s t e m s ,  u s u a l l y  t o  on ly  one space  dimension and t o  s t e a d y  o r  r e g u l a r l y  

v a r y i n g  boundary c o n d i t i o n s  which avo id  p e r i o d i c  o r  m u l t i p l e  phase 

f r o n t s .  A n a l y t i c a l  approaches are  t h e r e f o r e  u s e f u l  f o r  p r e l i m i n a r y  o r  

s c o p i n g  e v a l u a t i o n s  bu t  r a r e l y  f i n d  a p p l i c a t i o n  f o r  any r e a l i s t i c  s i t u a -  

t i o n  e x c e p t  f o r  i d e a l i z e d  e x p e r i m e n t a l  s i t u a t i o n s .  Most of t h e  numeri- 

c a l  s o l u t i o n s  f a l l  i n  t h e  ca t egory  of s o - c a l l e d  " s t r o n g  numerical  s o l u -  

t i o n s " ,  wherein t h e  time va ry ing  c o o r d i n a t e s  of t h e  phase boundary are 

p r e c i s e l y  s p e c i f i e d  by a h e a t  ba l ance  a c r o s s  t h e  boundary. These 

methods a l s o  a p p l y  on ly  t o  r e l a t i v e l y  s imple  s i t u a t i o n s  a t  b e s t ,  and 

w i t h  some d i f f i c u l t y  t o  two-dimensional systems w i t h  non-periodic  bound- 

a r y  c o n d i t i o n s .  S t rong  numerical  s o l u t i o n s  become i n t r a c t a b l e  f o r  more 

complex s i t u a t i o n s  i n v o l v i n g  t h r e e  dimensions o r  p e r i o d i c  boundary con- 

d i t i o n s  which could g e n e r a t e  complex o r  r e - e n t r a n t  phase boundary con- 

f i g u r a t i o n s .  

I n  c o n t r a s t ,  s o - c a l l e d  "weak numerical  s o l u t i o n s ' '  do not  pay 

e x p l i c i t  a t t e n t i o n  t o  t h e  l o c a t i o n  of t h e  phase boundary. O f  t h e  v a r i -  

ous t y p e s  of weak s o l u t i o n s  a v a i l a b l e ,  t h e  type  d e s i g n a t e d  a s  t h e  

"en tha lpy  method" a p p e a r s  t o  be most s u i t a b l e  t o  u l t i m a t e l y  e v o l v e  i n t o  

a g e n e r a l l y  a p p l i c a b l e  approach, i .e.,  one t h a t  may be employed w i t h  

three-dimensional  c u r v i l i n e a r  c o o r d i n a t e s  and w i t h  p e r i o d i c  o r  i r r e g u l a r  

boundary c o n d i t i o n s  which g e n e r a t e  complex phase boundary conf i g u r a -  

t i o n s .  The "en tha lpy  method" h a s  been d e s c r i b e d  i n  s e v e r a l  r e c e n t  pub- 

l i c a t i o n s  ; 3~ b r i e f l y  , t h e  method may be c h a r a c t e r i z e d  as f o l l o w s :  



An energy b a l a n c e  on a volume element may be  w r i t t e n :  

a a  01 + a  - ( p  e )  = -V*(k VT) - V*vp e 
d t  

where, 

e = e n t h a l p y  p e r  u n i t  mass, 
a 

p = d e n s i t y  of phase  CL i n  t h e  volume e l e m e n t ,  

ka = t he rma l  c o n d u c t i v i t y  of phase a i n  t h e  volume element ,  
-P 
v = l i q u i d  v e l o c i t y ,  

T = t empera tu re  of f l u i d  in the  volume e l emen t ,  

a = a s s i g n e d  l i q u i d ,  s o l i d ,  o r  "mushy". 

I n  t h e  e x p l i c i t  numer i ca l  scheme used i n  t h i s  s t u d y ,  Eq .  (2.1) i s  used 

t o  upda te  v a l u e s  of e i n  each  volume element  based on t h e  map of k , 
T ,  v ,  p , and e ' s  from the p r e c e d i n g  t i m e  s t e p .  The va lue  of e nay be 

a l t e r e d  due t o  conduc t ion  o r  c o n v e c t i o n  as i n d i c a t e d  by t h e  terms on t h e  

r i g h t .  ( A s  no ted  below, v i s  induced by s u r f a c e  t e n s i o n  v a r i a t i o n  a l o n g  

t h e  l i qu id -vapor  i n t e r f a c e  and, i n  a g r a v i t y  f i e l d ,  by t h e  g r a v i t y  body 

force  working on a l i q u i d  d e n s i t y  v a r i a t i o n . )  

a 

- + a  

+ 

The e s s e n c e  of t h e  "enthalpy" method is t o  de t e rmine  t h e  s t a t e  

w i t h i n  e a c h  c o n t r o l  volume a c c o r d i n g  t o  updated v a l u e s  of t h e  s p e c i f i c  

e n t h a l p y ,  e. Refe renc ing  e t o  t h e  v a l u e  f o r  t h e  s o l i d  a t  t h e  m e l t  t e m -  

p e r a t u r e  Tm, y i e l d s  n e g a t i v e  v a l u e s  of e f o r  t h e  s o l i d  below t h e  m e l t i n g  

p o i n t ,  

For  the s o - c a l l e d  "mushy" e l emen t s  which c o n t a i n  b o t h  l i q u i d  and s o l i d ,  

b o t h  assumed t o  b e  a t  Tm,  t h e  s p e c i f i c  e n t h a l p y  i s  g i v e n  by ,  

e = x AHn , ( 2 . 3 )  

where x i s  t h e  mass f r a c t i o n  molten,  and AHm i s  t h e  h e a t  of f u s i o n  p e r  

mass. I n  l i q u i d  e l e m e n t s ,  t h e  s p e c i f i c  e n t h a l p y  i s  de te rmined  by, 

L 
e = AH + c (T -Tm) . 

Q 
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S i n c e  t h e  amount of mass i n  each element v a r i e s  w i t h  t h e  t empera tu re ,  

t h e  t o t a l  energy b a l a n c e  i s  performed by d e t e r m i n i n g  t h e  ene rgy  i n  e a c h  

volume element  by 

E = peV , (2.5) 

where p i s  t h e  ave rage  d e n s i t y  of t h e  n a s s  i n  t h e  element of volume, 

V. It i s  assumed f o r  t h i s  i l l u s t r a t i o n  t h a t  V i s  c o n s t a n t  throughout  

t h e  g r i d .  I n  g e n e r a l ,  V v a r i e s ,  and i t s  v a r i a t i o n  i s  accoun ted  f o r  i n  

t h e  f i n i t e  d i f f e r e n c e  equa t ions .  I n  t h e  p r e s e n t  cast ,  P w a s  a s s i g n e d  

c o n s t a n t  v a l u e s  ps and pL f o r  s o l i d  and l i q u i d  e l emen t s  and averaged i n  

t h e  mushy e l emen t s ,  

where E i s  t h e  volume f r a c t i o n  l i q u i d  i n  t h e  c e n t r a l  volume. 
L 

In  a d d i t i o n ,  t h e  e f f e c t i v e  thermal  c o n d u c t i v i t y  o€ t h e  e l e n e n t s ,  
S km, must be e v a l u a t e d  based on k , kL and t h e  l i q u i d  f r a c t i o n ,  x. 

C l e a r l y ,  t h e r e  i s  no p r e c i s e  method f o r  d e t e r m i n i n g  km s i n c e  i t  depends 

on t h e  unknown c o n f i g u r a t i o n  of l i q u i d  and s o l i d  phases  w i t h i n  t h e  mushy 
m 

e l e n e n t .  The u s u a l  procedure i s  t o  simply mass-average km as f o r  p 

which a t  l ea s t  places km between t h e  known l i m i t s  ks and kL. 

An e x p l i c i t  t i m e  i n t e g r a t i o n  scheme i s  used t o  de t e rmine  updated 

v a l u e s  of t h e  s p e c i f i c  e n t h a l p y ,  e,  based on t h e  e x i s t i n g  t empera tu re  

and phase map, and t h e n  t o  a s s i g n  new s t a t e  pa rame te r s ,  c ,  P ,  x and T 

a c c o r d i n g  t o  t h e  new v a l u e s  of e and t h e  r u l e s  p r e s c r i b e d  by Eqs .  ( 2 . 2 )  

through ( 2 . 6 ) .  Negat ive v a l u e s  of e deno te  s o l i d - c o n t a i n i n g  c o n t r o l  

volumes; P , c , and ks a r e  a s s i g n e d  t o  t h e s e  elements .  Values of e i n  

e x c e s s  of /AHm deno te  a l l - l i q u i d  c o n t r o l  e l emen t s  i n t o  which p rope r -  

t i e s  p ~ Values of e between 0 and AH d e n o t e  

"mushy" c o n t r o l  volumes. For t h e s e ,  t h e  v a l u e  of x i s  determined f r o n  

Eq. (2.31, and averaged p r o p e r t y  p a r a m e t e r s ,  P , cm and k" a re  

a s s igned .  In a d d i t i o n ,  t h e  c o n t r o l  element t empera tu re  is  determined 

from t h e  va lue  e ,  u s i n g  Eqs. ( 2 . 2 )  and ( 2 . 4 )  f o r  i d e n t i f i e d  s o l i d  and 

s s  

L 
cL and kL a re  a s s igned .  

m 

m 
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l i q u i d  e l emen t s ,  r e s p e c t i v e l y .  The t empera tu re  of mushy e lements  are 

assumed t o  be  e q u a l  t o  Tm. 

The d i sadvan tage  of t h i s  procedure  i s  t h a t  t h e  phase boundar ies  are  

n o t  c lear ly  de termined  i n  a c o a r s e  g r i d  and ,  t o  a lesser d e g r e e ,  a n  un- 

c e r t a i n t y  i n  t h e  t empera tu re  p r o f i l e  i s  caused  by u s e  of a n  approximate 

v a l u e  of  t h e  e f f e c t i v e  the rma l  c o n d u c t i v i t y  i n  t h e  m s h y  zone. However, 

t h e s e  d i s a d v a n t a g e s  are minor compared w i t h  t h e  g r e a t  advantage  of 

p e r m i t t i n g  t h e  numer ica l  p rocedure  t o  proceed c o n t i n u o u s l y  through t h e  

g r i d  wi thou t  e x p l i c i t  s o l u t i o n  f o r  t h e  phase  boundary. I n  any case, t h e  

phase boundary may be l o c a t e d  w i t h  any d e s i r e d  p r e c i s i o n  by r e d u c t i o n  of  

mesh s i z e ,  a p r o c e s s  i n  which it  may be shown t h e  numer ica l  s o l u t i o n  

converges t o  t h e  a n a l y t i c a l  s o l u t i o n .  

2.2 F i n i t e  D i f f e r e n c e  Grid and Equa t ions  

The mesh employed f o r  t h e  thermal  c a l c u l a t i o n s  i s  shown i n  Fig.  4 

superimposed on t h e  f i n i t e  e lement  g r i d  used i n  t h e  c a l c u l a t i o n  of  can- 

i s te r  stresses. F i g u r e  5 i l l u s t r a t e s  t y p i c a l  ne ighbor ing  nodes used  f o r  

d e f i n i n g  terms i n  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s .  I n  Fig.  4 ,  t h e  PCFI 

regime is subd iv ided  i n t o  e i g h t  r a d i a l  and 16 c i r c u m f e r e n t i a l  c o n t r o l  

volumes and one a d d i t i o n a l  r a d i a l  node f o r  t h e  i n n e r  and o u t e r  s e c t i o n s  

of  t h e  c a n i s t e r  wal l .  The f i n i t e  e lement  g r i d  (used  f o r  t h e  a s s o c i a t e d  

stress c a l c u l a t i o n )  i s  o f f s e t  by one-half  of an  e lement  wid th  i n  b o t h  

t h e  r- and 8 - d i r e c t i o n s  so t h a t  t h e  f o u r  c o r n e r s  of each  i n t e r i o r  f i n i t e  

e lement  c o i n c i d e  w i t h  a thermal  node. The c a n i s t e r  s u r f a c e s ,  however, 

are se t  t o  c o i n c i d e  wi th  t h e  r a d i a l  boundar i e s  of bo th  t h e  the rma l  and 

f i n i t e  e lement  meshes, t h e  r a d i a l  o f f s e t  i n  t h e  two be ing  e s t a b l i s h e d  by 

i n c l u d i n g  ha l f -wid th  f i n i t e  e lements  a d j a c e n t  t o  t h e  c a n i s t e r  w a l l  

e l e n e n t s .  T h i s  s o r t  of a ha l f -wid th  o f f s e t  of t h e  two g r i d s  e n a b l e s  

d i r e c t  t r a n s f e r  of t e m p e r a t u r e s ,  computed f o r  t h e  c e n t e r  of  e a c h  the rma l  

c o n t r o l  volume, t o  t h e  f i n i t e  element g r i d  which r e q u i r e s  t empera tu res  

a t  each  co rne r .  

The f i n i t e  d i f f e r e n c e  approximat ions  used  f o r  i n t e r i o r  and boundary 

t h e  t o t a l  ,j’ c o n t r o l  e l emen t s  are l i s t e d  i n  Table  2 I n  terms of Ei 



1 2  

Tab le  2. F i n i t e  D i f f e r e n c e  Equa t ions  (Refer t o  Fig.  5 )  

I n t e r i o r  Node 

n n . - T i , .  A r  Ti-l ,  J 

1 --) A 8  AZ 
A r  1 + 

2 k  i , j  ki-l,  j 
- -  + ( ' i , j  2 

1 n  + hi n . )  u i j  n - 4 h i , j  n h i - l , j ) I U i , j l ~  n n 
I + -  

2 [ ( h i - l , j  9 J  

1 + A r  A z  A 8  1 + - -  r 
i , j  2 k i , j  ki, j-1 

+ A r  Az 

rl - n 

A C 1 1 . 1  
Ti, j+l T i , j  

+ - _ c  

ki, j + l  i , j  2 k 
r 

i , j  
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Table 2. (cont.) 

Boundary Node - Inner Canister and P i p e  

n+ 1 n n 
E . - E  Ar T 5  . - T:,. 

1 
,J 493 4 , j  + -) A8 AZ 

Ar 1 + - -  A t  E ( r 4 , j  2 

k 4 , j  k 5 , j  

n -Ty i) 

- -) A r  A B  Az ( T € l u i d  

A r  4 , j  2 
+ ( r  

Arcan + C i p e  +- Ar/2 + 1 - 
c a n  P i p e  

k k4,  j hf l u i d  

n 
T4, j-1 - T:, . 
A 8  1 1 + Ar Az 
I - +  

4 , j  2 k 4 , j  k 4 , j + l  
r 

n - TY . 
9 J  

A0 1 
r 4 , j  2 k 4 , j  k 4 , j + l  

T4, j+l  
1 

+ A r  Az 
- +  
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Table  2. ( con t .  

Boundary Node - Outer  C a n i s t e r  and Applied Flux 

En+l n n 
. - T n  . 

n r , j  - E  n r  9 j + -) Ar A 0  A Z  Tnr+ l  ,j n r  ,j 
Ar 1 

= ( r  
A t  n r , j  2 

TE----- 
n r , j  

1 . .  

A r  l n r -1 ,  j n r , J  
1 

- -) A0 Az 
A r  1 + 

2 k  
-_I_ 

+ ( r n r , j  2 

n r ,  j knr-l, j 

- hn ) l u n  . I  1 + -  2 [ ( h n r - l  + h n r , j  > u  n r , j  a ( h n r , j  n r - 1 , j  n r , j  
n - 1 n n 

n 
Tn n r , j - 1  - T  n r , j  

1 

n r ,  j-1 
k 

A0 
+ Ar Az - -  r 

n r , j  2 k 
n r , j  

- Tn 
$r,j+l n r , j  

1 

k iir, j + l  
l +  

A0 + A r  Az 
- I__ r 

n r , j  2 k 
n r , j  

I ]  1 n n n n n - - -  
2 [ ( h n r , j + l  + h n r , j ) v n r , j + l  - a ( h n r ,  j + l  h n r ,  j ' l v n r ,  j + l  



15 

ORNL-DWG 874559 ET0 

INNER CANISTER 
PLUS COOLANT TUBE 

Fig. 4. F i n i t e  d i f f e r e n c e  e l emen t s  and r e l a t i o n s h i p  t o  t h e  f i n i t e  
e lement  g r i d  used f o r  d e t e r m i n a t i o n  of stresses. 

e n t h a l p y  i n  c o n t r o l  e lement  (i,j), which i s  r e l a t e d  t o  t h e  s p e c i f i c  

e n t h a l p y  by 

(2 .7 )  - 
E i , j  - ’ i , jv i , j e i , j  

A s  no ted  i n  S e c t .  2.1, v a l u e s  of ei a re  used t o  d e t e r m i n e  t h e  s t a t e  of 

each c o n t r o l  e l emen t ;  a t  each  time s t e p  v a l u e s  of  p i , j ,  T i , j  k i , j  and 

*+’ are de te rmined  from 
n 

x i , j  are determined f rom ei 

and t h e  ra te  of conduc t ion  and v a l u e s  a t  t h e  p r e v i o u s  t i m e  s t e p ,  

c o n v e c t i o n  i n t o  the c o n t r o l  element from a d j a c e n t  c o n t r o l  e lements .  

Tab le  2 l ists  t h e  f i n i t e  d i f f e r e n c e  approx ima t ions  used  f o r  t h e  i n t e r i o r  

c o n t r o l  e l emen t s  (i.e., t h o s e  su r rounded  by PCN e l e m e n t s ) ,  and i n t e r i o r  

,j 

Ei, j 
Updated v a l u e s ,  

, j  

‘ i , j ’  
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Fig .  5. I l l u s t r a t i o n  of ne ighbor ing  f i n i t e  d i f f e r e n c e  c o n t r o l  
volumes. 

and e x t e r i o r  boundary e l emen t s  f o r  which a c a n i - s t e r  s u r f a c e  forms a por -  

t i o n  of t h e  boundary. 

Convect ive t r a n s p o r t  rates i n t o  t h e  c o n t r o l  e lement  are  determined 

by t h e  r a d i a l  and c i r c u m f e r e n t i a l  v e l o c i t i e s  u and v ,  r e s p e c t i v e l y .  The 

v e l o c i t i e s  i n  t u r n  a r e  determined by s o l u t i o n  of t h e  Navier-Stokes equa- 

t i o n s  f o r  the m e l t  zone as d i s c u s s e d  below i n  Sec t .  4.  For b r e v i t y  t h e  

i s  used i n  t h e  convec t ion  terms i n  Tab le  2 d e f i n e d  as t h e  term hi 

ave rage  e n t h a l p y  p e r  u n i t  volume i n  e lement  (i,j), :.e., 
,j 

n n  hn - - 
i , j  ' i , j e i , j  

Note from F i g .  5 t h a t  t h e  v e l o c i t i e s  are  d e f i n e d  f o r  3.ocations o f f s e t  

from t h e  node by one-half  t h e  width of t h e  volume clement .  Thus the 



v e l o c i t y ,  ui, f o r  example, convec t s  material from c e l l  ( i - 1 , j )  i n t o  

( i , j ) .  I d e a l l y  t h e  a v e r a g e  e n t h a l p y  p e r  u n i t  volume, 

, I *  i s  convected i n  t he  r - d i r e c t i o n  by the v e l o c i t y  ui 

The convec t ion  terms are  m u l t i p l i e d  by a, a s o - c a l l e d  "upwind 

parameter ,"  which i s  i n c l u d e d  t o  p rov ide  numer i ca l  s t a b i l i t y  w i t h o u t  

r e s o r t i n g  t o  p r o h i b i t i v e l y  small time s t e p s .  S i n c e  even small f lows  c a n  

c a u s e  c o n v e c t i o n  t r a n s p o r t  t o  exceed conduct ion,  s t a b i l i t y  c r i t e r i a  

based on conduc t ion  rates g e n e r a l l y  l e a d  t o  u n s u i t a b l y  l a r g e  t i m e  

s t e p s .  The upwind pa rame te r  i s  d e f i n e d  by 

Note, t h e  e f f e c t  of t h e  a d d i t i o n  of t h e  terms m u l t i p l i e d  by cc i s  t o  in- 

crease t h e  i n f l u e n c e  of t h e  upwind c o n t r o l  e lement  i n  the d e t e r m i n a t i o n  

of t h e  a v e r a g e  v a l u e  of h b e i n g  convected.  



3.  VOID EFFECTS 

3.1 P r o j e c t e d  Behavior i n  1-g and 0-g 

A u n i v e r s a l  f e a t u r e  of energy s t o r a g e  i n  t h e  l a t e n t  h e a t  of molten 

s a l t s  i s  t h e  development of vapor  v o i d s  d u r i n g  t h e  f r e e z i n g  p o r t i o n  of 

t h e  the rma l  c y c l e  due t o  t h e  g e n e r a l l y  h i g h e r  d e n s i t y  of t h e  s o l i d .  IA 

t h e  p r e s e n t  case, t h e  LiF-CalF2 e u t e c t i c  compos i t ion  i s  e s t i m a t e d  t o  have 

s o l i d  and l i q u i d  d e n s i t i e s  of 2.68 and 2.10 g/cm3, r e s p e c t i v e l y ,  s o  t h a t  

a comple t e ly  f u l l  c a n i s t e r  i n  an a l l  l i q u i d  c o n d i t i o n  would produce a 

21.6% vo id  when completely f rozen .  The p r o j e c t e d  shape and l o c a t i o n  of 

t h i s  vo id  i s  a c r i t i c a l  f a c t o r  i n  t h e  a s ses smen t  of t e m p e r a t u r e  p r o f i l e s  

i n  b o t h  t h e  s a l t  and c a n i s t e r .  

S i n c e  t h e r e  have been no i n - s i t u  o b s e r v a t i o n s  of void behav io r  

under r e a l i s t i c  h e a t  s t o r a g e  c o n d i t i o n s ,  t h e  p r o j e c t e d  behav io r  i s  

somewhat u n c e r t a i n .  However, p o s t - t e s t  o b s e r v a t i o n s  of melts i n  1-g 

g e n e r a l l y  show s i n g l e ,  l e n t i c u l a r  v o i d s  t h a t  a r e  n o t  i n c o n s i s t e n t  w i t h  

emplacement i n  t h e  h i g h e s t  v e r t i c a l  l o c a t i o n s  p e r m i t t e d  by t h e  f r e e z e -  

f r o n t  c o n f i g u r a t i o n .  5-7 There have been no e q u i v a l e n t  o b s e r v a t i o n s  f o r  

f r e e z i n g  i n  a m i c r o g r a v i t y  environment.  For  t h i s  s i t u a t i o n ,  i t  seems 

r e a s o n a b l e  t o  assume t h a t  t h e  vo id  moves s o  as t o  minimize i n t e r f a c i a l  

energy. I f  t h e  l i q u i d - s o l i d  components of t h e  i n t e r f a c i a l  energy are 

small compared wi th  t h a t  of t h e  l i qu id -vapor  s u r f a c e ,  t h i s  p r i n c i p l e  

would emplace t h e  vo id  i n  the h i g h e s t  temperature zone (where t h e  

l i qu id -vapor  s u r f a c e  energy i s  t h e  l o w e s t )  and i n  t h e  most compact s h a p e  

p e r m i t t e d  by t h e  s o l i d  boundaries  formed by t h e  f r e e z e  f r o n t  and con- 

t a i n e  r . 
T h i s  view oE void behav io r  a p p e a r s  t o  be most l i k e l y  and was 

adopted f o r  t h e  c a l c u l a t i o n s ;  however, i t  i s  c o t  w i t h o u t  some d e g r e e  of 

u n c e r t a i n t y .  Fo r  example, t es t s  p u r p o r t i n g  t o  model t h e  s o l i d i f i c a t i o n  

of metals sometime show numerous n u c l e a t i n g  s i t e s  f o r  v o i d s  o n  t h e  

f r o z e n  s u r f a c e  be ing  c a p t u r e d  by t h e  p r o g r e s s i n g  f r e e z e  f r o n t . *  T h i s  

s o r t  of behav io r  would l e a d  t o  a d i s t r i b u t e d  vo id  i n  t h e  s o l i d  and s i g -  

n i f i c a n t l y  d i f f e r e n t  (and much b e t t e r )  t he rma l  c o n d i t i o n s  i n  a h e a t  
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s t o r a g e  system. However, t h i s  behav io r  h a s  e v i d e n t l y  never  been 

r e p o r t e d  t o  occur  w i t h  mol ten  s a l t s  under  approx ima te ly  r e a l i s t i c  h e a t  

s t o r a g e  c o n d i t i o n s .  

I n  m i c r o g r a v i t y ,  t h e r e  i s  t h e  a d d i t i o n a l  u n c e r t a i n t y  invo lved  i n  

r e l y i n g  on t h e  much smaller s u r f a c e  f o r c e s  t o  p r o j e c t  vo id  behavior .  

Though movement of vo ids  towards h igh  t empera tu re  zones (hence minimum 

l iqu id -vapor  s u r f a c e  t e n s i o n  zones)  h a s  been c l e a r l y  e s t a b l i s h e d  by 

o b s e r v a t i o n 9 ,  and p h y s i c a l  p r i n c i p l e ,  t h e  magnitude of t h e  motive 

f o r c e  could  i n  sone c i r cums tances  be s i g n i f i c a n t l y  less t h a n  e s t i m a t e d  

from pure  material va lues .  For  example,  Thompson, e t  a1.I' observed  t h e  

a n t i c i p a t e d  Marangoni v e l o c i t i e s  f o r  a i r  bubbles  i n  v a r i o u s  o r g a n i c  

l i q u i d s ,  bu t  n o t  f o r  a i r  bubbles  i n  water, u n l e s s  t h e  water w a s  care- 

f u l l y  p u r i f i e d .  Thus, i t  appea r s  t h a t  s u r f a c e  t e n s i o n  f o r c e s  i n  micro- 

g r a v i t y  could  be a f f e c t e d  by small c o n c e n t r a t i o n s  of i m p u r i t i e s  i n  t h e  

m e l t .  An a d d i t i o n a l  u n c e r t a i n t y  r e l a t e s  t o  t h e  a t t r a c t i v e  f o r c e  between 

t h e  l i q u i d  and metal c o n t a i n e r  as ev idenced  by t h e  s t r o n g l y  w e t t i n g  be- 

h a v i o r  between molten s a l t  and ox ide - f r ee  metal s u r f a c e s .  I f  t h i s  were 

s i g n i f i c a n t  compared wi th  l i qu id -vapor  e f f e c t s ,  energy  min imiza t ion  

would t end  t o  e s t a b l i s h  a maximum l i q u i d - s o l i d  s u r f a c e  a r e a  (as opposed 

t o  a minimum l iqu id -vapor  s u r f a c e )  which i s  perhaps  t h e  c a u s e  of t h e  

annular -shaped  vo ids  observed  i n  NASA f u e l  t ank  tests under  some condi -  

t i o n s .  1 1  

U l t i m a t e l y ,  the thermal  model shou ld  i n c l u d e  a r a t i o n a l  vo id  

b e h a v i o r a l  model based  on estimates of t h e  r e l e v a n t  f o r c e s  which e f f e c t  

i t s  p o s i t i o n  and shape. However, i n  t h i s  i n t e r i m  phase of t h e  work, an  

ad-hoc procedure  w a s  imposed on t h e  c a l c u l a t i o n  p r e s c r i b i n g  vo id  l o c a -  

t i o n  and shape  acco rd ing  t o  t h e  r u l e s  o u t l i n e d  above. Fol lowing  each  

t i m e  s t e p ,  t h e  l i q u i d ,  s o l i d  and "mushy" f i e l d s  a r e  scanned  t o  de t e rmine  

t h e  t o t a l  condensed volume and hence,  by d i f f e r e n c e ,  t h e  t o t a l  vo id  

volume. In 1-g, t h e  e s t i m a t e d  v o i d  volume was appor t ioned  i n  t o p  down 

f a s h i o n ;  i.e., by s e l e c t i n g  t h o s e  e l emen t s  a v a i l a b l e  f o r  vo id  w i t h  max- 

imum values of ri cos 0 where ri and (3 are  the  noda l  c o o r d i n a t e s ,  

r e f e r r i n g  t h e  @ - d i r e c t i o n  t o  t h e  v e r t i c a l  and r i n c r e a s i n g  toward t h e  
j' j 
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o u t s i d e  diameter .  T h i s  p rocedure  deve lops  a n  as-f l a t - a s - p o s s i b l e  vo id  

p o s i t i o n e d  a t  a n  uppermost e l e v a t i o n .  

F o r  t h e  0-g cases, t h e  vo id  was assumed t o  be l o c a t e d  a t  t h e  p o s i -  

t i o n  of maximum h e a t  f l u x  and t o  assume a minimum s u r f a c e  t o  volume 

r a t i o  shape ,  i n  acco rd  wiLh t h e  n o t i o n  t h a t  Marangoni f o r c e s  would impel  

i t  t o  t h e  h i g h e s t  t empera tu re  l o c a t i o n  and t h e  s u r f a c e  t e n s i o n  would 

t end  t o  make i t  s p h e r i c a l .  Toward t h i s  end, a v o i d  p o s i t i o n i n g  s t r a t e g y  

w a s  adopted wherein t h e  r e q u i r e d  vo id  volume a t  each t i m e  s t e p  was 

a l l o c a t e d  beg inn ing  t h e  h i g h e s t  t empera tu re  volume element ,  i .e.,  o u t e r -  

most element a t  t h e  peak f l u x  l o c a t i o n  and p r o g r e s s i n g  inward. 

Admit tedly,  t h e s e  empir i -cal  r u l e s  f o r  v o i d  b e h a v i o r  are less t h a n  s a t i s -  

f a c t o r y  and were adopted as a n  i n t e r i m  s t e p  t o  p rov ide  a near-term 

approximation.  

3.2 Heat T r a n s f e r  Across t h e  Void 

Scoping c a l c u l a t i o n s  were performed t o  assess the r e l a t i v e  c o n t r i b -  

u t i o n s  of conduc t ion ,  r a d i a t i o n ,  and evaporation/condensation mechanisms 

t o  t h e  h e a t  t r a n s f e r  a c r o s s  t h e  void.  An i d e a l ,  s lab-shaped void was 

assumed w i t h  the h o t  boundary maintained a t  1200 K and c o l d  s u r f a c e s  

assumed t o  range from 1100 t o  1200 K. A s  s e e n  i n  Fig.  6 ,  r a d i a n t  h e a t  

exchange would range up t o  -3.4 (W/cm2) a c r o s s  t h i s  i d e a l i z e d  v o i d  f o r  

t h e  maximum AT c o n d i t i o n .  

Heat t r a n s f e r  a c r o s s  a void could a l s o  occur  by e v a p o r a t i o n  and 

condensa t ion  proceeding from t h e  h i g h e r  t o  t h e  lower t empera tu re  por- 

t i o n s  of t h e  vo id  s u r f a c e .  Precise  d e s c r i p t i o n  of such a v a r i a b l e  t e m -  

p e r a t u r e  void s u r f a c e  could be q u i t e  complex. However, a n  e s t i m a t e d  

magnitude of t h e  e f f e c t  may be o b t a i n e d  by (1) assuming a p l a n a r  vo id  

geometry w i t h  b o t h  l i q u i d  s u r f a c e  t e lnpe ra tu res  s e t  a t  a t e m p e r a t u r e ,  T2,  

co r re spond ing  void vapor  p r e s s u r e  of P 2 ,  and ( 2 )  s u b s e q u e n t l y ,  one s u r -  

f a c e  i s  assumed t o  suddenly ach ieve  a h i g h e r  t empera tu re ,  TI, c o r r e -  

sponding h i g h e r  vapor p r e s s u r e ,  P1. The r e s u l t i n g  e v a p o r a t i o n  ra te  nay 
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Fig.  6 .  Comparison of r a d i a n t ,  v a p o r i z a t i o n  and conduct ion  h e a t  
f l u x e s  a c r o s s  a p l a n a r  v o i d  w i t h  a h i g h  t empera tu re  f a c e  of 1200 K. 

r each  

4 4 . 3  
(P1 - P2) , - 

Jn - JT,.nw ( 3 . 1 )  

where t h e  numer ica l  c o n s t a n t  i s  a p p r o p r i a t e  f o r  t h e  f l u x  i n  mo1/cm2*s, 

t h e  p r e s s u r e  i n  a tmospheres  and t empera tu re  i n  Ke1vin.l2 Using vapor  

p r e s s u r e  and h e a t  of v a p o r i z a t i o n  d a t a  f o r  L iF I3  y i e l d s  t h e  e s t i m a t e d  

h e a t  f l u x e s  and s u r f a c e  v e l o c i t i e s  shown i n  Fig.  6 .  As seen ,  h e a t  

t r a n s p o r t  a c r o s s  a vo id  under  t h e s e  c o n d i t i o n s  v i a  e v a p o r a t i o n /  

condensa t ion  may be comparable t o  r a d i a n t  t r a n s p o r t  p rovided  t h e  vo id  

boundary i s  comple te ly  l i q u i d  and t h e  assumed i d e a l i z a t i o n  co r re sponds  

t o  r e a l  behavior .  Note, p r o j e c t e d  s u r f a c e  movements due t o  e v a p o r a t i o n /  

condensa t ion  a r e  q u i t e  low, on t h e  o r d e r  of cm/s, compared w i t h  

c o n v e c t i v e  v e l o c i t i e s  expec ted  from d e n s i t y  o r  s u r f a c e  t e n s i o n  g r a d i -  

e n t  s.  

Thermal conduc t ion  a c r o s s  t h e  void  may be shown t o  be i n s i g n i f i c a n t  

r e l a t i v e  t o  r a d i a t i o n  and vaporization/condensation mechanisms. An 
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estimate of t h e  v a l u e  of kth f o r  L i F ( g )  may be o b t a i n e d  by n o t i n g  t h a t  

the k i n e t i c  t h e o r y  of g a s e s  p r e d i c t s  ' t  t o  be  independent  of  p r e s s u r e  

and p r o p o r t i o n a l  t o  t h e  q u a n t i t y  - &, where T ,  m, and d a r e  respec- 

t i v e l y  t h e  t empera tu re ,  mo lecu la r  mass and molecu la r  d i ame te r .  l 4  Taking 

as a r e f e r e n c e  t h e  v a l u e  f o r  N 2 ,  which h a s  approx ima te ly  e q u a l  mo lecu la r  

mass and, assuming e q u a l  c o l l i s i o n  d i a m e t e r ,  y i e l d s  an e s t i m a t e d  k t h  f o r  

L i F ( g )  a t  1000 K of 4 . 6  X W / c m  K. Thus a vo id  t e m p e r a t u r e  g r a d i e n t  

on t h e  o r d e r  of 100 K/cm would y i e l d  a conduc t ive  h e a t  f l u x  of only 

0.046 W / c m 2 ,  s u b s t a n t i a l l y  less than  by t h e  o t h e r  mechanisms. The 

a c t u a l  conduc t ive  h e a t  f l u x  would be lower s t i l l  due t o  t h e  p re sence  of 

t h e  h e a v i e r  CaF2 molecule  i n  a d d i t i o n  t o  L i F .  

d 
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4. L I Q U I D  VELOCITY 

4.1 I n c e n t i v e  f o r  Determina t  

DETERMINATION 

on of L iqu id  V e l o c i t  . e si 
L_ 

Experiments  performed by Liu  and M e u l l e r l 5  on n a t u r a l  convec t ion  i n  

h o r i z o n t a l  a n n u l i  c o n t a i n i n g  v a r i o u s  f l u i d s  i n d i c a t e  t h a t  n a t u r a l  con- 

v e c t i o n  becomes a s i g n i f i c a n t  f a c t o r  f o r  h e a t  t r a n s f e r  r e l a t i v e  t o  con- 

d u c t i o n  a t  a Rayle igh  No. of LO3, and dominates  o v e r  conduc t ion  f o r  R a  > 
-lo5. They found t h a t  t h e  r a t i o  of t h e  e f f e c t i v e  c o n d u c t i v i t y ,  ke,  t o  

t h e  molecu la r  c o n d u c t i v i t y  t o  be g i v e n  by 

0.278 
e P r * R a  

k 

k = 0*135 (1.36 + P r )  ( 4 . 1 )  

f o r  a n n u l i  w i t h  gap wid th  t o  d i ame te r  r a t i o s  r ang ing  from 0.08 t o  3.3 

c o n t a i n l n g  a i r ,  wa te r  and s i l i c o n e  o i l  and a Ra number range  of 300 t o  

1.8 X lo7. A maximum v a l u e  f o r  t h e  argument i n  Eq. ( 4 . 1 )  of l o 5  i s  

e s t i m a t e d ,  co r re spond ing  t o  a n  e f f e c t i v e  conductance  r a t i o  of 3.3. Thus 

i n  1-g, w e  would e x p e c t  h e a t  t r a n s f e r  i n  t h e  PCFl t o  b e  accomplished p r e -  

dominant ly  by n a t u r a l  convec t ion  when approach ing  c o n d i t i o n s  n e a r i n g  

f u l l  m e l t .  

Convect ion  e f f e c t s  i n  0-g are  expec ted  t o  be mch s m a l l e r ,  though 

n o t  comple t e ly  absen t .  L iqu id  v e l o c i t i e s  i n  0-g would be d r i v e n  by s u r -  

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

t empera tu re  g r a d i e n t s .  There  i s  no c lear  i n d i c a t i o n  of  t h e  magnitude of 

such  Pfarangoni-induced convec t ion  under  t h e s e  c o n d i t i o n s ,  bu t  c a l c u l a -  

t i o n s  by Mankata and Tanasawal' f o r  r e c t a n g u l a r  c a v i t i e s  w i t h  one  f r e e  

s u r f a c e  i n d i c a t e  i t s  e f f e c t  t o  be s i g n i f i c a n t .  For  example, t h e y  

p r e d i c t  a n  e f f e c t i v e  conductance  r a t i o ,  k e / k ,  of -2 f o r  a s q u a r e  c a v l t y  

w i t h  an imposed Marangoni Yo. of 5 x l o 3 ,  which i s  a f a i r l y  t y p i c a l  

v a l u e  f o r  t h e  h e a t  s t o r a g e  c a n i s t e r  under  c o n s i d e r a t i o n ,  assuming t h e  

c o n t r a r y  c o n d i t i o n s  of n e a r  complete  m e l t i n g  and maximal void  size. 

S i n c e  v o i d  growth i n  t h e  c a n i s t e r  acconpan ies  t h e  f r e e z i n g  p r o c e s s ,  
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Marangoni-induced convec t ion  i n  0-g would be expec ted  t o  be s i g n i f i -  

c a n t l y  less t h a n  t h i s  estimate and a t t a i n  a maximum a t  some i n t e r m e d i a t e  

s t a g e  of t h e  m e l t i n g  p rocess .  

4.2 Method f o r  Determining L iqu id  V e l o c i t i e s  

Fol lowing Chor in ' s  method17 of t i m e  d i s c r e t i z a t i o n  of t h e  incon- 

p r e s s i b l e  f low Navier-Stokes e q u a t i o n ,  t h e  t ime  advanced v e l o c i t i e s  a re  

o b t a i n e d  u s i n g  a f r a c t i o n a l  s t e p  method. I n  t h i s  method t h e  v e l o c i t i e s  

are  advanced u s i n g  a n  e x p l i c i t  formula w h i l e  the p r e s s u r e  i s  t a k e n  

i m p l i c i t l y .  Taking t h e  p r e s s u r e  i m p l i c i t l y  a l l o w s  e x a c t  s a t i s f a c t i o n  of 

t h e  c o n t i n u i t y  e q u a t i o n  by t h e  v e l o c i t y  f i e l d .  

V - v  n+l - n 
n t l  n 

t grad  p - -vnograd v + d i v  T" + p f n  
A t  ( 4 . 2 )  

T h i s  may be viewed as a p r e d i c t o r  e q u a t i o n  f o r  t h e  v e l o c i t y  vn+l.  This 

e q u a t i o n  was used t o  e x p l i c i t l y  advance t h e  v e l o c i t i e s ,  n e g l e c t i n g  the 

p r e s s u r e  term. The p r e d i c t e d  v e l o c i t y  w i l l  be c a l l e d  v , and i s  g iven  
* 

by 

* n A t  n 
v = v + (r) [-vn*grad v I- d i v  T~ + p f n ]  

The remaining p o r t i o n  of t h e  t i n e  s t e p  s o l v e s  t h e  e q u a t i o n  

n+l  * 
V - v  n+ 1 + g r a d  p = 0 

A t  

( 4 . 3 )  

( 4 . 4 )  

s u b j e c t  t o  t h e  c o n t i n u i t y  r e q u i r e n e n t  of 

div(vn") = 0 . ( 4 . 5 )  

Taking the d ive rgence  of e q u a t i o n  ( 4 . 4 )  and u s i n g  ( 4 . 5 )  g i v e s  a n  equa- 

t i o n  f o r  t h e  p r e s s u r e  and a v e l o c i t y  c o r r e c t i o n  e q u a t i o n .  The p r e s s u r e  

e q u a t i o n  i s  

n + l  1 * 
d i v  g rad  p = - d i v  (PV ) . 

A t  ( 4 . 5 )  
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The v e l o c i t y  c o r r e c t i o n  e q u a t i o n  from ( 4 . 4 )  i s  s imply  

n+l g r a d  p . * A t  P V  -- n+l 
P 

V 

Details of t h e  s p a c i a l  d i s c r e t i z a t i o n  scheme are d e s c r i b e d  by Drake, 

and g e n e r a l l y  f o l l o w  t h e  s t a g g e r e d  mesh, c o n t r o l  volume of t h e  SMAC 

method' adap ted  t o  c y l i n d r i c a l  c o o r d i n a t e s .  

Boundary c o n d i t i o n s  f o r  l i q u i d  f l o w  a l o n g  t h e  permanent s o l i d  s u r -  

f a c e  f o l l o w  t h e  s t a n d a r d  no - s l ip  c o n d i t i o n  € o r  v e l o c i t y  and are a p p l i e d  

i n  t h e  u s u a l  f a s h i o n .  The t r a n s i e n t ,  s o l i d i f i c a t i o n  f r o n t  boundary,  

however, p r e s e n t s  a d i f f e r e n t  s i t u a t i o n .  Yere, t h e  e x a c t  l o c a t i o n  and 

c o n f i g u r a t i o n  of t h e  s o l i d  s u r f a c e  i s  n o t  known, i n  f a c t  i s  d e l i b e r a t e l y  

avoided.  An a p p r o p r i a t e  Navier-Stokes boundary c o n d i t i o n  procedure  i s  

r e q u i r e d  a l o n g  t h e  moving s u r f  ace c o n s i s t e n t  w i t h  t h e  "en tha lpy"  method 

p r i n c i p l e  of a v o i d i n g  e x p l i c i t  determi n a t i o n  oE t h e  s o l i d i f i c a t i o n  

f r o n t .  Such a method h a s  been proposed by Drake,18 t h e  d e t a i l s  of which 

are p r e s e n t e d  i n  a f o r t h c o n i n g  paper .  The e s sence  of Drake's method is  

t o  t rea t  each  "mushy" volume element  a s  i f  i t  were a porous bed of  known 

l i q u i d  f r a c t i o n .  I n  t h i s  boundary element  forming t h e  t r a n s i t i o n  be- 

tween l i q u i d  and s o l i d ,  t h e  r u l e s  f o r  p r e s s u r e  and v e l o c i t y  v a r i a t i o n  

a r e  a r t i r i c i a l l y  s e t  acco rd ing  t o  packed bed r e l a t i o n s  where in  t h e  bed 

p o r o s i t y  i s  a g iven  f u n c t i o n  of t h e  l i q u i d  f r a c t i o n ,  a v a l u e  t h a t  i s  

a v a i l a b l e  from t h e  e n t h a l p y  method. The t r i c k  i s  t o  f i n d  a f low equa- 

t i o n  which r educes  t o  t h e  p rope r  Navier-Stokes form i n  a f u l l y  l i q u i d  

c o n t r o l  e lement ,  y i e l d s  z e r o  v e l o c i t y  i n  a s o l i d  volume e lement ,  and 

p r o v i d e s  a t r a n s i t i o n  zone i n  t h e  mushy e lement  whPch, though a r t i f i -  

c i a l ,  n e v e r t h e l e s s  ma in ta ins  mass and momentum ba lance .  According t o  

Drake, t h i s  may be accomplished by t h e  a d d i t i o n  of a n  a r t i f f c i a l  body 

f o r c e  t o  t h e  momentum e q u a t i o n ,  such t h a t  E q .  ( 4 . 2 )  becomes 

n+l  n 
n+ 1 n+ 1 9 ( 4 . 7 )  

V - v  n 
-I- vnograd v - d i v  Tn = -grad p + p f n  

A t  

where k i s  a packed bed p e r m e a b i l i t y  acco rd ing  t o  Darcy ' s  law. This 
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e q u a t i o n  can be a p p l i e d  i n  bo th  t h e  s o l i d  and t h e  l i q u i d  provided k i s  

chosen a p p r o p r i a t e l y .  Xn t h e  l i q u i d ,  t h e  p e r m e a b i l i t y  i s  i n f i n i t e  and 

hence t h e  term does no t  c o n t r i b u t e  t o  t h e  momentum e q u a t i o n .  I n  t h e  

s o l i d  t h e  p e r m e a b i l i t y  i s  extremely small, o r  ze ro ,  and t h i s  term 

dominates a l l  o t h e r s .  The e f f e c t  of t h i s  dominat ion w i l l  be  t o  d r i v e  

t h e  v e l o c i t y  i n  a s o l i d  r e g i o n  t o  zero.  When k i s  i n  t h e  range of a 

porous media f low,  t h e  convec t ion  and d i f f u s i o n  terms w i l l  be small and 

w e  o b t a i n  t h e  Darcy's l a w  equa t ion .  Thus by v a r y i n g  t h e  p e r m e a b i l i t y  

ove r  t h e  f l u i d  domain w e  can  o b t a i n  a n  e q u a t i o n  a p p l i c a b l e  t o  t h e  e n t i r e  

region.  Th i s  mathematical  d e v i c e  i s  s t i l . 1  i n  a n  e x p e r i m e n t a l  s t a g e .  I f  

proven s a t i s f a c t o r y ,  however, i t  would p r o v i d e  a n  advan tage  f o r  v e l o c i t y  

d e t e r m i n a t i o n  of t h e  same n a t u r e  as t h e  "enthalpy" method p r o v i d e s  €o r  

t empera tu res .  That i s ,  t h e  numer i ca l  p rocedure  may sweep t h e  e n t i r e  

g r i d  w i t h o u t  e x p l i c i t l y  d e f i n i n g  t h e  f r e e z e  f r o n t  boundary. 
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5. RESULTS 

R e s u l t s  a r e  shown f o r  t h e  1-g cases i n  F i g s .  7 t h rough  14. The 

t e m p e r a t u r e  and phase maps were p l o t t e d  u s i n g  t h e  PATRAN f i n i t e  e lement  

program, which was used i n  c o n j u n c t i o n  w i t h  t h e  a s s o c i a t e d  f i n i t e  e le-  

ment stress c a l c u l a t i o n .  The t empera tu re  and phase maps (Figs .  7-12) 

are o r i e n t e d  such t h a t  t h e  g r a v i t y  body f o r c e  i s  downward; t h e  maximum 

s o l a r  h e a t  f l u x  i s  assumed t o  p r o j e c t  upward from below. T h i s  a r r a n g e -  

ment w a s  s e l e c t e d  t o  c o i n c i d e  w i t h  an e x p e r i m e n t a l  s e t u p  a t  NASA L e w i s  

Resea rch  Center .  The t e m p e r a t u r e  and phase maps i l l u s t r a t e  c o n d i t l o n s  

(1) a t  s u n r i s e  ( t  = O ) ,  t h e  lowes t  t he rma l  ene rgy  c o n d i t i o n ,  ( 2 )  a t  t = 

30 min which i s  a n  i n t e r m e d i a t e  t empera tu re  d u r i n g  t h e  h e a t i n g  phase,  

and ( 3 )  a t  t = 50 min, which i s  abou t  5 min b e f o r e  s u n s e t ,  n e a r i n g  the 

maximum energy c o n t e n t  c o n d i t i o n .  

F i g u r e s  7 and 8 i l l u s t r a t e  t h e  t e m p e r a t u r e  and phase l o c a t i o n  s i t u -  

a t i o n  a t  s u n r i s e .  A s  s e e n  from Fig.  2 ,  the time of s u n r i s e  f o l l o w s  a 

p e r i o d  of -30 min i n  which t h e  c a n i s t e r  e x p e r i e n c e s  a n e t  outward 

r a d i a n t  f l u x  a t  t h e  o u t e r  boundary; i.e., t h e  c a n i s t e r  i s  c o o l e d  a t  b o t h  

the i n n e r  and o u t e r  surfaces d u r i n g  t h i s  per iod.  Hence, t h e  maximum 

tempera tu re  t e n d s  t o  occur  i n  t h e  i n t e r i o r  p o r t i o n ,  as i n d i c a t e d  i n  

F ig .  7 ,  co r r e spond ing  t o  t h e  i n t e r i o r  "mushy" zone  s e e n  i n  Fig.  8. 

F i g u r e  p a i r s  9/10 and 1 1 / 1 2  refer t o  c y c l e  times of  30 and 50 min, 

r e s p e c t i v e l y ,  which are  i n  t h e  h e a t i n g  p o r t i o n  of t h e  cyc le .  The t r e n d  

h e r e  i s  toward h i g h e r  t e m p e r a t u r e s ,  i n c r e a s e d  m e l t i n g  and d imin i shed  

vo id  volume. F i g u r e s  9 and 11 i l l u s t r a t e  t h e  unexpected f e a t u r e  t h a t  

t h e  maximum tempera tu res  are found a t  t h e  t o p  o f  t h e  c a n i s t e r  d e s p i t e  

t h e  f a c t  t h a t  t h e  maximum h e a t  f l u x  o c c u r s  a t  t h e  bottom. The cause  of 

t h i s  behav io r  is t h e  f low d r i v e n  by t h e  1-g body f o r c e  c o n v e c t i n g  h o t  

f l u i d  from t h e  high h e a t  f l u x  zone. The f low p a t t e r n  observed by view- 

i n g  v e l o c i t y  maps from c o n s e c u t i v e  t ime inc remen t s  i s  c y c l i c  i n  n a t u r e ,  

w i t h  about  a 30 s e c  p e r i o d ,  i n v o l v i n g  a l t e r n a t e l y  a clockwise and 

coun te rc lockwise  f l o w  p a t t e r n .  A t  a t i m e  n e a r  sundown, F igs .  11 and 1 2 ,  

v i r t u a l l y  a l l  t empera tu res  exceed t h e  m e l t i n g  p o i n t  of 1040 K e x c e p t  f o r  
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F i g .  7. Tempera tu re  c o n t o u r s  - 1-g, sunrise (t = 0).  
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Fig .  8. Phase map - 1-g, s u n r i s e  (t = 0). 
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Fig .  9. Temperature c o n t o u r s  - 1-g, t -r 30 min. 
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Fig .  10. Phase map - 1-g, t = 30 min. 
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Fig. 11. Tempera ture  c o n t o u r s  - 1-g, t = 50 min. 
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Fig .  12. Phase map - 1-5, t = 50 min. 
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Fig. 13. Min-max temperature history, 1-g. 
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Fig. 1 4 ,  Ilaximum U-V velocity h i s t o r y ,  1-g. 



a small 2-phase r e g i o n  o c c u r r i n g  n e a r  t h e  midplane. A t  t h i s  time, max- 

imum tempera tu res  r e a c h  1105 K ,  w e l l  above t h e  m e l t i n g  t empera tu re .  

Minimum and maximum tempera tu res  are  p l o t t e d  i n  F ig .  1 3  f o r  t h e  1-g 

cases. I n  g e n e r a l ,  maximum tempera tu res  occur  i n  t h e  upper  p o r t i o n  of 

t h e  c a n i s t e r ;  minimum tempera tu re  t end  t o  occur  n e a r  t h e  H e  t u b e  and i n  

t h e  lower p o r t i o n s  of t h e  c a n i s t e r .  It i s  noteworthy t h a t  a t empera tu re  

range of up t o  65 K may occur  w i t h i n  t h e  c a n i s t e r  nea r  t h e  end of t h e  

h e a t i n g  cyc le .  F i g u r e  14 shows t h a t  l i q u i d  v e l o c i t i e s  of up t o  3 c m / s  

may appear  b r i e f l y  a t  a t i m e  app roach ing  s u n s e t  when t h e  e x t e n t  of t h e  

l i q u i d  regime and t h e  s o l a r  f l u x  a r e  a t  t h e i r  peak. 

F i g u r e s  15 through 22 i l l u s t r a t e  t h e  s i t u a t i o n  f o r  t h e  0-g case. 

The o r i e n t a t i o n  of t h e  t empera tu re  and phase maps f o r  t h i s  c a s e  i s  such  

t h a t  t h e  maximum h e a t  f l u x  i s  assumed t o  occur  a t  t h e  t o p ,  o p p o s i t e  from 

t h e  1-g case. The p r i n c i p a l  d i f f e r e n c e s  r e l a t i v e  t o  1-g a r e  due t o  t h e  

absence of g r a v i t y - d r i v e n  l i q u i d  f lows and t h e  l o c a t i o n  of t h e  vo id  i n  

t h e  r e g i o n  of maximum h e a t  f l u x .  F igu re  p a i r s  15/16, 17/18, and 19/20 

i l l u s t r a t e  t h e  temperature and phase f i e l d s  a t  s i i n r i s e  ( t  = 0) and a t  

two times d u r i n g  t h e  h e a t i n g  c y c l e ,  a t  t = 30 and 50min, the l a s t  time 

n e a r i n g  t h e  s u n s e t  cond i t ion .  The absence of g r a v i t y  causes  a cl .ear ly  

a l t e r e d  behavior .  Lower maximum v e l o c i t i e s  a r e  ach ieved  as  a r e s u l t  of  

t h e  smaller i n f l u e n c e  of s u r f a c e  t e n s i o n  v a r i a t i o n  a l o n g  t h e  vo id  rela- 

t i v e  t o  d e n s i t y - d r i v e n  flow i n  1-g. Comparison of F igs .  14 and 2 2  

i l l u s t r a t e s  t h a t  maximum v e l o c i t i e s  i n  1-g may r each  3 cm/s b r i e f l y  a t  

s u n s e t ,  compared wi th  only  0.5 cm/s f o r  t h e  0-g case. As a r e s u l t ,  

t he rma l  convec t ion  i s  lower i n  0-g which, combined w i t h  t h e  l o c a t i o n  of 

t h e  maximum h e a t  zone o p p o s i t e  t h e  v o i d ,  g e n e r a t e s  n o r e  extreme tempera- 

t u r e s  compared w i t h  t h e  1-g case.  Maximum t e m p e r a t u r e s  r each  1150 K, 

-40 K h i g h e r  t han  i n  1-g, and h i g h  t e m p e r a t u r e s  i n  t h e  range of 1100 K 

t end  t o  p e r s i s t  f o r  l o n g e r  p e r i o d s  OS time, as  s e e n  from t h e  comparison 

of F i g s .  13 and 21.  However, comparison of t h e  c o r r e s p o n d i n g  phase  maps 

i n  1-g and 0-8 show q u i t e  s i m i l a r  p a t t e r n s  of l i q u i d ,  s o l i d ,  mushy, and 

vo id  f i e l . d s  f o r  t h e  t w o  c a s e s .  
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F i g .  15. Temperature contours  - 0-g, sunrise  (t = 0). 
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ORNL-DWG 87-4570 ETD 

Fig. 16, Phase map - 0-g,  sunrise (t = 0) 
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Fig. 17. Temperature c o n t o u r s  - 0-g, t = 30 min. 
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ORNL--.DWG 87-4572 ETD 

F t g .  18. Phase  map - 0-g, t = 30 min. 
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ORNL-DWG 87-4574 ETD 

F i g .  20.  Phase map - 0 - g ,  t = 50 min ( s u n s e t ) .  
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6. CLOSING 

Th i s  f i r s t  phase of a the rma l  a n a l y s i s  of h e a t  s t o r a g e  c a n i s t e r s  

used  i n  r e c e i v e r s  a s s o c i a t e d  w i t h  s o l a r  dynamic power systems w a s  

d i r e c t e d  toward a n  e a r l y  i d e n t i f i c a t i o n  of  t h e  vapor  v o i d  e f f e c t s  on 

the rma l  p r o f i l e s ,  and p a r t i c u l a r l y  t h e  d e t e r m i n a t i o n  of any p o t e n t i a l  

major 0-g e f f e c t s .  It was found t h a t  t h e r e  could  ve ry  w e l l  be s i g n i f i -  

c a n t  d i f f e r e n c e s  i n  the rma l  behav io r  i n  0-g r e l a t i v e  t o  I-g as a r e s u l t  

of d i f f e r e n c e s  i n  both  vo id  behav io r  and t h e  absence  of  bouyancy d r i v e n  

c o n v e c t i o n  i n  0-g. Recogni t ion  of t h e s e  d i f f e r e n c e s  could  perhaps  l e a d  

t o  ground t e s t  d e s i g n s  which a t  least  t e n d  t o  minimize t h e  d i f f e r -  

ences .  Whereas vapor  vo ids  i n  I-g would l i k e l y  be narrow, lens-shaped 

volumes l o c a t e d  a long  t h e  h i g h e s t  e l e v a t i o n  s u r f a c e  p e r m i t t e d  by t h e  

s o l i d i f i c a t i o n  f r o n t ,  vo ids  developed i n  0-g would t end  t o  mig ra t e  t o  

t h e  r e g i o n  of h i g h e s t  t empera tu re  and assume a s p h e r i c a l  shape  as pe r -  

m i t t e d  by t h e  p re sence  of s o l i d  boundar ies .  Radiant  and e v a p o r a t i v e  

h e a t  t r a n s p o r t  may assume comparable impor tance  f o r  f l u o r i d e  s a l t  v o i d s  

a t  t h e s e  t e u p e r a t u r e  l e v e l s ,  w h i l e  h e a t  conduct ion  a c r o s s  t h e  vo id  

a p p e a r s  t o  be much less  s i g n i f i c a n t .  

The f o l l o w i n g  phenomena were inc luded  i n  t h e  a n a l y s i s :  t he rma l  

conduc t ion  i n  t h e  c a n i s t e r  and b o t h  s o l i d  and l i q u i d  s a l t ,  t he rma l  con- 

v e c t i o n  i n  t h e  l i q u i d  s a l t ,  vo id  shape  and l o c a t i o n  by means of an 

improvised procedure ,  r a d i a n t  h e a t  t r a n s f e r  a c r o s s  t h e  v o i d ,  and t h e  

movement of t h e  s o l i d i f i c a t i o n  f r o n t ,  a l l  s u b j e c t  t o  t r a n s i e n t ,  

8-dependent boundary c o n d i t i o n s .  The i n t e r p l a y  between t h e s e  e f f e c t s  i s  

o f t e n  d i f f i c u l t  t o  p r e d i c t  but  appea r s  t o  y i e l d  t empera tu re  p a t t e r n s  

t h a t  a r e  more complex than  t h o s e  of less d e t a i l e d  t r e a t m e n t s .  As a 

consequence,  a more r e a l i s t i c  a p p r a i s a l  i s  o b t a i n e d  of t he rma l  stresses 

i n  t h e  c a n i s t e r  and hence a l s o  a more r e a l i s t i c  a p p r a i s a l  of  p r o j e c t e d  

d e s i g n  l i f e t i m e s .  

A number of approximat lons  were made a t  t h i s  s t a g e  of t h e  work 

which h o p e f u l l y  w i l l  be e l i m i n a t e d  i n  the  c o u r s e  of a development e f f o r t  

w i t h i n  NASA's Advanced S o l a r  Dynamic Program. A two-dimensional c y l i n -  

d r i c a l  c o o r d i n a t e s  approach as d e s c r i b e d  h e r e  was deemed t o  be  a n  
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e s s e n t i a l  development s t e p  d e s p i t e  t h e  r e c o g n i t i o n  t h a t  t he  p h y s i c a l  

s i t u a t i o n  i s  s t r o n g l y  th ree -d imens iona l .  Heat flow i n  t h e  c a n i s t e r ,  

p a r t i c u l a r l y  t h e  r a d i a l  s i d e w a l l s ,  and void shape and l o c a t i o n  ca l l  f o r  

t r e a t m e n t  i n  t h r e e  dimensions.  Two d imens iona l  t r e a t m e n t  of t h e s e  

a s p e c t s  e n t a i l s  some u n c e r t a i n  compromises w i t h  a c t u a l  behavior .  A t  the 

p r e s e n t  t i m e ,  w e  a r e  a t t e m p t i n g  t o  perform t h e  a n a l y s i s  i n  t h r e e  dimen- 

s i o n a l  c y l i n d r i c a l  c o o r d i n a t e s  i n  c o n j u n c t i o n  w i t h  a more s a t i s f a c t o r y  

method f o r  p r e d i c t i n g  vo id  s h a p e  and l o c a t i o n .  
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7. NOMENCLATURE 

e 

E 

h 

OH 

J 

k 

ke 

M" 

m 

P 

P r  

q 

r 

Ra 

T 

t 

U 

U 

V 

V 

a v e r a g e  s p e c i f i c  e n t h a l p y  i n  c o n t r o l  volume, J / g  

e n t h a l p y  i n  c o n t r o l  volume, J 

ave rage  v o l u m e t r i c  e n t h a l p y  i n  c o n t r o l  e l emen t ,  J/cm3 

heat of f u s i o n ,  J / g  

molar f l u x ,  mol/cmZ*sec 

the rma l  c o n d u c t i v i t y  

e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  

molecu la r  we igh t  

p r e s s u r e  

P r a n d t l  no. 

h e a t  f l u x ,  W/cm2 

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

Ray le igh  no. 

temp era t u r e  

c y c l e  t i m e  from s u n r i s e  

r-ve 1 oc i t y 

0 -ve loc i ty  

s p e c i f  i c  volume 

c o n t r o l  e l emen t  volume 

S u b s c r i p t s  

i r - c o o r d i n a t e  

j @-coord ina te  

m mean v a l u e  or melt t empera tu re  

Supers  c r i  p t s 

S s o l i d  

L l i q u i d  

m mushy zone 
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Greek Symbols 

a flow s t a b i l i t y  pa rame te r  

P d e n s i t y  

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