
of 



8 



E n g i n e e r i n g  Technology Division 

TRANSIENT THERMAL ANALYSIS OF THREE LATENT HEAT 
STORAGE CONFIGURATIONS FOR RAPID THERMAL CHARGING 

T h e r e s e  K. Stovall 

D a t e  Publ i shed  - May 1988 

P r e p a r e d  by t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, T e n n e s s e e  37831 
operated by 

f o r  t h e  
U.S. DEPARTMENT OF ENERGY 

under C o n t r a c t  No. DE-AC05-840R21400  

MARTIN MARIETTA ENERGY SYSTEMS 5 I N C  

3 4 4 5 6  0 2 7 5 3 4 9  2 





iii 

TABLE OF CONTENTS 

Page . 
V LIST OF FIGURES ................................................. 

LIST OF TABLES .................................................. V i  

NOMENCLATURE .................................................... v i i  

ABSTRACT ........................................................ X i i i  

1.1 P r o j e c t  Purpose 1 

ACKNOWLEDGMENTS ................................................. x i  

1 . INTRODUCTION ................................................ 1 

........................................ 
1.2 Problem D e f i n i t i o n  ..................................... 2 

1.3 L i t e r a t u r e  Review ...................................... 5 

2 . PRELIMINARY C O N F I G U R A T I O N  SELECTION ......................... 10 

2.1 Approximate Model f o r  t h e  Phase Change 
Material Region ........................................ 10 

2.2 Approximate Model f o r  t h e  Liquid Metal Region .......... 1 4  

2.3 Coupling t h e  Liquid  Metal and Phase Change Material 
Approximate S o l u t i o n s  .................................. 15 

3 . FINITE DIFFERENCE SOLUTION .................................. 18 

3.1 Background ............................................. 18 

3.2 F i n i t e  D i f f e r e n c e  Grid D e f i n i t i o n  and S o l u t i o n  ......... 22 

3.3 Computer Code C o n s i d e r a t i o n s  ........................... 2 7  

3.3.1 Computer code s t a b i l i t y  ......................... 27  
3.3.2 Computer code development ....................... 32 

3 . 4  Enhanced C o n f i g u r a t i o n s  ................................ 34 

4 . RESULTS ..................................................... 38 

4.1 Unenhanced System C o n f i g u r a t i o n s  ....................... 38 

4.2 Enhanced System Comparisons ............................ 42 

4.3 A l t e r n a t i v e  Bases f o r  Comparison ....................... 54 

5 . CONCLUSIONS AND RECOMMENDATIONS ............................. 57 

L I S T  OF REFERENCES .............................................. 58 





V 

LIST OF FIGURES 

Page 

1.1 

1.2 

2.1 

2.2 

3.1 

3.2 

3.3 

3 .4  

3.5 

3.6  

3 . 7  

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4 . 9  

4.10 

4.11 

4.12 

System Schematic ........................................ 
Approximate Plodel of t h e  PCM Region ..................... Model Schematic ......................................... 
Flow Chart  f o r  Approximate S o l u t i o n  Computer Code ....... 
F i n i t e  D i f f e r e n c e  Element Grid .......................... 
PCM Node Energy Balance ................................. 
I n f l u e n c e  of Time-Step S i z e  on t h e  S t a b i l i t y  of 
t h e  I m p l i c i t  S o l u t i o n  ................................... 
E f f e c t  of Element S i z e  on PCM Dimensionless 
Temperature P r o f i l e  ..................................... 
E f f e c t  of Element S i z e  on T e s t  Dura t ion  (Fo)  
and Energy S t o r a g e  (e*)  ................................. 
Flow Chart  f o r  F l n i t e  D i f f e r e n c e  Computer Code .......... 
LIH Hydrogen P r e s s u r e  i s  Lowered by t h e  Addit ion 
of Liquid Li thium ....................................... 
Energy Stored  p e r  Tube vs Number of PCM t u b e s  ........... 
E f f e c t  of Enhancements on Test  D u r a t i o n s  ................ 
E f f e c t  of Enhancements on T o t a l  Energy Storage  .......... 
E f f e c t  o f  Enhancements on System Energy Dens i ty  ......... 
System Energy Dens i ty  vs T o t a l  Energy Stored 
f o r  Enhanced Systems .................................... 
Phase -Change Front  Pos i t  ions f o r  R e t i c u l a t e d  
Nicke l  Enhancements ..................................... 
Phase-Change Front  P o s i t i o n s  f o r  Liquid Li thium 
Enhancements ............................................ 
Phase-Change Front  P o s i t i o n s  f o r  304SS Thin 
F i n  Enhancements ........................................ 
Nondimensional T i m e  Response of C e n t r a l  PCPl 
Node f o r  Enhanced C o n f i g u r a t i o n s  ........................ 
Temperature Response of C e n t r a l  PCM Node f o r  
Systems Enhanced With R e t i c u l a t e d  Nickel  ................ 
Temperature Response of C e n t r a l  PCM Node f o r  
Systems Enhanced With 3 0 4 S S  Thin F i n s  ................... 
Temperature Response o f  C e n t r a l  PCM Node f o r  
Systems Enhanced With Liquid  Li thium .................... 

3 

5 

11 

17 

22 

2 4  

2 9  

30 

31 

33 

37 

40 

43  

44  

45 

46 

47 

49 

SO 

51 

52 

53 

53 





v i i  

LIST OF TABLES 

Table  

1 . 1  

1 . 2  

2 . 1  

3 . 1  

3 . 2  

3 .3  

4 . 1  

4.2 

4 . 3  

M a t e r i a l  P r o p e r t i e s  ...................................... 4 

R e l a t i o n s h i p s  f o r  Flow Through Annuli .................... 7 
Nusse l t  Numbers and Wall and Bulk Temperature 

P r e l i m i n a r y  System Parameters  Based on  Approximate 
Ana lys i s  ................................................. 1 7  

F i n i t e  D i f f e r e n c e  Areas and Volumes ...................... 2 3  

A p p l i c a t i o n  of Energy Balance Equat ion  f o r  Each 
F i n i t e  D i f f e r e n c e  Node ................................... 25 

Enhancement E la t e r i a l  P r o p e r t i e s  .......................... 36 

System C o n f i g u r a t i o n s  Based on F i n i t e  D i f f e r e n c e  
Ana lys i s  ................................................. 39 

Performance Summary of Enhanced Systems .................. 48 

Systems .................................................. 5 5  
A l t e r n a t i v e  Performance Summary of Enhanced 





i x  

NOMENCLATURE 

A 

AC 

A p i n  

Apout 

cc 

P 

R 

C 

C 

cS 

dh 

E 

Fo 

h 

i 

i* 

k 

S 

kt 

ks 

kw 

L 

Lf 

M 

m 

a r e a ,  m2 

area of f i n i t e  d i f f e r e n c e  g r i d  e lement  f a c e  p e r p e n d i c u l a r  t o  

c y l i n d e r  a x i s ,  m2 

a r e a  of f i n i t e  d i f f e r e n c e  g r i d  e lement  f a c e  p a r a l l e l  t o  c y l i n d e r  

a x i s  and c l o s e s t  t o  c e n t e r  of c y l i n d e r ,  m2 

area of f i n i t e  d i f f e r e n c e  g r i d  e lement  f a c e  p a r a l l e l  t o  c y l i n d e r  

a x i s  and f a r t h e s t  f rom c e n t e r  of c y l i n d e r ,  m2 

thermal  d i f f u s i v i t y ,  m 2 / s  

s p e c i f i c  h e a t ,  J/g-'K 

s p e c i f i c  h e a t  ( l i q u i d )  J/g-"K 

s p e c i f i c  h e a t  ( s o l i d )  J/g-"K 

h y d r a u l i c  d i a m e t e r ,  2(Rf - Ro) 
i n t e r n a l  energy ,  J /g  

F o u r i e r  number, ar/R2 

h e a t  t r a n s f e r  c o e f f i c i e n t  , W/m* - O K  

e n t h a l p y ,  J/g 

e n t h a l p y  i n  t h e  s o l i d  s a t u r a t e d  s t a t e ,  J /g  

thermal  c o n d u c t i v i t y ,  W/m-"K 

thermal  c o n d u c t i v i t y  ( l i q u i d ) ,  W/m-"K 

thermal  c o n d u c t i v i t y  (solid), W/m-"K 

t u b e  wall thermal  c o n d u c t i v i t y ,  W/m-OK 

l e n g t h  of PCM c y l i n d e r ,  m 

l a t e n t  heat of f u s i o n ,  J/g 

number of r a d i a l  d i v i s i o n s  i n  f i n i t e  d i f f e r e n c e  g r i d  

f low rate  of l i q u i d  metal, g / s  



X 

N 

NPIPES 

Nux 

PCM 

Pe 

Pr 

r 

R e  

Rf 

P 

S t e  

T 

T 

d 
T 

T i n  

T i n i t  

Tout  

Tm 

tw 

U 

number of a x i a l  d i v i s i o n s  i n  f i n i t e  d i f f e r e n c e  g r i d  

number of PCM c y l i n d e r s  

Nusse l t  number, hx/k 

phase change material  

Peeler number, VL/a 

P r a n d t l  number, p*cp/k 

thermal  energy f low,  J/s 

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

r a d i a l  p o s i t i o n  of t h e  phase change f r o n t ,  m 

Reynolds number vx/v 

r a d i u s  of l i q u i d  metal boundary, m 

d e n s i t y  

r a d i u s  of PCM c y l i n d e r ,  m 

S t e f a n  number, cs (Tm - Tinit)/Lf,  d imens ion le s s  

t empera tu re ,  OK 

t i m e  , seconds  

t e s t  d u r a t i o n ,  seconds 

average  of maximum i n l e t  and o u t l e t  l i q u i d  metal t empera tu res ,  

OK 

maximum i n l e t  t empera ture  of l i q u i d  metal, OK 

i n i t i a l  t empera tu re ,  O K  

maximum o u t l e t  t empera tu re  of l i q u i d  me ta l ,  OK 

mel t ing  t empera tu re  of PCM, O K  

w a l l  t h i c k n e s s ,  m 

Kirchoff  tempera ture ,  d e f i n e d  i n  Sec t .  3.1 



X i  

volume, m 3 V 

thermal  l o a d ,  W 

X volume f r a c t i o n  of enhancement m a t e r i a l  added t o  PCM 

z axia l  c o o r d i n a t e ,  m 

9 dimens ionless  e n t h a l p y ,  d e f i n e d  i n  Sect. 3.1 

e* d imens ionless  energy s t o r a g e ,  d e f i n e d  i n  Sec t .  3 . 1  

9 dimens ionless  t e m p e r a t u r e ,  d e f i n e d  in Sect. 3.1 





x i i i  

ACKNOWLEDGMENTS 

I would l i k e  t o  thank my p r o j e c t  s p o n s o r ,  Mltch Olszewski ,  f o r  

t h e  o p p o r t u n i t y  t o  d o  t h i s  work and my major p r o f e s s o r ,  Rao A r i m i l l i ,  

f o r  h i s  many hours  of review and s u g g e s t i o n .  I would a l s o  l i k e  t o  

thank  my o t h e r  a d v i s o r y  committee members, P r o f s .  Parang and Keshock, 

f o r  t h e i r  h e l p f u l  comments. Two t y p i s t s ,  Lynn Crawley and Debbie 

Mi lsap ,  and t h r e e  g r a p h i c  a r t i s t s ;  Shawna P a r r o t ,  Margaret  Eckerd,  and 

Vicki  Beets,  helped m e  t o  g e n e r a t e  t h i s  paper i n  a v e r y  s h o r t  t i m e  

frame. Most i m p o r t a n t l y ,  I would l i k e  t o  thank my husband, John 

S t o v a l l ,  who took care of t h e  c h i l d r e n  s o  I could complete t h i s  work. 





xv 

ABSTRACT 

A space-based thermal  s t o r a g e  a p p l i c a t i o n  must a c c e p t  l a r g e  

q u a n t i t i e s  of h e a t  i n  a s h o r t  p e r i o d  of t i m e  a t  a n  e l e v a t e d  temper- 

a t u r e .  An approximate model of a l i t h i u m  hydr ide  phase change energy  

s t o r a g e  system was used t o  estimate r e a s o n a b l e  p h y s i c a l  dimensions f o r  

t h i s  a p p l i c a t i o n  which i n c l u d e d  t h e  use  of a l i q u i d  metal h e a t  

t r a n s f e r  f l u i d .  A f i n i t e  d i f f e r e n c e  computer code was developed and 

used t o  e v a l u a t e  t h r e e  methods of enhancing h e a t  t r a n s f e r  i n  t h e  PCM 

energy s t o r a g e  system. None of t h e s e  t h r e e  methods, i n s e r t i n g  t h i n  

f i n s ,  r e t i c u l a t e d  n i c k e l ,  or l i q u i d  l i t h i u m ,  improved t h e  system per -  

formance by a s i g n i f i c a n t l y  l a r g e  amount. The use  of a 95% v o i d  frac- 

t i o n  r e t i c u l a t e d  n i c k e l  i n s e r t  was found t o  i n c r e a s e  t h e  s t o r a g e  

c a p a c i t y  of t h e  system s l i g h t l y  w i t h  a small d e c r e a s e  i n  t h e  system 

energy d e n s i t y .  The a d d i t i o n  of 10% l i q u i d  l i t h i u m  was found t o  cause  

minor i n c r e a s e s  i n  b o t h  s t o r a g e  d e n s i t y  and s t o r a g e  c a p a c i t y  w i t h  t h e  

added b e n e f i t  of reducing  t h e  hydrogen p r e s s u r e  of t h e  l i t h i u m  

h y d r i d e  . 





1. INTRODUCTION 

1.1 P r o j e c t  Purpose 

A space-based power system a p p l i c a t i o n  r e q u i r e s  a l a r g e  amount of 

h e a t  r e j e c t i o n  from a power c y c l e  i n  a s h o r t  p e r i o d  of t i m e .  One pro- 

posed s o l u t i o n  i s  t o  u s e  a phase change thermal  energy s t o r a g e  system 

t o  absorb  the  r e j e c t e d  h e a t  and t h e n  r e l e a s e  i t  t o  space  over a l o n g e r  

p e r i o d  of t i m e .  The b a s i c  arrangement of t h e  proposed s t o r a g e  s y s t e m  

c o n s i s t s  of a c y l i n d r i c a l  tube f i l l e d  wi th  a phase change m a t e r i a l  

w i t h  a h igh  m e l t i n g  tempera ture  surrounded by a n  a n n u l a r  r e g i o n  con- 

t a i n i n g  t h e  l i q u i d  metal h e a t  t r a n s p o r t  f l u i d .  Li thium hydr ide  i s  t h e  

p r e f e r r e d  thermal  energy s t o r a g e  medium because of i t s  h i g h  l a t e n t  

h e a t  and thermal  c o n d u c t i v i t y  and because i t s  m e l t  t empera ture  matches 

t h e  needs of t h e  a p p l i c a t i o n  w e l l .  

S i m i l a r  systems have been nodeled i n  t h e  p a s t .  However, t h e  

s h o r t  t i m e  c o n s t r a i n t s  f o r  t h i s  a p p l i c a t i o n ,  coupled w i t h  t h e  poor 

thermal  d i f f u s i v l t y  of t h e  medium, have l e d  t o  t h e  c o n s i d e r a t i o n  of 

t h r e e  h e a t  t r a n s f e r  enhancements. The enhancements cons idered  

i n c l u d e :  1) t h e  a d d i t i o n  of t h i n  f i n s ,  2 )  t h e  i n s e r t i o n  of a s o l i d  

l a t t i c e  of r e t i c u l a t e d  n i c k e l ,  and 3 )  t h e  a d d i t i o n  of a molten meta l  

t o  a l i k e  meta l  s a l t  ( l i t h i u m  and l i t h i u m  h y d r i d e ) .  I n  t h i s  t h i r d  

enhanced system, t h e  meta l  is always a l i q u i d  and t h e  s a l t  melts and 

f r e e z e s ,  forming a s l u s h - l i k e  m a t e r i a l .  The r e t i c u l a t e d  n j c k e l  la t -  

t i c e  i s  s i m i l a r  t o  a s t ee l  wool pad i n s e r t e d  i n t o  t h e  PCM t u b e  b e f o r e  

t h e  PCM m a t e r i a l  i s  poured i n .  
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This  r e s e a r c h  is  p a r t  of a larger e f f o r t  w i t h  o t h e r  r e s e a r c h e r s  

i n v e s t i g a t i n g  two r e l a t e d  areas. The f i r s t  i s  t h e  format ion  of vo ids  

w i t h i n  the phase  change medium caused by changes i n  d e n s i t y  (assumed 

cons t an t  i n  t h e  p r e s e n t  s tudy)  and t h e  i n f l u e n c e  of a g r a v i t y - f r e e  

environment on t h e  l o c a t i o n  of such voids .  The second i s  t h e  per -  

formance of a packed bed of encapsu la t ed  phase change material. 

The primary focus  of t h i s  p r o j e c t  i s  t o  d e f i n e  a b a s e l i n e  l a t e n t  

thermal  energy s t o r a g e  system and compare i ts  performance t o  three 

enhanced l a t e n t  thermal  energy s t o r a g e  systems.  An e x i s t i n g  computer 

code w a s  s u b s t a n t i a l l y  modif ied t o  r e f l e c t  t h e  requi rements  of t h i s  

t a s k .  Chapter  2 d e s c r i b e s  an  approximate a n a l y s i s  t h a t  was used t o  

estimate f e a s i b l e  system c o n f i g u r a t i o n s .  I n  Chap. 3,  t h e  computer 

model of t h e  system i s  d e s c r i b e d  and t h e  r e s u l t s  f o r  t h e  enhanced 

systems are compared i n  Chap. 4 .  The conc lus ions  from t h i s  comparison 

and recommendations f o r  f u t u r e  s tudy  are p resen ted  i n  Chap. 5. 

1 .2  Problem D e f i n i t i o n  

A t  t h i s  t i n e ,  t h e  energy s t o r a g e  requi rements  f o r  t h e  a p p l i c a t i o n  

have been only t e n t a t i v e l y  d e f i n e d  and are s u b j e c t  t o  change. The  

power sou rce  may range i n  s i z e  from 10 to 5,000 MW and may o p e r a t e  

over a t i m e  pe r iod  of 200 t o  1,500 seconds 111. For t h i s  s t u d y ,  a 

thermal  s t o r a g e  system was sought  t o  a c c e p t  t h e  r e j e c t e d  h e a t  from a 

c o n s t a n t  power source  of 250 MWe (genera ted  wi th  a thermal  e f f i c i e n c y  

of 25%) f o r  an  o p e r a t i o n a l  p e r i o d  between 900 and 1000 seconds.  The 

thermal  energy t h a t  must be s t o r e d  i s  t h e r e f o r e  approximate ly  
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7.5 x 10” J. 

f i l l e d  w i t h  PCM t h a t  r e c e i v e s  t h e  r e j e c t e d  h e a t  from h o t  l i q u i d  metal 

f lowing on t h e  s h e l l  s i d e ,  see Fig.  1.1. The maximum tube  l e n g t h  p e r -  

m i t t e d  is  about  5 n. The maximum a l l o w a b l e  l l q u i d  m e t a l  t empera ture  

l e a v i n g  t h e  P a l  s t o r a g e  system i s  llOO°K and t h e  maximum i n l e t  l i q u i d  

metal t e m p e r a t u r e  i s  1200°K. The i n i t i a l  t empera ture  of t h e  PCFl sys-  

t e m  i s  700°K. The t u b e  w a l l s  a r e  made of 304SS w i t h  a t u b e  w a l l  

t h i c k n e s s  of about  1.27E-4 a (0.005 in.) [ 2 ] .  The p r o p e r t i e s  of t h e  

l i q u i d  metal, tube  w a l l ,  and PCM are shown i n  Table 1.1. 

The s t o r a g e  sys tem i s  composed of a system of t u b e s  

An i n d i v i d u a l  PCM c y l i n d e r  surrounded by l i q u i d  meta l  i s  modeled 

f o r  t h i s  a n a l y s i s ,  see F i g .  1.2. The PCM c y l i n d e r s  a r e  r a d i a l l y  sym- 

metric w i t h  i n s u l a t e d  ends.  The o u t e r  boundary of t h e  l i q u i d  meta l  

a n n u l a r  volume is  assumed t o  be a d i a b a t i c  by symmetry. Dwyer pre-  

s e n t e d  a f u l l  d i s c u s s i o n  on t h e  u s e  of such  an e q u i v a l e n t  c i r c u l a r  

DRNL--DWG 88-3968 ETD 

Q LOAD ( P  R ESC R I BED C 0 N STA N T) 

LA .TED 

Fig. 1.1. System Schematic.  
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Table  1.1, Material 
P r o p e r t i e s  

P rope r ty  Value 

Liquid  metala 

k 28.9 W/m-OK 

1.043 J/g-OK 
P 

C 

P 7.401 x 105 g / m 3  

u 0.161 g/m-s 

b Lithium h y d r i d e  

PC 5.5 x 105 g/m3 

k ( s o l i d )  4.18 W/m°K 

k ( l i q u i d )  2.51 W/m°K 

c ( s o l i d )  8 .33  J/g°K 

c ( l i q u i d )  7.36 J/g°K 

Lf 2845 J / g  

Tm 962 O K  

d 

P 

P 

Tube w a l l  

P 7.803 x l o 6  g/m3 

k 24.2 W/m-OK 

0.46 J/g-OK 

"Na (56%) K (44%) a t  

P 
C 

704OC (977'K) [ 3 ,  p .  5641. 

'Assumed c o n s t a n t  f o r  

b o t h  s o l i d  and l i q u i d  s ta tes .  

'304SS s tee l  (18% C ,  
8% Ni) [3, p .  5411. 

boundary f o r  t r i a n g u l a r  a r r a y s  of t u b e s  wi th  wide s p a c i n g  (Rf/Ro > 
1.35) [ 5 ,  p. 104-1051. H i s  methods cou ld  be used  t o  f a c i l i t a t e  t h e  

e x t e n s i o n  of t he  r e s u l t s  of t h i s  s t u d y  t o  a f u l l  bank of such  tubes .  
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1.3 L i t e r a t u r e  Review 

The u s e  of a hollow c y l i n d e r  of PCM f o r  l a t e n t  energy s t o r a g e  w a s  

modeled by Solomon e t  a l .  and is  d e s c r i b e d  i n  Ref. 6 .  He used a 

f i n i t e  d i f f e r e n c e  f o r m u l a t i o n  w i t h  t h e  Kirchoff  tempera ture  t o  cal- 

c u l a t e  t h e  i n t e r n a l  energy ,  t e m p e r a t u r e ,  and t h e  p o s i t i o n  of t h e  phase  

change f r o n t .  The Kirchoff  tempera ture  approach i s  a l s o  used i n  t h i s  

a n a l y s i s  and is  d e s c r i b e d  more f u l l y  i n  Sec t .  3.1. Solomon a l s o  used  

a quas i - s teady  approximation method t o  estimate r e a s o n a b l e  v a l u e s  f o r  

i n p u t  t o  t h e  more e x a c t  f i n i t e  d i f f e r e n c e  model. A very  similar 

quas i - s teady  approximation w a s  used i n  t h i s  e f f o r t  and i s  r e p o r t e d  i n  

Sec t .  2.1. Solomon's work and t h i s  a n a l y s i s  d i f f e r  i n  f o u r  major 

a r e a s :  1) geometry,  2) h e a t  t r a n s f e r  material ,  3) t h e  c h a r g i n g  

requi rements ,  and 4 )  t h e  use of h e a t  t r a n s f e r  enhancements. Solomon's 

geometry c o n s i s t e d  of a hollow cylinder of PCM w i t h  a gaseous h e a t  

t r a n s f e r  medium f lowing through t h e  c e n t e r  of t h e  c y l i n d e r .  The 

charge  and d i s c h a r g e  c y c l e s  were a t t u n e d  t o  a s o l a r  cyc le .  Because 
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t he  charg ing  times were so  long ,  t h e  poor c o n d u c t i v i t y  of t h e  PCM w a s  

of less  concern  and enhancements were no t  cons idered .  

The en tha lpy  method of a n a l y s i s  was r i g o r o u s l y  v e r i f i e d  f o r  a 

phase  change a p p l i c a t i o n  by Shamsundar and Sparrow [7]. Using a n  

i n t e g r a l  fo rmula t ion ,  they  show t h a t  t h e  e n t h a l p y  approach is  i d e n t i -  

c a l  t o  t h e  more c l a s s i c a l  approach and t h a t  knowledge of t h e  l o c a t i o n  

of t h e  phase change f r o n t  is  not  necessa ry  f o r  t h e  s o l u t i o n .  

Shamsundar and Sparrow a l s o  d e f i n e d  d imens ion le s s  pa rame te r s  u s e f u l  

f o r  phase change problems and formula ted  t h e  c o n s e r v a t i o n  e q u a t i o n  i n  

terms of t h e s e  v a r i a b l e s .  These v a r i a b l e s  are d e s c r i b e d  i n  Sec t .  3.1 

and are used i n  t h e  p r e s e n t a t i o n  of r e s u l t s  i n  Sec t .  4 . 2 .  

A u s e f u l  text  i n  t h e  area of f i n i t e  d i f f e r e n c e  problem s o l u t i o n s  

was w r i t t e n  by Dus inber re  [ 8 ] .  This  t e x t  i n c l u d e s  an  e s p e c i a l l y  c lear  

d i s c u s s i o n  of t ime-s tep  s i z e  requi rements  f o r  s t a b i l i t y .  

Knowles and Webb 191 have examined the  use  of a mixed e n t h a l p y  

model f o r  m e t a l / P C M  compos i t i e s  bo th  a n a l y t i c a l l y  and expe r imen ta l ly .  

T h e i r  t he rma l  model i s  based on volume-average e f f e c t i v e  thermal. 

parameters which are used i n  Sec t .  3.4 of t h i s  r e p o r t .  

S e v e r a l  h e a t  t r a n s f e r  c o r r e l a t i o n s  f o r  l i q u i d  metal  f lowing  i n  an  

annulus  were a v a i l a b l e  i n  the  l i t e r a t u r e .  Some of t h e s e  were based on 

t h e o r e t i c a l  c o n s i d e r a t i o n s  and o t h e r s  on expe r imen ta l  da t a .  

Dwyer's t h e o r e t i c a l  d e r i v a t i o n  f o r  laminar  f low was based on t h e  

f o l l o w i n g  assumptions:  h e a t  t r a n s f e r  from the i n n e r  w a l l  on ly ,  un i -  

form h e a t  f l u x ,  n e g l i g i b l e  ax ia l  h e a t  conduct ion ,  and f u l l y  developed 

v e l o c i t y  and t empera tu re  p r o f i l e s  [ l o ] .  This  a n a l y s i s  showed t h e  

Nusse l t  number and bulk f l u i d  tempera ture  t o  be a f u n c t i o n  of t h e  
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r a t i o ,  %/Ro. 

which are l i s t e d  i n  Table 1.2 (excerp ted  from Dwyer, [ l o ] ,  p. 337). 

The s i m p l i s t i c  r e l a t i o n  between geometry and N u s s e l t  number i n  t h i s  

c o r r e l a t i o n  made i t  a n  a t t r a c t i v e  c h o i c e  f o r  t h e  approximate 

a n a l y s i s .  These r e s u l t s  were t h e r e f o r e  used i n  t h e  approximate 

a n a l y s i s  i n  t h e  form of Eq. 2.10 i n  S e c t .  2.2 f o r  R f / R o  r a t i o s  from 

1.2 t o  3.0. 

The r e s u l t s  were p r e s e n t e d  i n  t a b u l a r  form, some of 

Table  1.2. N u s s e l t  Numbers and Wall 
and Bulk Temperature R e l a t i o p h i p s  

f o r  Flow Through Annuli  

Rf 'Ro 

1 ( p a r a l l e l  p l a t e s )  5.385 0.743 
1.25 5.60 0.758 
1.50 5.78 0.771 
2.00 6.17 0.790 
4.00 7 .78  0.832 
6.00 9.22 0.856 
8.00 10.57 0.870 
10.00 11.90 8.879 

(round p i p e s )  00 1. 000 
~~~~- - 

a 
Excerp ted  from Dwyer [ l o ,  

p. 3371 f o r  laminar  f low with h e a t  
t r a n s f e r r e d  from t h e  inner w a l l  only. 

T1 = i n n e r  wal l  tempera ture ,  
Tb = l i q u i d  metal bulk t empera ture ,  
and Tz = o u t e r  w a l l  t empera ture .  

b 

Dwyer ( [ l o ] ,  p. 340)  a l s o  provided a c o r r e l a t i o n  (Eq.  1.1) a p p l i -  

c a b l e  t o  e i t h e r  laminar  or  t u r b u l e n t  f low i n  an annulus  under condi-  

t i o n s  of f u l l y  developed flow and uniform h e a t  f l u x .  

(0.758 y o *  053) Nu = 4.82 + 0.697 y + 0.0222 ($Pe)  (Eq. 1.1) 
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\ 

where 

Y = R f / R o  

JI = d imens ion le s s  average  v a l u e  of r a t i o ,  

E = K,/pc = eddy d i f f u s i v i t y  of h e a t  t r a n s f e r  

E 

Ke = eddy thermal  c o n d u c t i v i t y  

= eddy dynamic v i s c o s i t y  

H P 

= p e / p  = eddy d i f f u s i v i t y  of momentum t r a n s f e r  
m 

% 
Another h e a t  t r a n s f e r  c o r r e l a t i o n  was based on empir ical  d a t a  

(Ducha te l l e  [11 ,12913] )  f o r  a h e a t  exchanger  wi th  NaK f lowihg  i n  a n  

a n n u l a r  space.  The r e p o r t e d  expe r imen ta l  r e s u l t s  cover  a range of 

P e c l e t  numbers from 509 t o  3000. The a u t h o r s  e x t r a p o l a t e  the  r e l a t i o n  

down t o  a P e c l e t  number of 40 i n  comparing t h e i r  r e s u l t s  t o  t h o s e  of 

o the r  a u t h o r s .  This  c o r r e l a t i o n  w a s  chosen f o r  u se  i n  t h e  f i n i t e  

d i f f e r e n c e  code because t h i s  range  i s  a p p r o p r i a t e  f o r  t h e  modeled f low 

wi th  a Peclet  number of about 200. In  D u c h a t e l l e ' s  c o r r e l a t i o n  

(Eq.  1.2), t h e  Nusse l t  and P e c l e t  numbers are based on t h e  h y d r a u l i c  

d iameter  [2(Rf-Ro)I and t h e  l i q u i d  metal p h y s i c a l  p r o p e r t i e s  are t aken  

a t  t h e  bulk  average  tempera ture .  Ducha te l l e  a l s o  u s e s  a t empera tu re  

dependent c o n d u c t i v i t y ,  u n l i k e  t h e  c o n s t a n t  va lue  used i n  t h i s  

s tudy .  The v a l u e  F i n  Eq. 1.2 i s  a f a c t o r  to i n c r e a s e  t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t  i n  t h e  thermal  and h y d r a u l i c  e s t a b l i s h m e n t  l e n g t h  

and i s  shown i n  Eq.  1.3. 

E q s .  1.1 and 1.2 are n e a r l y  e q u i v a l e n t .  

Fo r  a n  R f / R o  r a t i o  of 2 and a JI v a l u e  of 1, 

Nu = (6.15 + 0.02 P e o o 8 )  F f o r  40  6 Pe 3000 (Eq. 1 . 2 )  
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(Eq. 1.3) 

F = l  
Pedh 

f o r  - < 28 L 

Another e q u a t i o n  (Eq. 1 .4)  was t h e o r e t i c a l l y  d e r i v e d  for l i q u i d  

metal  f low a c r o s s  a f l a t  p l a t e  but  showed good comparison t o  e x p e r i -  

mental  d a t a  f o r  a f law of l i q u i d  metal a l o n g  t h e  s u r f a c e  of an un- 

broken s e c t i o n  of t u b i n g  [14].  

(Eq.  1 .4 )  

Yet a n o t h e r  c o r r e l a t i o n  was p r e s e n t e d  by Subbot in  [15,161 f o r  a 

forced-convect ion  sodium f i l m  c o e f f i c i e n t  f o r  a bank of t u b e s ,  

Eq. 1.5. I n  t h i s  formula ,  t h e  v a r i a b l e  "S" i s  t h e  d i s t a n c e  from t h e  

c e n t e r  of one t u b e  t o  t h e  c e n t e r  of an  a d j a c e n t  tube .  The r a t i o  of S 

t o  2Ro i s  t h e r e f o r e  analogous t o  t h e  r a t i o  Rf/Ro in t h e  model s t u d i e d  

i n  t h i s  r e p o r t .  The c o r r e l a t i o n  i n  E q .  1.5 i s  a p p l i c a b l e  f o r  1.1 < 
S/2Ro < 1.4 and f o r  200 < Pe < 1200. 

on t h e  l e n g t h  t o  d iameter  r a t i o .  Fo r  t h e  geometry of t h e  conf igura-  

t i o n s  modeled i n  t h i s  r e p o r t ,  t h e  Subbot in  Nusse l t  number estimate i s  

about  25% less t h a n  t h a t  based on D u c h a t e l l e ' s  c o r r e l a t i o n .  However, 

t h e  R f / R o  r a t i o  i n  t h i s  c o n f i g u r a t i o n  e q u a l s  t h r e e  and i s  beyond 

S u b b o t i n ' s  l i m i t s .  I f  c o n f i g u r a t i o n s  w i t h  smaller r a d i u s  r a t i o s  a r e  

modeled, t h i s  c o r r e l a t i o n  should  be c o n s i d e r e d .  

There a r e  a l s o  some r e s t r i c t i o n s  

(Eq.  1.5) 
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2. PRELIMINARY CONFIGURATION SELECTION 

An approximate a n a l y t i c a l  s o l u t i o n  f o r  t h i s  problem w a s  used t o  

de te rmine  p o t e n t i a l  system c o n f i g u r a t i o n s .  The parameters  t h a t  must 

be coord ina ted  i n  such c o n f i g u r a t i o n s  inc lude :  PCM c y l i n d e r  r a d i u s ,  

l i q u i d  metal annulus  r a d i u s ,  l i q u i d  metal  v e l o c i t y ,  t u b e  l e n g t h ,  and 

number of c y l i n d e r s  r e q u i r e d .  

The PCM and l i q u i d  metal r e g i o n s  are  e s t i m a t e d  s e p a r a t e l y  i n  

Sec t s .  2 .1  and 2.2 and t h e  two approximate s o l u t i o n s  are then  coupled 

i n  Sec t .  2.3 through t h e i r  common geomet r i ca l  boundar ies  and t h e  con- 

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

i n  a small  s e l f - con ta ined  computer code, independent  of t h e  f i n i t e  

d i f f e r e n c e  code. It should  be noted t h a t  t h e  performance of t h e  

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

code. Modi f i ca t lons  t o  the  c o n f i g u r a t i o n s  were then  made based on 

t h i s  e v a l u a t i o n .  

2 .1  Approximate Model f o r  t h e  Phase Change Material Region 

The PCM approximate model i s  p a t t e r n e d  very  c l o s e l y  a f t e r  t h e  one 

in t roduced  by Solomon [ 6 ] .  Solomon used a quas i - s teady  fo rmula t ion  t o  

allow a s i m p l i f i e d  a n a l y s i s .  Th i s  approach i s  d i s c u s s e d  more f u l l y  i n  

Arpaci  and Larsen  [17,  p. 1811. A quas i - s teady  fo rmula t ion  i n v o l v e s  

n e g l e c t i n g  unsteady terms i n  a t  l eas t  one, bu t  no t  a l l ,  of t h e  govern- 

ing  equa t ions  of an  uns teady  problem. The a p p l i c a t i o n  of t h e  q u a s i -  

s t e a d y  s i m p l i f i c a t i o n  i s  most a p p r o p r i a t e  when the phase growth i s  

very slow and the  s e n s i b l e  h e a t  s t o r a g e  i s  much smaller than  t h e  

l a t e n t  h e a t  s t o r a g e .  This is  t h e r e f o r e  a r easonab le  approximat ion  f o r  
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c a s e s  where t h e  S t e f a n  number i s  less than  or e q u a l  t o  one (see Arpaci  

and Larsen  [17, p. 1761). This s i m p l i f i c a t i o n  i g n o r e s  t h e  h e a t  add i -  

t i o n  r e q u i r e d  t o  s t e a d i l y  h e a t  t h e  l i q u e f i e d  l a y e r  as i t  grows i n  

t h i c k n e s s .  

The model cons ide red  c o n s i s t s  of a n  ax isymmetr ic  PCM c y l i n d e r  of 

o u t e r  r a d i u s  Ro, i n i t i a l l y  s o l i d  a t  i t s  me l t ing  t empera tu re .  The 

s u r f a c e  is  exposed t o  convec t ive  h e a t  t r a n s f e r  from a l i q u i d  me ta l  

f lowing  a t  a c o n s t a n t  tempera ture .  The h e a t  t r a n s f e r  c o e f f i c i e n t  is 

assumed t o  be a known q u a n t i t y  d u r i n g  t h i s  p o r t i o n  of t h e  a n a l y s i s  and 

i s  d i s c u s s e d  more f u l l y  i n  Sec t .  2.3. A phase change f r o n t ,  R ( r ) ,  

s e p a r a t e s  t h e  l i q u i d  PCM (r > R ( r ) )  from t h e  s o l i d  PCM ( r  < R ( T ) )  ( s e e  

F ig .  2.1). I n  both  t h i s  approximate s o l u t i o n  and i n  t h e  f i n i t e  d i f -  

f e r e n c e  s o l u t i o n ,  t h e  PCM d e n s i t y  i s  assumed t o  remain c o n s t a n t ,  i . e .  

t h e  d e n s i t y  is u n a f f e c t e d  by s t a t e  or tempera ture .  & s o ,  t h e r e  i s  

assumed t o  be no motion ( i . e .  no convec t ion )  w i t h i n  t h e  l i q u i d  PCM 

reg ion .  Equat ions  2.1 through 2.8 f o l l o w  Solomon’s [ 6 ]  a n a l y s i s  

except  f o r  changes due to geometry. 

ORNL-DWG 87-4711 ETD 
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Fig. 2.1. Approximate Model of t h e  PCM Region. 
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The tempera ture ,  T ( r , ? ) ,  i n  t h e  l i q u i d  r e g i o n  s a t i s f i e s  t h e  h e a t  

e q u a t i o n ,  2.1. 

(Eq. 2 , l )  

A t  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  t h e  tempera ture  equals t h e  m e l t i n g  tem- 

p e r a t u r e  and t h e  rate of h e a t  mel t ing  t h e  s o l i d  PCM (and t h e r e f o r e  

moving t h e  f r o n t )  e q u a l s  t h e  ra te  of h e a t  p a s s i n g  through t h e  f r o n t .  

Equat ion  2.3 i s  d i s c o n t i n u o u s  a t  R ( T )  = 0 because a t  t h i s  p o i n t  t h e  

f r o n t  c e a s e s  t o  e x i s t .  

(Eq. 2.3) 

A t  t h e  c o n t a i n e r  w a l l  t h e  ra te  of h e a t  t r a n s f e r  t o  t h e  PCM e q u a l s  t h e  

convec t ive  h e a t  t r a n s f e r  from t h e  l i q u i d  metal .  The h e a t  c a p a c i t y  of 

t h e  w a l l  i s  assumed t o  be n e g l i g i b l e  h e r e  and i s  d i s c u s s e d  f u r t h e r  i n  

Sect .  3.3.2, 

(Eq. 2 .4 )  

For t h e  quas i - s teady  approximation,  Eq.  2 .1  i s  r e p l a c e d  by t h e  s t e a d y  

s t a t e  e q u a t i o n  (Eq. 2.5).  It should be noted t h a t  t h e  boundary condi-  

t i o n s  remain t i m e  dependent.  This e q u a t i o n  must be c o n s t r a i n e d  t o  

R ( T )  > 0 because t h e  tempera ture  of t h e  c e n t e r  of t h e  PCM is a func- 

t i o n  of t i m e  only ( i . e .  , ----L-- a T ( o  T,  = 0) and t h e  quas i - s teady  approxima- 

t i o n  f a i l s  a t  t h i s  p o i n t .  

ar 

f o r  c > R ( T )  > 0 (Eq. 2 .5)  
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The s o l u t i o n  t o  E q s .  2.5 and 2 . 2  y i e l d s  Eq. 2.6. 

f o r  r > R(r) > 0 (Eq.  2 . 6 )  r 
R( T) 

T ( r ,  T )  = Tm + a ( T )  I n  - 

The v a r i a b l e ,  a ( . r ) ,  i s  found by s u b s t i t u t i n g  t h i s  s o l u t i o n  i n t o  

Eq. 2.4 and i s  shown I n  Eq. 2.7. 

f o r  R ( T )  > 0 

The f l u x  e q u a t i o n  a t  t h e  i n t e r  sce,  Eg. 2 . 3 ,  can now e usel  

(Eq .  2 . 7 )  

W t h  

Eq. 2 .6  ( r ecogn iz ing  t h a t  as T goes from 0 t o  T, r goes from Ro t o  R)  

t o  s o l v e  f o r  t h e  p o s i t i o n  of t h e  i n t e r f a c e  as g i v e n  f m p l i c i t l g  i n  

-k h (T - Tm) 
avg 

Lf 

f o r  R ( r )  > 0 ( E q .  2.8) 4 
0 

I n  R - ~2 I n  R 
-- - - 0 

2 

Up t o  t h i s  p o i n t ,  t h e  approximate s o l u t i o n  i n  t h e  PCM r e g i o n  is 

very  similar t o  t h a t  shown by Solomon [ 6 ] .  From h e r e  onwards, t h e  

s o l u t i o n  approach w i l l  be d i f f e r e n t  t o  r e f l e c t  t h e  d i f f e r e n c e s  i n  bo th  

t h e  problem geometry and t h e  expec ted  p rocess  a p p l i c a t i o n .  mien t h e  

PCM c y l i n d e r  i s  comple te ly  mel ted ,  R i s  e q u a l  t o  z e r o  ( t h a t  i s ,  t h e  

phase change f r o n t  has moved t o  t h e  c e n t e r  of t h e  c y l i n d e r ) .  However, 

t h i s  e q u a t i o n  i s  d i s c o n t i n u o u s  a t  R = 0. The re fo re ,  t o  e s t i m a t e  t h e  

r a d i u s ,  Ro, f o r  which t h e  PCM c y l i n d e r  i s  comple te ly  melted du r ing  t h e  
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t es t  pe r iod ,  R is  set  e q u a l  t o  R o / l O O  and T i s  se t  t o  ‘d ( t e s t  dura-  

t i o n )  i n  Eq. 2.8. Solv ing  f o r  Ro g i v e s  Eq. 2.9. 

Th i s  Ro i s  t h e  r a d i u s  t h a t  w i l l  y i e l d  t h e  g r e a t e s t  s t o r a g e  dens- 

i t y  f o r  t h e  g iven  se t  of s i m p l i f i e d  assumptions.  For t ubes  w i t h  

smaller r a d i i ,  t h e  me l t ing  i s  a l s o  complete w i t h i n  t h e  tes t  d u r a t i o n  

but  more material  could be melted.  The re fo re ,  f o r  a c y l i n d e r  of f i x e d  

w a l l  t h i c k n e s s ,  t h e  p a r a s i t i c  mass d e c r e a s e s  w i t h  i n c r e a s i n g  r a d i u s  

and t h e  s t o r a g e  d e n s i t y  can i n c r e a s e  w i t h  i n c r e a s i n g  r a d i u s .  Above 

Ro, some of t h e  PCM p r e s e n t  w i l l  n o t  me l t  and t h e  s t o r a g e  d e n s i t y  w i l l  

decrease .  

The h e a t  t r a n s f e r  c o e f f i c i e n t  is  not  y e t  known and must be e s t i -  

This  l e a d s  t o  t h e  a n a l y s i s  of t h e  mated be fo re  Ro can be c a l c u l a t e d .  

l i q u i d  metal r e g i o n  and t h e  coup l ing  of t h e  two r eg ions .  

2.2 Approximate S o l u t i o n  € o r  t h e  Liquid  Metal Region 

The approximate s o l u t i o n  f o r  t h e  l i q u i d  metal r e g i o n  i s  sought  t o  

provide  guidance i n  t h e  s e l e c t i o n  of r easonab le  p h y s i c a l  parameters  

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

an es t imate  f o r  t h e  convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  r e q u i r e d  

t o  estimate t h e  PCM c y l i n d e r  r a d i u s .  Also, t h e  o u t e r  r a d i u s  of t h e  

l i q u i d  m e t a l  r eg ion  annulus  and t h e  E l u i d  v e l o c i t y  must be e s t i m a t e d  

t o  avoid  exceeding t h e  maximum p e r m i s s i b l e  o u t l e t  t empera ture .  

The f low of l i q u i d  metal i n  an annu la r  r eg ion  w a s  examined by 

Dwyer [5 ,  p. 78-79 and 10, p. 337-3381 f o r  a s e t  of s i m p l i f y t n g  
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assumptions.  These assumptions i n c l u d e  1) h e a t  t r a n s f e r  from t h e  

i n n e r  wall  o n l y ,  2) uniform h e a t  f l u x ,  3) n e g l i g i b l e  a x i a l  h e a t  con- 

d u c t i o n ,  and 4 )  f u l l y  developed v e l o c i t y  and tempera ture  p r o f i l e s .  

T h i s  problem w a s  so lved  e x a c t l y  f o r  t h e  l amina r  f low case and t h e  re- 

s u l t s  f o r  average  Nusse l t  number and bulk  t empera tu re  are p resen ted  i n  

t a b u l a r  form (see Sec t .  1.3) as a f u n c t i o n  of t h e  r a t i o ,  Rf/Ro.  These 

r e s u l t s  were used i n  t h e  form of E q s .  2.10 and 2.11 f o r  the computer 

program d i s c u s s e d  i n  Sec t .  2.3, 

Nu = 0.78 R f / R o  -t- 4 . 6  (Eq. 2.10) 

(Eq. 2.11) 
k Nu 

dh 
h = -  

The bulk l i q u i d  metal t empera tu re  i s  t h e n  a f u n c t i o n  of only t h e  

The w a l l  t empera tu re ,  t h e  thermal  f l u x ,  and t h e  r a d i u s  r a t i o ,  Rf/Ro.  

w a l l  t empera tu re  a t  the o u t l e t  was assumed t o  e q u a l  t h e  PCM m e l t i n g  

tempera ture .  The c o n s t a n t  heat f l u x  was t aken  e q u a l  t o  t h e  r e q u i r e d  

thermal load  on t h e  PCM t u b e ,  q .  This  g i v e s  a c o n s t a n t  l i q u i d  metal 

t empera tu re  f o r  a c o n s t a n t  wall t empera tu re ,  Tm, as shown i n  

Eq. 2.12. 

0 

2.3 Coupling t h e  Liquid  Metal and Phase  I 
Change Material Approximate S o l u t i o n s  

( E q .  2.12) 

The PCM approximate model d e f i n e d  a maximum r a d i u s  € o r  which the 

PCM material would be comple te ly  melted dur ing  t h e  tes t  d u r a t i o n  as a 
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f u n c t i o n  of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h. The l i q u i d  metal l a m i -  

nar  f low s o l u t i o n  d e f i n e s  t h e  tempera ture  and h e a t  t r a n s f e r  coef f  i- 

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

l i q u i d  metal r a d i u s  t o  t h e  tube  r a d i u s .  These two s o l u t i o n s  are ob- 

v i  ous ly  t i g h t l y  coupled. 

S e v e r a l  c o n s t r a i n t s  must be m e t  by any coupled s o l u t i o n .  The 

l i q u i d  metal f low and t empera tu re  change must meet, w i thou t  exceeding  

g r e a t l y ,  t h e  thermal  load  r equ i r emen t s  (Eq. 2.13). The mass of t h e  

PCM and t h e  l i q u i d  metal inven to ry  must be capable  of s t o r i n g  a l l  t h e  

r e j e c t e d  h e a t  over  t h e  t e s t  p e r i o d  d u r a t i o n  (Eq. 2.14). The number of 

PCM tubes  r e q u i r e d  should  be as low as p o s s i b l e .  The l i q u i d  metal 

v e l o c i t y  w a s  c o n s t r a i n e d  t o  v a l u e s  less than  5 m / s  because h ighe r  f low 

v e l o c i t i e s  l e d  t o  h i g h e r  l i q u i d  metal e x i t  tempera tures .  

m c (Tin - 
P 

T(z-L)) > it 

[*(Rf2 -- R 0 9 L (Tout - T i n i t  > c  p -I 

urn - ) c ) ]  (NPTPES) > fit T~ 
T i n i t  p 

(Eq. 2.13) 

(Eq. 2.14) 

These r e l a t i o n s h i p s  and c o n s t r a i n t s  were programmed i n t o  a small  

computer code t h a t  t e s t e d  a wide range  of v a r i a b l e s  t o  d e f i n e  f e a s i b l e  

system pa rame te r s ,  l i s t e d  i n  Table  2.1. The f low c h a r t  f o r  t h i s  com- 

p u t e r  code i s  shown i n  F ig .  2.2.  
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T a b l e  2. I .  F'reliminary System 
Parameters Rased on 

Approximate Ana l y  s i s 

0.048 0.124 6 . 5  0.05 50n0 
0.049 0.136 4.5 0.04 4600 
0.049 0.136 4.5 0.09 6600 
0.048 0.124 5.0 0.10 4500 
0.049 0 . i ~  5.0 0.09 4100 
0.044 0.124 5.0 0.05 5000 
0.053 0.149 3.5 0.04 5000 

0.053 0.137 4.0 0.09 4700 

0.053 0.149 4.0 0.06 4300 

0.053 0.149 3.5 0.08 50011 
0.053 0.137 4.0 0.04 4700 

0.053 0.149 4.0 0.04 4300 

0.053 0.125 4.5 0.10 4600 
0.053 0,137 4.5 0.09 4200 
0.053 0.149 4.5 0.08 3900 
0.053 0.125 5.0 0.10 4100 

0.053 0.149 5.0 0.08 3500 
0.053 0.149 5.0 0.12 3500 

0.Q53 0.137 5.0 0.09 38110 

C A L C U L A T E  FLUID VELOCITY 
HEAT TRANSFER COEFFICIENT 
MAXIMUM PCM TUBE RADIUS 

I. I 
- -  

1 P E E  ON PCM TUBE ZAOIUS (0 W5 m TO R, MAX)]  

Y E S  I 

F i g .  2.2. Flow Chart  f o r  Approximate Solution Computer Code. 
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3.  F I N I T E  DIFFERENCE SOLUTION 

3.1 Background 

The approximate s o l u t i o n s  inc luded  s e v e r a l  s i m p l i f i c a t i o n s  t h a t  

do not  r e f l e c t  t h e  p h y s i c a l  s i t u a t i o n  such as: 1) no ax ia l  v a r i a -  

t i o n s ,  2)  uniform h e a t  f l u x ,  3)  a quas i - s teady  s t a t e ,  4 )  a c o n s t a n t  

i n l e t  l i q u i d  metal t empera tu re ,  and 5) a n  i n i t i a l  s t a t e  of s o l i d  PCM 

a t  i t s  me l t ing  tempera ture .  An a n a l y t i c a l  approach t o  the o v e r a l l  

problem would be t o o  complex t o  allow an exac t  s o l u t i o n .  The re fo re ,  a 

numer ica l  approach was used t o  model t h e  behavior  of a phase change 

s t o r a g e  system charged by a l i q u i d - m e t a l  f low. Within t h e  PCM r e g i o n ,  

t h i s  model i s  very  similar t o  t h a t  used by Solomon, e t  a l .  [ 6 ] .  How- 

e v e r ,  t h e  geometry,  element d e f i n i t i o n s ,  and use  p a t t e r n  are d i f -  

f e r e n t .  

The PCM c y l i n d e r  was assumed t o  be r a d i a l l y  symmetric w i t h  insu-  

l a t e d  ends.  The l i q u i d  metal f low has  an a r t i f i c i a l  a d i a b a t i c  ex- 

t e r n a l  boundary as d i s c u s s e d  i n  Sect .  1.2. The l i q u i d  meta l  i s  

assumed t o  exchange h e a t  only w i t h i n  t h e  h e a t  exchanger and wi th  t h e  

the rma l  load  source .  That i s ,  o u t s i d e  the PCM h e a t  exchanger ,  the 

f l u i d  t r a v e l s  i n  an i n s u l a t e d  p ipe  so  t h a t  t h e r e  i s  no upstream o r  

downstream conduct ion.  An i n i t i a l  t empera ture  f o r  t h e  system i s  

s p e c i f i e d .  

An energy ba lance  i s  performed f o r  each  element  i n  t h e  f i n i t e  

d i f f e r e n c e  g r i d  d e s c r i b e d  i n  Sec t .  3 . 2 .  The r e s u l t i n g  equa t ions  are  

so lved  e x p l i c i t l y  w i t h i n  t h e  PCM r e g i o n  and i m p l i c i t l y  w i t h i n  t h e  
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l i q u i d  metal reg ion .  Within t h e  PCM r e g i o n ,  t h e  e q u a t i o n s  are iden-  

t i c a l  t o  t h o s e  used by Solomon, e t  a l .  [ 6 ]  and are based on energy  

c o n s e r v a t i o n ,  F o u r i e r ' s  l a w ,  and t h e  e q u a t i o n  of s ta te ,  shown i n  

Eqs .  3 . 1 - 3 . 3 .  The e q u a t i o n  of s t a t e  f o r  c o n s t a n t  s p e c i f i c  h e a t s  f o r  

each  phase i s  shown i n  Eq. 3 . 4  (where t h e  i n t e r n a l  energy ,  E ,  of t h e  

s o l i d  s ta te  PCM a t  i t s  m e l t i n g  tempera ture  has  been set  t o  z e r o ) .  

(Eq. 3.1)  

- 
q = -k(T) VT (Eq. 3.2) 

( E q .  3 . 3 )  

E 
T + -  , E C 0 ( s o l i d  phase)  

C 
S 

T =  , 0 < E < Lf ( m e l t i n g  zone) 

( E  - L f )  
E > L f ( l i q u i d  phase)  (Eq. 3 . 4 )  

II 

A "Kirchoff" tempera ture ,  U, w a s  d e f i n e d  by Solomon [ 6 ,  p. 181 

and i s  u s e f u l  because t h e  p o s i t i o n  of t h e  phase change f r o n t  becomes a 

p a r t  of t h e  s o l u t i o n  r a t h e r  t h a n  an assumption t h a t  must be i t e r a t e d  

upon w i t h i n  t h e  c a l c u l a t i o n s .  Equat ions 3.5-3.10 o u t l i n e  t h e s e  

energy c o n s e r v a t i o n  e q u a t i o n s  i n  terms of t h i s  "Kirchof f"  t empera ture  

( d e f i n e d  i n  Eq.  3 . 6 ) .  

(Eq. 3.5) 
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W = K(T)VT 

- 
q =-vu 

p - = V*(VU) 
a T  

aE  

u =  O , O < E < L f  1 
f 

> L  

(Eq. 3.6) 

(Eq. 3.7) 

(Eq. 3.8) 

(Eq. 3.9) 

( E q .  3.10) 

Th i s  Kirchoff  tempera ture  approach used by Solomon i s  ve ry  s i m i -  

l a r  t o  t h e  en tha lpy  model d i s c u s s e d  by Shamsundar and Sparrow [ 7 ] .  

They r i g o r o u s l y  v e r i f i e d  t h e  e n t h a l p y  model and d e f i n e d  a dimension- 

less  e n t h a l p y ,  0 ,  as shown i n  Eq. 3.11 .  The d imens ionless  time param- 

e t e r  i s  t h e  F o u r i e r  number, Fo ,  Eq. 3.12. Shamsunder and Sparrow used 

the d imens ionless  p roduc t ,  FoS te  as a d imens ionless  t i m e  parameter  

because i t  c o r r e l a t e s  t h e  r e s u l t s  € o r  v a r i o u s  values of S t e ,  d e f i n e d  

i n  Eq. 3.13. The enhanced PCM mix tu res  d i s c u s s e d  i n  Chap. 4 r e p r e s e n t  

a range of S t e f a n  numbers, s o  t h i s  product  has  been used i n  t h e  pre-  

s e n t a t i o n  of r e s u l t s .  

(Eq. 3 . 1 1 )  
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Fo = a.r/RoZ (Eq. 3.12) 

- (Eq. 3 . 1 3 )  S t e  = c s (Tm Tini t ) ’Lf  

F o r  a material w i t h  a n  assumed c o n s t a n t  d e n s i t y  and a c o n s t a n t  

l a t e n t  h e a t ,  and because t h e  i n t e r n a l  energy  v a r i a b l e ,  E ,  was d e f i n e d  

e q u a l  t o  z e r o  a t  t h e  s o l i d  s t a t e  m e l t i n g  tempera ture ,  Eq. 3.11 can  be 

r e w r i t t e n  as Eq.  3.14. I n  t h i s  e q u a t i o n ,  0 d e s c r i b e s  t h e  energy  con- 

t e n t  of t h e  PCM r e l a t i v e  t o  t h e  l a t e n t  s t o r a g e  c a p a c i t y  and r e l a t i v e  

t o  t h e  energy c o n t e n t  a t  t h e  s o l i d  s t a t e  m e l t i n g  tempera ture .  A 

d i m e n s i o n l e s s  measure of t h e  energy s t o r a g e  i n  t h e  PCM can  be con- 

s t r u c t e d  by t a k i n g  t h e  d i f f e r e n c e  between t h e  v a l u e  of 0 a t  a g i v e n  

p o i n t  in time and t h e  i n i t i a l  v a l u e  of 0 ,  see Eq. 3.15. The dimen- 

s i o n l e s s  t e m p e r a t u r e ,  9, i s  d e f i n e d  i n  Eq. 3.16. The r e s u l t s  w i l l  be 

p r e s e n t e d  i n  terms of t h e s e  d i m e n s i o n l e s s  v a r i a b l e s  f o r  g e n e r a l i t y .  

(Eq.  3.14) 

e * =  0 - 0  ( E q .  3.15) 
i n i t i a l  

T i n i t  
T -  

$ = T  - T  
m i n i t  

( E q .  3.16) 

With in  t h e  l i q u i d  metal r e g i o n ,  no phase  change occurs .  Hence, 

t h e  Kirchoff  tempera ture  o f f e r s  no advantage and t h e  i n t e r n a l  energy  

i s  c a l c u l a t e d  i m p l i c i t l y .  The l i q u i d  m e t a l  c a l c u l a t i o n s  were o r i -  

g i n a l l y  done i n  an  e x p l i c i t  manner similar t o  t h o s e  i n  t h e  PCM 

reg ion .  However, t h e  l i q u i d  metal has a much h i g h e r  c o n d u c t i v i t y  t h a n  

t h e  PCM and r e q u i r e d  a very  s m a l l  t i m e  s t e p  t o  avoid  s t a b i l i t y  prob- 

l e m s  (see Sect .  3.3.1).  T h i s ,  i n  t u r n ,  caused t h e  computer program t o  
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consume e x c e s s i v e  CPU t i m e  f o r  each  test  case.  This p o r t i o n  of t h e  

code was t h e r e f  ore  r e w r i t t e n  u s i n g  an  i m p l i c i t  s o l u t i o n  method f o r  

t r i d i a g o n a l  matrices o u t l i n e d  i n  F o r s y t h e  and Wasow [18 ,  p. 1041.  

3.2 F i n i t e  D i f f e r e n c e  Grid D e f i n i t i o n  and S o l u t i o n  

The problem was d e f i n e d  i n  two s p a t i a l  c o o r d i n a t e s ,  r and z ,  and 

one temporal  c o o r d i n a t e ,  T. Although each node r e p r e s e n t s  a small, 

t h i n ,  c y l i n d r i c a l  volume, t h e  f i n i t e  d i f f e r e n c e  f o r m u l a t i o n  i s  r e c -  

t a n g u l a r  i n  n a t u r e .  The g r i d  used i s  shown i n  F ig .  3 . 1 .  The a r e a s  

and volumes of t h e s e  g r i d  e lements  a r e  shown i n  Table  3 . 1 .  I n  t h i s  

t a b l e ,  "i" is used t o  denote  t h e  node index  i n  t h e  r - d i r e c t i o n  and "j" 

i s  used f o r  t h e  z - d i r e c t i o n .  A s i n g l e  r - d i r e c t i o n  g r i d  node i s  used 

f o r  t h e  l i q u i d  meta l  r e g i o n  because t h i s  i s  s u f f i c i e n t  t o  de te rmine  

t h e  bulk f l u i d  tempera ture  as a f u n c t i o n  of z and T.  This  bulk f l u i d  

ORNL-DWC 07-4712 ETD 

I-----------.- 

LIQUID METAL CHANNEL + 

Fig .  3.1. F i n i t e  D i f f e r e n c e  Element Grid.  
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Table 3.1. Fin i t e  Difference Areas and Volumes 

Cross- Inner Outer 
i j sec t iona l  per ine f,e r perimeter Volume 

areaa area areaC 

1 

1 

1 

2 -M 

2 -PI 

2-M 

N+ Id  

!I+ 1 

Pi+ 1 

1 

2 -( N- 1 ) 

N 

1 

2 - ( N - 1 )  

N 

1 

2-( N-1) 

N 

2 n r . A r  
1 

2*r Ar 
i 

2 n r . A r  
1 

'r(Rf2 - R o 2 )  

* ( R f 2  - R o 2 )  

n ( R f 2  - R ') 
0 

0 

0 

n 

Ar n r  - - A z  
i 2  

2 a r  -- A' Az 
i 2  

n r  -- Ar A 2  

2 m o  2 

i 2  

Az 

2 n R  Az 
o 

A 2  
O T  

2 n R  

nArAz/2 

nArAz 

*ArAz/2 

Ar 
r r  +-A2 

i 2  

2n r i  + A r  Az 

Ar n r  i - A z  i 2  

Oe 

n r  ArAz 
i 

2 1 ~ r  ArAz 
i 

nr. A r A z  
1 

r ( R f 2  - R '1 2 A Z  

0 

s ( R f 2  - R ') Az 
o 

TI(R - R 2, -2- A 2  
f 0 

"Area of element face perpendicrilar t o  the Z-axis. 

'Area of element face p a r a l l e l  t o  the Z-axis and c j o s e s t  t o  the center  o f  

Area of elenent face p a r a l l e l  t o  the Z-axis  and  f a r t h e s t  f ro r ,  the  center 

the cylinder. 

o f  the cylinder. 

c 

nW+l'l represents the node i n  t he  1 i q u i d  metal region. 
e Area taken as zero because t h i s  i s  an  ad iaba t ic  surface.  
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t empera ture ,  i n  t u r n ,  i s  s u f f i c i e n t  t o  de te rmine  t h e  h e a t  t r a n s f e r  t o  

t h e  PCM c y l i n d e r  nodes and t o  tes t  f o r  t h e  maximum a l l o w a b l e  l l q u i d  

meta l  e x i t  temperature .  

The i n t e r n a l  energy ,  tempera ture ,  and Kirchoff  tempera ture  of 

each node are taken  t o  r e p r e s e n t  both t h e  p o i n t  v a l u e s  and t h e  mean 

v a l u e s  f o r  each node a t  each p o i n t  i n  t i m e .  

A PCM node i s  shown i n  Fig.  3.2. The g e n e r a l  form of t h e  energy  

ba lance  i s  shown i n  Eq. 3.17, where t h e  volumes and a r e a s  a r e  

def ined  i n  Table 3.1. The s u p e r s c r i p t  of "n+l" i n d i c a t e s  t h e  v a l u e  a t  

t h e  next  p o i n t  i n  t i m e .  Values wi thout  s u p e r s c r i p t s  i n d i c a t e  t h e  

v a l u e  a t  t h e  c u r r e n t  p o i n t  i n  t i m e .  The updated v a l u e  i s  e x p l i c i t l y  

c a l c u l a t e d  based on t h e  v a l u e s  f o r  t h e  c u r r e n t  p o i n t  i n  t i m e .  The u s e  

of t h i s  g e n e r a l  form e q u a t i o n  i s  d e f i n e d  i n  Table  3.2 where q l  , 42,  

43, and q 4  a r e  d e f i n e d  i n  terms of q a ,  qb,  q,, q d ,  and qe ( d e f i n e d  i n  

E q s .  3.18-3.22) f o r  a l l  nodes w i t h i n  t h e  PCM reg ion .  Equat ion 3.23 

demonst ra tes  t h e  use of t h e  g e n e r a l  form (Eq. 3.17) and Table 3.2 f o r  

ORNL-DWG 137-4710 ETD 

q 2  (from I +  1) 

4 

q1 (from i -  1) 

Fig .  3.2. PCM Node Energy Balance.  
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Table 3.2. A p p l i c a t i o n  of Energy 
Balance Equat ion  €or Each 

F i n i t e  D i f f e r e n c e  Node 

i j 41  42  43 44  

1 
2-(M-1) 

2-(EI-1) 

2 - ( w  1 ) 

El 

M 

M 

t h e  i n t e r n a l  PCM region (1 < i < M, 1 < j < N ) .  

pi1  -%) = q 1  + 92 + 43 + 44 
v i j  AT 

(Eq.  3.17) 

(Eq. 3.18) 

(Eq. 3.19) 

(Eq. 3.20) 

(Eq. 3.21) 

(Eq. 3.22) 
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The l i q u i d  meta l  r e g i o n  i s  s o l v e d  i m p l i c i t l y  u s i n g  Eq. 3.24 ( f o r  

1 < j < N) and 3.25 ( f o r  j=N). The a r e a s  and volumes f o r  t h e s e  equa- 

t i o n s  were shown i n  Table  3.1. A f t e r  t h i s  m a t r l x  of e q u a t i o n s  is  

s o l v e d ,  t h e  l i q u i d  metal  i n l e t  t empera ture  i s  c a l c u l a t e d  u s i n g  

E q .  3.26. 

A 

MI-1, j -1 - + pv 
P 

pVAC 
n+ 1 M I - l , N  

+ EM+l,N-l A z  c 2 
P 

h A  A 
M+l , N  

C 

- - --_I__ pvA ) ( E q .  3.25) 'M+1 , N  - ---.-_.-.-I Pi"M+l,N __ - M+l,N k 
C A 2  C 2 

P P 
' $=:,N (-' Ar 
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. 
Tn+ 1 W 

(M+1,1) = T (M+l,N) f 

mCP 

(Eq. 3.26) 

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

t h e  PCM is  c a l c u l a t e d  c o n s e r v a t i v e l y  ( t h e  v a l u e  i s  a c t u a l l y  g r e a t e r  i n  

t h e  thermal  and h y d r a u l i c  development l e n g t h )  u s i n g  Eq. 3.27 [ l l ] .  

This  and o t h e r  c o r r e l a t i o n s  a v a i l a b l e  f o r  l i q u i d  metal a n n u l a r  f l o w  

cases were d i s c u s s e d  i n  Sec t .  1.3. 

( E q .  3.27) 

3 . 3  Computer Code C o n s i d e r a t i o n s  

3.3.1 Computer code s t a b i l i t y  

S e v e r a l  f a c t o r s  must be c o n s i d e r e d  when d e s i g n i n g  and u s i n g  a 

f i n i t e - d i f f e r e n c e  computer code. The t ime-step s i z e  i s  t h e  most 

c r u c i a l  of t h e s e  f a c t o r s .  The t i m e  s t e p  must be smaller t h a n  t h e  

smallest t i m e  "response" of any element i n  t h e  model as d e f i n e d  i n  

E q .  3.28 from Dusinber re  (8 ,  p. 131. Equat ions  3.29, 3.30, and 3.31 

show t h i s  response  t i m e  f o r  an e x t e r n a l  ( c l o s e s t  t o  t h e  l i q u i d  metal 

f low)  PCM element ,  an  element  a t  t h e  c e n t e r  of t h e  PCM t u b e ,  and a 

l i q u i d  metal r e g i o n  e lement ,  r e s p e c t i v e l y .  

VP 

kA 
AT 4 

C h T ,  
c v.  . o  

P i,j. - 

+ 13- 
A Z  

p i n  
kA 

i j  + 
pout  A r  

i j  

(Eq.  3 .28)  

( E q .  3.29) 

( E q .  3.30) 
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(Eq. 3 . 3 1 )  

Due t o  t h e  h i g h e r  c o n d u c t i v i t y  of t h e  l i q u i d  metal ,  t h e  t i m e  s t e p  

s i z e  f o r  t h i s  r e g i o n  was always s e v e r a l  o r d e r s  of magnitude smaller 

t h a n  t h a t  needed f o r  t h e  PCM reg ion .  Th i s  p o r t i o n  of t h e  code was 

t h e r e f o r e  r e w r i t t e n  i n  an i m p l i c i t  manner. The s t a b i l i t y  of t h e  

i m p l i c i t  fo rmula t ion  i s  not  as e a s i l y  d e f i n e d  as t h a t  of the e x p l i c i t  

fo rmula t ion .  The i m p l i c i t  approach i s  expec ted  t o  be s t a b l e  a t  ve ry  

l a r g e  t i m e  s t e p s  bu t  t h e  only way t o  tes t  t h e  s t a b i l i t y  i s  t o  vary  t h e  

t ime-step s i z e  and examine t h e  e f f e c t  an t h e  r e s u l t s .  The re fo re ,  t h e  

code was run wi th  s i x  r a d i a l  s u b d i v i d i o n s  and a v a r i e t y  of t i m e - s t e p  

s i z e s .  The maximum t ime-step s i z e  f o r  t h i s  examinat ion  w a s  se t  by the 

requi rements  of t h e  e x p l i c i t  p o r t i o n  of t h e  code. The resu l t s  of t h i s  

t e s t  a r e  shown i n  F ig .  3 . 3  i n  t h e  form of t h e  l i q u i d  metal t empera tu re  

p r o f i l e  a f t e r  100 s. These c o n s i s t e n t  shape  of t h e s e  cu rves  i n d i c a t e s  

t h a t  t h e  s o l u t i o n  is  indeed s t a b l e  f o r  t h e  time s t e p  s i z e s  under con- 

s i d e r a t i o n .  The accuracy  of t h e  l i q u i d  metal e x i t  t empera tu re  i s  

a c c e p t a b l e  cons ide r ing  o t h e r  approximat ions  used i n  t h e  f i n i t e -  

d i f f e r e n c e  model. 

Rad ia l  and a x i a l  s t e p  s i z e s  were examined i n  a similar inanner. 

The number of r a d i a l  s u b d i v i s i o n s  was v a r i e d  from 3 t o  24.  The axial. 

s t e p  s i z e  w a s  a u t o m a t i c a l l y  a d j u s t e d  s o  t h a t  the pe r ime te r  and c ross -  

s e c t i o n a l  area f o r  a PCM element were of t h e  same o rde r  of magni- 

tude.  The f i n i t e  d i f f e r e n c e  code a u t o m a t i c a l l y  s t o p s  when t h e  l i q u i d  
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Fig .  3 . 3 .  I n f l u e n c e  of Time-Step S i z e  on t h e  S t a b i l i t y  of t h e  
I m p l i c i t  Solu t ion .  

metal ex i t  tempera ture  exceeds 1100°K. The time a t  which t h i s  condi- 

t i o n  w a s  m e t  was very  s e n s i t i v e  t o  t h e  number of r a d i a l  s u b d i v i s i o n s ,  

v a r y i n g  from 9 6 4  seconds a t  3 s u b d i v i s i o n s  down t o  697 seconds a t  24 

s u b d i v i s i o n s .  The r e s u l t s  shown i n  F igs .  3 . 4  and 3 . 5  r e f l e c t  t h e  PCM 

c o n d i t i o n  a t  t h e  s t o p p i n g  p o i n t  de te rmined  by t h e  l i q u i d  metal e x i t  

t empera ture  l i m i t .  

F i g u r e  3 . 4  shows t h e  e f f e c t  of element s i z e  on t h e  d imens ionless  

PCM tempera ture  a t  the o u t e r  surface of t h e  t u b e  and i n  t h e  c e n t e r  of 

t h e  tube.  The o u t e r  s u r f a c e  tempera ture  is r e l a t i v e l y  u n a f f e c t e d  by 
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Fig .  3.4. E f f e c t  of Element S ize  on PCM Dimensionless  Tempera- 
t u r e  P r o f i l e .  

t h e  number of d i v i s i o n s  but  t h e  tempera ture  a t  t h e  c e n t e r  of t h e  tube  

i s  s t r o n g l y  a f f e c t e d .  F i g u r e  3.5 shows t h e  e f f e c t  of e lement  s i z e  

on 0*, t h e  d imens ionless  energy s t o r a g e  of t h e  tube  and t h e  F o u r i e r  

number cor responding  t o  t h e  t i m e  a t  which the l i q u i d  metal e x i t  t e m -  

p e r a t u r e  exceeds 1100'K. Based on an  examinat ion of t h e s e  f i g u r e s ,  

n i n e  s u b d i v i s i o n s  w e r e  used f o r  a l l  subsequent  tes ts .  This i s  a com- 

promise between accuracy  and e f f i c i e n c y .  The computer code running  

t i m e  i n c r e a s e s  a t  a ra te  roughly p r o p o r t i o n a l  t o  t h e  number of r a d i a l  

d i v i s i o n s ,  from 14 Cray CPU minutes  f o r  M = 3 t o  126 Cray CPU minutes  
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F i g .  3.5. 
Energy Storage  ( e * ) .  

E f f e c t  of Element Size on T e s t  D u r a t i o n  (Fo) and 

f o r  M = 24. A t  n i n e  s u b d i v i s i o n s ,  t h e  p r e d i c t e d  energy s t o r a g e  i s  

w i t h i n  13% and t i m e  v a l u e  is w i t h i n  10% of t h e  more a c c u r a t e  tests. 

T h i s  accuracy  i s  t h e r e f o r e  c o n s i d e r e d  a c c e p t a b l e  c o n s i d e r i n g  t h e  wide 

range of p o t e n t i a l  d e s i g n  parameters  d i s c u s s e d  i n  Sect. 1.2. The 

f i n a l  computer r u n s  f o r  t h e  enhanced c o n f i g u r a t l o n s  used from 53 t o  

153 CPU minutes  on t h e  Cray computer. 
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3,3.2 Computer code development 

The o v e r a l l  computer code f low c h a r t  i s  shown i n  F ig .  3 . 6 .  This 

f i g u r e  and t h e  r e s u l t s  p re sen ted  i n  t h i s  r e p o r t  r e f l e c t  t h e  f i n a l  form 

of t h e  computer code. However, s e v e r a l  s u b j e c t s  exp lo red  d u r i n g  t h e  

development of t h i s  code are worth d i s c u s s i n g .  The change from an  ex- 

p l i c i t  t o  a n  i m p l i c i t  t r ea tmen t  of t h e  l i q u i d  metal r e g i o n  h a s  a l r e a d y  

been d i scussed .  Another impor tan t  f a c e t  of t h e  development inc luded  

t h e  a d d i t i o n ,  and u l t i m a t e l y  t h e  d e l e t i o n ,  of a segment of t h e  code 

t h a t  modeled the  PCM containment tube  w a l l .  

The i n c l u s i o n  of the tube  w a l l  compl ica ted  t h e  code i n  s e v e r a l  

ways. The code was found t o  be bet ter-behaved i f  t h e  c r o s s - s e c t i o n a l  

areas of each f i n i t e  d i f f e r e n c e  node were of t h e  same o rde r  of magni- 

tude  as t h e  a x i a l  areas. Because t h e  tube  w a l l  was s o  much t h i n n e r  

t h a n  t h e  PCM r e g i o n ,  ach iev ing  such  a ba lance  was ve ry  d i f f i c u l t .  

A d d i t i o n a l l y ,  a t  t h e  j u n c t u r e  of t h e  PCM and t h e  w a l l ,  i t  w a s  neces-  

s a r y  t o  know t h e  PCM's c o n d u c t i v i t y ,  which i n  t u r n  r e q u i r e d  knowledge 

of t h e  phase a t  t h a t  p o i n t  i n  space  and t i m e .  This somewhat n u l l i f i e d  

t h e  advantages  i n h e r e n t  i n  t h e  Kirchoff  t empera tu re  approach. Addi- 

t i o n a l l y ,  t h e  tube  w a l l ' s  h igh  c o n d u c t i v i t y  and small p h y s i c a l  dimen- 

s i o n s  l e d  t o  very  small time s t e p s ,  on t h e  o r d e r  of t h o s e  r e q u i r e d  f o r  

t h e  l i q u i d  metal reg ion .  Moreover, a f t e r  going through a l l  t h e s e  

c o r r e c t i o n  procedures  t o  t h e  e x t e n t  p o s s i b l e ,  t h e  t empera tu re  d i f f e r -  

ence a c r o s s  t h e  tube w a l l  w a s  always much smaller t h a n  t h e  d i f f e r e n c e  

between t h e  l i q u i d  metal and PCM t empera tu res .  
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Fig .  3 . 6 .  Flow Chart  f o r  F i n i t e  D i f f e rence  Computer Code. 

A f t e r  d e c i d i n g  t o  remove t h e  tube  w a l l  p o r t i o n  of t h e  model from 

the  code,  s e v e r a l  cavea t s  were added t o  the  code. The cade now c a l c u -  

lates t h e  thermal  s t o r a g e  c a p a c i t y  of t h e  tube  w a l l  and compares i t  t o  

t h e  thermal  s t o r a g e  c a p a c i t y  of t h e  PCM. This  v a l u e  i s  p r i n t e d  out  

and an  e x c e s s i v e l y  l a r g e  v a l u e  w i l l  s t o p  the code ' s  execut ion .  Also ,  
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the convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  compared t o  t h e  o v e r a l l  

h e a t  t r a n s f e r  c o e f f i c i e n t  (Eq. 3.32) i n c l u d i n g  t h e  w a l l .  Th i s  v a l u e  

is  a l s o  p r i n t e d  out  and can s t o p  t h e  code ' s  execu t ion .  These precau-  

t i o n s  w i l l  be of va lue  i f  o t h e r  t u b e  w a l l  t h i c k n e s s e s  o r  materials are  

examined a t  a f u t u r e  t i m e .  

1 - - 
1 tw hover  a1  1 
- + -  

W 
h k  

3 . 4  Enhanced Conf igu ra t ions  

(Eq. 3.32) 

As w i l l  be demonstrated i n  Sec t s .  4.1 and 4 .2 ,  t h e  l i m i t i n g  

f a c t o r  of t h e  PCM energy s t o r a g e  system is  t h e  poor c o n d u c t i v i t y  of 

t h e  PCM material. T h i s  c o n d u c t i v i t y ,  as w a s  shown i n  Table  1.1, is 

about one-tenth t h e  c o n d u c t l v i t y  of e i t h e r  t h e  l i q u i d  metal or t h e  

t u b e  w a l l .  I f  t h e  PCM c o n d u c t i v i t y  were h i g h e r ,  t h e  t u b e  r a d i u s  could 

be l a r g e r ,  the. number of t ubes  could be smaller,  and t h e  l i q u i d  metal 

f low r a t e  could l i k e l y  be lower. 

Three enhancement methods are  cons ide red  i n  t h i s  s tudy .  They 

invo lve  r e p l a c i n g  some p o r t i o n ,  measured as a volume p e r c e n t ,  of t h e  

PCM wi th :  1) a r e t i c u l a t e d  metal i n s e r t ,  2 )  t h i n  f i n s ,  o r  3) l i q u i d  

l i t h i u m  ( t o  make a metal s a l t / m o l t e n  metal s l u r r y ) .  A mixed e n t h a l p y  

approach  i s  used t o  model t h e s e  enhancements w i t h  t h e  f i n i t e  d i f f e r -  

ence code. 

The mixed e n t h a l p y  approach i s  based on an  assumption t h a t  t h e  

enhanced PCM mixture  behaves as a homogenous material .  Knowles and 

Webb [ 9 ]  have de f ined  optimum f i n  d i s p e r s i o n  r equ i r emen t s  f o r  which 
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this assumption is rigorously true. These dispersion requirements are 

based on two conditions: 1) the fins must be perpendicular to the 

heat transfer face and 2) the fins must be thin enough that the 

thermal resistance along the fins must be greater than the resistance 

across the PCM layers. For cylindrical geometries, this means that 

the enhancement material should be arranged perpendicular to the outer 

face of the cylinder and the concentration should be inversely' propor- 

tional to the radius. The applicability of this approach for thin 

fins has been experimentally confirmed by Knowles and Webb [9]. 

The mixed enthalpy method is implemented by calculating new 

"mixed" values f o r  the density, heat capacity, conductivity, and 

latent heat of the PCM mixture (see E q s .  3 . 3 3 - 3 . 3 6 ) .  In Eq. 3 . 3 4 ,  the 

specific heat of each material is first converted to a volumetric spe- 

cific heat (used and empirically documented by Knowles and Webb [91) ,  

weighted according the volumetric fraction of the addition material, 

and finally reconverted to a mass basis using the density of the mix- 

ture. The latent heat of the mixture (Eq. 3 . 3 6 )  must reflect not only 

the fact that a portion of the material does not undergo a phase 

change, but also the new, greater density of the mixture. 

Ppcm 
+ (1 -x) c 

Ppcm 
'add xc 

.-a - - 'add 
\r p mix 

'mix 

+ ( 1  - X) k - 
kmix - kadd Pcm 

P 
=-E!=( l - x ) L f  
'mix Pcm 

Lfmix 

(Eq. 3 . 3 3 )  

(Eq.  3 . 3 4 )  

(Eq.  3.35) 

(Eq. 3 . 3 6 )  
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Both aluminum and n i c k e l  are a v a i l a b l e  as a r e t i c u l a t e d  material 

(s imilar  t o  s tee l  wool) w i th  void f r a c t l o n s  from 90 t o  95%. Aluminum 

h a s  a much h i g h e r  c o n d u c t i v i t y  bu t  u n f o r t u n a t e l y  a m e l t i n g  p o i n t  below 

t h e  a p p l i c a t i o n  under c o n s i d e r a t i o n .  Nickel  w a s  t h e r e f  ore  chosen as 

t h e  material  f o r  t h e  r e t i c u l a t e d  metal i n s e r t  and i t s  p r o p e r t i e s  are  

shown i n  Table 3 . 3 .  Both 90 and 95% void  f r a c t i o n s  were modeled. 

Table  3.3.  Enhancement 
Material P r o p e r t i e s  

U 
Nickel  

k 55.0 W/m-"K 

c 0.444 J/g-"K 

P 8.906 x l o 6  g/m3 

Liquid  Li thium 

P 

b 

k 12.22 W/m-"K 

c 4.6 J / ~ - ' K  
P 

P 4.65 x 105 g/m3 - 
a 

b 

c and P a t  

a t  973OK [ 1 4 ] .  

20"C, k P a t  600°K [ 3 ] .  

The f i n s  were made out of t h e  same material as  t h e  tube  w a l l ,  

3 0 4 S S ,  The p r o p e r t i e s  f o r  t h i s  material  were l i s t e d  i n  Table 1.1. 

F i n  volume f r a c t i o n s  from 5 t o  50% were modeled. 

The me ta l /me ta l - sa l t  mix ture  i s  gene ra t ed  by adding  l i q u i d  

l i t h i u m  t o  t h e  l i t h i u m  hydr ide  s a l t .  This a d d i t i o n  no t  on ly  enhances 

the h e a t  t r a n s f e r  bu t  is a l s o  v a l u a b l e  because i t  s i g n i f i c a n t l y  re- 

duces  t h e  PCM's hydrogen p r e s s u r e  as can  be s e e n  i n  F ig .  3 . 7 .  This  

r e d u c t i o n ,  i n  t u r n ,  s i m p l i f i e s  t h e  PCM containment  problem. Volume 

f r a c t i o n s  of l i q u i d  l i t h i u m  from 10 t o  50% were modeled. 
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4 .  RESULTS 

4.1 Unenhanced System C o n f i g u r a t i o n s  

I n f t i a l  system c o n f i g u r a t i o n  e s t i m a t e s  were based on t h e  r e s u l t s  

of t h e  approximate a n a l y s i s  d e s c r i b e d  i n  Chap. 2. An i n i t i a l  s c r e e n -  

i n g  of t h e  c a n d i d a t e  systems r e p o r t e d  i n  Table  2.1 was made w i t h  only 

t h r e e  r a d i a l  s u b d i v i s i o n s  t o  save computer time. Only one of t h e s e  

c o n f i g u r a t i o n s  was a b l e  t o  s a t i s f y  t h e  thermal  load  f o r  t h e  t a r g e t  

t es t  d u r a t i o n  of 1000 seconds.  This  c o n f i g u r a t i o n  was t h e  one w i t h  

t h e  s m a l l e s t  v a l u e  of Ro and an  R f / R o  r a t i o  of 3. 

se t  of t r i a l  c a s e s  w a s  genera ted  w i t h  s t i l l  s m a l l e r  tube  r a d i i ,  recog- 

n i z i n g  t h a t  a s  t h e  number of r a d i a l  s u b d i v i s i o n s  was r a i s e d  t o  n i n e  

( s e e  Sec t .  3.3.1 f o r  a d i s c u s s i o n  of accuracy  r e q u i r e m e n t s ) ,  t h e  t h e r -  

mal load  would be s a t i s f i e d  f o r  a s t i l l  s h o r t e r  p e r i o d  of t i m e .  This  

second set  of c a s e s  i s  shown i n  Table 4.1. The number of t u b e s  re- 

q u i r e d  f o r  t h e s e  e s t i m a t e s  was based on t h e  thermal  s t o r a g e  c a p a c i t y  

of both t h e  PCM and t h e  l i q u i d  metal  w i t h i n  t h e  annular  reg ion .  

T h e r e f o r e ,  a n o t h e r  

A l l  of t h e s e  t r i a l  c o n f i g u r a t i o n s  were a b l e  t o  s a t i s f y  t h e  t h e r -  

mal s t o r a g e  demand f o r  t h e  t a r g e t  o p e r a t i n g  per iod  of 900 t o  

1000 seconds.  However, t h e  system energy d e n s i t y  was low and only a 

small  p o r t i o n  of t h e  PCM was melted.  Therefore ,  f o r  two c o n f i g u r a -  

t i o n s ,  t h e  number of t u b e s  was t h e n  reduced below t h e  e s t i m a t e d  

requi rements  t o  i n c r e a s e  t h e  energy s t o r a g e  load  on each tube .  This  

i n c r e a s e d  both  t h e  energy s t o r a g e  d e n s i t y  and t h e  p r o p o r t i o n  of energy 

s to red  i n  t h e  form of l a t e n t  h e a t ,  as i s  shown i n  F i g .  4.1. For  two 

of t h e s e  t u b e  c o n f i g u r a t i o n s ,  t h e  l i q u i d  meta l  e x i t  t empera ture  

exceeded t h e  a l lowable  e x i t  t empera ture  a t  o p e r a t i n g  p e r i o d s  of 900 t o  



Table  4.1. System Conf igura t ions"  Based 
on F i n i t e  D i f f e rence  Analys is  

PCMb System energy System' energy 
R a t i o  of l a t e n t  

d e n s i t y  energy  
s t o r a g e  

s t o r a g e  
( lo6  J / t u b e )  (J/g) 

0* Number of PCM t o  s e n s i b l e  
t u b e s  s t o r a g e  i n  R, L/D 

PCM (1 O6 J / t u b e )  

0.01 175 

0.03 58 
67 
83 

0.05 35 
35  
40 
50 
50 
50 

247,000 

27,000 
24 , 000 
19,000 

10,000 

9,000 
5,700"i>e 

7,000 
5 , OOOd 
4,OOd.f 

0.021 

0.015 
0.019 
0.0 29 

0.024 
0.400 
0.028 
0.036 
0.347 
0.4 34 

0.755 

0.698 
0.698 
0.698 

0.608 
1.05 
0,608 
0.608 
0.954 
1.11 

1.30 

10.8 
12.3 
15.5 

25.9 
45.1 
29.7 
37.4 
58.7 
68.0 

3.04 

27.2 
31.1 
39.0 

75.5 

86.4 
119 

108 
149 
177 

414 

421 
42 1 
42 1 

4 2 2  
6 6 3  
422 
423 
584 
69 1 

w 
W 

'Liquid metal v e l o c i t y  = 0.04 m / s ,  R f / R o  = 3. 

bInc ludes  PCM only ,  no t  t u b e  wa l l  o r  l i q u i d  metal. 

'System i n c l u d e s  t u b e  w a l l  and l i q u i d  metal i n  a n n u l a r  region. 

dNumber of t ubes  reduced t o  i n c r e a s e  thermal  load  on each  tube.  

 or this case, T = 907 seconds.  

fFor t h i s  ca se  T 
d 
= 947 seconds.  

d 
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950 seconds,  as noted on t h e  t a b l e .  The maximum o p e r a t i o n a l  p e r i o d  i s  

t h e r e f o r e ,  an impor tan t  f a c t o r  i n  d e f i n i n g  t h e  maximum energy s t o r a g e  

d e n s i t y  a t t a i n a b l e .  The l a s t  c o n f i g u r a t i o n  l i s t e d  on Table  4.1 was 

chosen as a b a s i s  of comparison f o r  t h e  enhanced c o n f i g u r a t i o n s  i n  

Sec t .  4.2. It i s  impor tan t  t o  n o t e ,  however, t h a t  t h i s  c o n f i g u r a t i o n  

does not  r e p r e s e n t  an optimum, as i s  d i s c u s s e d  below. 

The l e n g t h  t o  d iameter  r a t i o  had no  e f f e c t  on t h e  energy s t o r a g e  

d e n s i t y  f o r  t h e s e  c o n f i g u r a t i o n s  because of t h e  way t h e  r e q u i r e d  num- 

b e r  of t ubes  w a s  e s t ima ted .  An i n c r e a s e  i n  t h i s  r a t i o  i n c r e a s e s  t h e  
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p r o p o r t i o n  of energy s t o r e d  as l a t e n t  h e a t  f o r  t h o s e  cases w i t h  a 

lower energy s t o r a g e  d e n s i t y .  However, f o r  t h e  c a s e s  where t h e  t h e r -  

mal load  per  tube  i s  i n c r e a s e d ,  t h e  l e n g t h  t o  d i ame te r  r a t i o  h a s  

a lmos t  no e f f e c t  on t h e  p r o p o r t i o n  of l a t e n t  energy  s t o r e d .  Th i s  

parameter  is a p p a r e n t l y  impor tan t  only f o r  t h o s e  c a s e s  where t h e  t h e r -  

m a l  l oad  is  s o  small t h a t  t h e  m e l t i n g  f r o n t  remains very  c l o s e  t o  t h e  

s u r f a c e  of t h e  PCM tube  throughout  t h e  test p e r i o d .  

The h igh  (about 60%) p r o p o r t i o n  of s e n s i b l e  h e a t  s t o r a g e  i n  t h e  

PCM is  l a r g e l y  a t t r i b u t a b l e  t o  t h e  d i f f e r e n c e  between t h e  i n i t i a l  s y s -  

tem tempera tu re  of 700°K and t h e  PCM m e l t  t empera tu re  of 962°K. 

The amount of energy s t o r e d  i n  t h e  i n c r e a s e d  i n t e r n a l  energy of 

t h e  l i q u i d  metal h e a t  t r a n s f e r  f l u i d  was very  h igh ,  about  1.5 t i m e s  

t h e  amount of energy s t o r e d  i n  t h e  PCM tube .  This can be s e e n  i n  

Tab le  4.1 where t h e  system energy s t o r a g e  and system energy d e n s i t y  

i n c l u d e  t h e  l i q u i d  meta l  i n v e n t o r y  w i t h i n  t h e  annu la r  r eg ion .  Con- 

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

o the r  c o n f i g u r a t i o n s  were t e s t e d ,  w i t h  smaller r a d i i  and w i t h  s m a l l e r  

R f / R o  r a t i o s .  Most of t h e s e  c a s e s  were unab le  t o  s a t i s f y  t h e  ope ra t -  

i n g  pe r iod  requi rements .  However, one test c a s e  d i d  s a t i s f y  t h i s  r e -  

quirement  and shows t h a t  t h e  system c o n f i g u r a t i o n s  d i s c u s s e d  above a r e  

f a r  from optimum. This case  was i d e n t i c a l  t o  t h e  f o u r t h  case  l i s t e d  

i n  Table  4.1 excep t  t h a t  t h e  R f / R o  r a t i o  was dec reased  t o  2.0. 

r a t i o  of l a t e n t  t o  s e n s i b l e  energy s t o r a g e  i n  t h e  PCM t ube  i n c r e a s e d  

from 0.029 t o  0.504, 0* i n c r e a s e d  from 0.698 t o  1.246, t h e  system 

energy  d e n s i t y  i n c r e a s e d  from 421 t o  973 J / g ,  and t h e  r a t i o  of energy 

The 
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s t o r e d  i n  t h e  l i q u i d  metal. t o  t h a t  s t o r e d  i n  t h e  PCM dropped from 1.5 

t o  0.41. 

Based on t h i s  example, and on t h e  l a r g e  number of system param- 

eters t h a t  could be v a r i e d ,  t h e  system performance r e p o r t e d  i n  t h i s  

s t u d y  should  be used only t o  measure t h e  r e l a t i v e  v a l u e  of system 

enhancements, not  a s  an a b s o l u t e  measure of p o t e n t i a l  system per-  

f ormance. 

4.2 Enhanced System Comparisons 

The t h r e e  enhancement o p t i o n s  were d e s c r i b e d  i n  Sect. 3.4 and 

i n c l u d e  t h e  i n s e r t i o n  of a r e t i c u l a t e d  n i c k e l  m a t e r i a l ,  t h e  a d d i t i o n  

of t h i n  f i n s ,  and t h e  a d d i t i o n  of l i q u i d  l i t h i u m  t o  t h e  PCM. These 

enhancements had a modest e f f e c t  on system performance, i n c r e a s i n g  

b o t h  t h e  l e n g t h  of t i m e  f o r  which t h e  thermal  l o a d  could be m e t  and 

t h e  t o t a l  energy s t o r e d .  The d e c r e a s e  i n  energy s t o r a g e  d e n s i t y  

v a r i e s  g r e a t l y  among t h e  enhancement o p t i o n s .  The f o l l o w i n g  compari- 

sons  a r e  based on a maximum o p e r a t i n g  p e r i o d  of 1000 seconds ,  a s  

d e s c r i b e d  i n  t h e  problem d e f i n i t i o n  i n  Sec t .  1.2. S e c t i o n  4.3 w i l l  

d e s c r i b e  some a l t e r n a t i v e  bases  f o r  comparison. 

The o p e r a t i o n a l  p e r i o d  of t h e  unenhanced system was 947 sec-  

onds. The a d d i t i o n  of t h i n  f i n s  and t h e  i n s e r t i o n  of r e t i c u l a t e d  

n i c k e l  m a t e r i a l  i n c r e a s e d  t h e  o p e r a t i o n a l  p e r i o d  beyond 1000 sec- 

onds. The a d d i t i o n  of l i q u i d  l i t h i u m  i n c r e a s e d  t h e  o p e r a t i o n a l  p e r i o d  

t o  960 seconds €or  a 10% a d d i t i o n ;  however, t h e  o p e r a t i o n a l  t ime f o r  

l a r g e r  a d d i t i o n s  was decreased .  F i g u r e  4.2 summarizes t h e  e f f e c t  of 

t h e s e  enhancement o p t i o n s  on t h e  o p e r a t i n g  per iod .  
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Fig .  4.2. E f f e c t  of Enhancements on Test Dura t ions .  

The amount of energy s t o r e d  was i n c r e a s e d  by up t o  6% by t h e  u s e  

of a r e t i c u l a t e d  n i c k e l  i n s e r t  o r  by t h e  a d d i t i o n  of t h i n  f i n s ,  as 

s e e n  i n  Fig.  4.3. The energy s t o r a g e  b e n e f i t s  of t h e  90 and 95% v o i d  

f r a c t i o n  n i c k e l  i n s e r t s  are t h e  same. Two t h i r d s  of t h e  energy s t o r -  

age i n c r e a s e  a t t a i n a b l e  by t h e  a d d i t i o n  of t h i n  f i n s  i s  a v a i l a b l e  a t  

only a 10% volume a d d i t i o n .  The energy s t o r a g e  d o e s n ' t  i n c r e a s e  a t  

a l l  when t h e  volume f r a c t i o n  of t h e  f i n  m a t e r i a l  i s  i n c r e a s e d  f u r t h e r  

from 30 t o  50%. The a d d i t i o n  of l i q u l d  l i t h i u m  i n c r e a s e d  t h e  energy 
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Fig .  4.3.  E f f e c t  of Enhancements on T o t a l  Energy Storage .  

s t o r a g e  a small amount f o r  a d d i t i o n s  of 10% or  less.  Larger  amounts 

of l i q u i d  l i t h i u m  a c t u a l l y  dec reased  t h e  energy s t o r a g e  c a p a c i t y .  

This  dec rease  is a t t r i b u t a b l e  t o  t h e  low d e n s i t y  of l i q u i d  l i t h i u m ,  

lower even than  t h e  PCM. Since  t h e  volume of each tube  i s  he ld  con- 

s t a n t ,  i n c r e a s i n g  t h e  p ropor t ion  of l i q u i d  l i t h i u m  d e c r e a s e s  the mass 

of t h e  PCM mixture .  The o p p o s i t e  i s  t r u e  f o r  t h e  o t h e r  enhancement 

op t ions  
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For  t h e  s p e c i f i e d  o p e r a t i n g  p e r i o d  range, t h e  energy storage 

d e n s i t y  is decreased  by t h e  use of f i n s  and t h e  r e t i c u l a t e d  n i c k e l  

i n s e r t  bu t  w a s  r e l a t i v e l y  unchanged by t h e  a d d i t i o n  of l i q u i d  l i t h i u m ,  

see Fig.  4 . 4 .  The t h i n  f i n  and n i c k e l  a d d i t i o n s  of 10% d e c r e a s e  t h e  

energy s t o r a g e  d e n s i t y  by about  7%. 

F i g u r e  4.5 shows t h a t  a r e t i c u l a t e d  n i c k e l  i n s e r t  w i t h  a 95% v o i d  

f r a c t i o n  o f f e r s  the b e s t  compromise between a n  i n c r e a s e  i n  s t o r a g e  

c a p a c i t y  and a r e l a t i v e l y  s m a l l  d e c r e a s e  (-1%) i n  t h e  energy s t o r a g e  
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d e n s i t y  f o r  t h e  s p e c i f i e d  o p e r a t i n g  p e r i o d  range.  An a d d i t i o n  of 10% 

l i q u i d  l i t h i u m  i n c r e a s e s  both  t h e  energy s t o r a g e  d e n s i t y  and t h e  t o t a l  

energy s t o r a g e  c a p a c i t y ,  b u t  only by a very small  amount. However, 

t h i s  op t ion  has  t h e  added b e n e f i t  of reducing  t h e  hydrogen p r e s s u r e  of 

t h e  l i t h i u m  hydr ide  PCM, as w a s  d i s c u s s e d  i n  Sec t .  3.4. 

The r a t i o  of energy s t o r e d  i n  t h e  form of l a t e n t  h e a t  t o  t h e  

s e n s i b l e  h e a t  w i t h i n  t h e  PCM v a r i e s  from 0.43 i n  t h e  unenhanced con- 

f i g u r a t i o n  t o  0.56 i n  t h e  90% void f r a c t i o n  r e t i c u l a t e d  n i c k e l  i n s e r t  
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c o n f i g u r a t i o n ,  as Table 4.2 shows- I f  a l l  t h e  unenhanced PCM, from an 

i n i t i a l  t empera ture  of 700"K, were melted and a t  t h e  melt ingstempera-  

t u r e ,  t h i s  r a t i o  would e q u a l  a v a l u e  of 1 . 3 .  However, much o€ t h e  PCM 

remains unrnelted a t  t h e  end of t h e  o p e r a t i n g  per iod .  Also,  t h e  PCM 

n e a r e s t  the s u r f a c e  h e a t s  up above t h e  m e l t i n g  t e m p e r a t u r e ,  f u r t h e r  

i n c r e a s i n g  t h e  p r o p o r t i o n  of s e n s i b l e  h e a t  s t o r a g e .  

The p o s i t i o n  of t h e  phase change f r o n t  a t  t h e  end of t h e  opera t -  

i n g  p e r i o d  is shown i n  F i g s .  4 . 6  - 4.8. I n  t h e s e  f i g u r e s ,  t h e  PCM 
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F i g .  4 . 6 .  Phase-Change F r o n t  P o s i t i o n s  f o r  R e t i c u l a t e d  Nicke l  
Enhancements. 



a T a b l e  4.2. Per formance  Summary of Enhanced Systems 

Ratio Of R a t i o  of e n e r g y  
l a t e n t  t o  
s e n s i b l e  

( y / g )  J / t u b e )  t h e  PCM 

d 

s t o r e d  i n  

t o  e n e r g y  
s t o r e d  i n  PCM 

T o t a l  
e n e r g y  
s t o r e d  e n e r g y  

( l o 6  J j t u b e )  s t o r a g e  i n  

PCM 
e n e r g y  
s t o r e d  8* l i q u i d  metal 

System' 
Enhancement b T e s t  e n e r g y  

d i f f u s i v i t y  F o S t e  durat ion density 
e The rma 1 

( 10-6 d / S )  (106 
(volume %> 

R e f e r e n c e  case. n o  enhancement  

947 697 66.0 1.11 0 0.9 0.27 177 0.43 1.6 

R e t i c u l a t e d  N i c k e l  

687 76.7 1.35 
649 77.1 1 .48  

5 
10  

1.5 
2.0 

0.47 
0.69 

1000 
1000 

187 
187 

0.53 
0.56 

1.4 
1.3 

L i q u i d  l i t h i u m  

702 71.0 1.27 
692 73.0 1.58 
674 73.1 2.03 

10  
30 
50 

1 . 2  
1.7 
2.4 

0.36 
0.59 
1.00 

960 
942 
914 

179 
176 
171 

0.47 
0.50 
0.50 

1.6 
1.6 
1.8 

304 SS t h i n  f i n s  

676 72.4 1.26 
652 75.8 1.38 
548 79.6 1 .85  
47 1 81.7 2.52 

5 
10 
30  
50 

1.1 
1.4 
2.3 
3.4 

0.36 
0.46 
0.97 
1.91 

978  
992 

1000 
1000 

183  
185 
187 
187 

0.47 
0.50 
0.53 
0.48 

1.5 
1.4 
1.4 
1.4 

aRo = 0.05 m ,  R f / R o  = 3, v = 0.04 m / s ,  LID = 5 0 ,  NPIPES = 4000. 

bComputer model s t o p s  when l i q u i d  metal  e x i t  t e m p e r a t u r e  r e a c h e s  1100°K o r  a t  1000 s ,  w h i c h e v e r  comes f i r s t .  

'System i n c l u d e s  l i q u i d  metal r e g i o n  and t u b e  w a l l .  

' Inc ludes  only enhanced PCM m a t e r i a l .  

e I n c l u d e s  e n e r g y  s t o r e d  i n  t h e  form of i n c r e a s e d  i n t e r n a l  e n e r g y  of l i q u i d  metal i n  t h e  a n n u l a r  r e g i o n .  
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F i g .  4.7. Phase-Change F r o n t  P o s i t i o n s  f o r  Liquid  Li thium En- 
hancements. 

above t h e  l i n e  i s  melted and t h e  PCM below t h e  l i n e  i s  s o l i d .  The 

s t a i r - s t e p  appearance of t h e s e  p l o t s  is caused by t h e  n a t u r e  of t h e  

f i n i t e  d i f f e r e n c e  s o l u t i o n  and t h e  size of t h e  r a d i a l  d i v i s i o n s .  The 

f r o n t  f o r  most of t h e  c a s e s  only p e n e t r a t e s  about  25% of t h e  way i n t o  

t h e  PCM. 

volume is  i n  t h e  melted zone. The c e n t e r  of t h e  PCM is  melted only  

for v e r y  l a r g e  a d d i t i o n s  of enhancement m a t e r i a l s .  Such l a r g e  a d d i -  

However, a t  an  r / R o  v a l u e  of .75 ,  about  44% of t h e  PCM 

t i o n s  are not  suppor ted  by t h e  energy s t o r a g e  and energy d e n s i t y  con- 

s i d e r a t i o n s  a l r e a d y  d i s c u s s e d .  
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hancements. 

It i s  i n t e r e s t i n g  t o  n o t e ,  however, t h a t  doubl ing  t h e  volume per-  

c e n t  of enhancement m a t e r i a l  from 5 t o  10% has  a r e l a t i v e l y  smal l  

e f f e c t  on t h e  i n t e r f a c e  l o c a t i o n  f o r  both t h e  r e t i c u l a t e d  n i c k e l  and 

t h i n  f i n  c a s e s ,  as does t r i p l i n g  t h e  enhancement m a t e r i a l  from 10 t o  

30% i n  t h e  l i q u i d  l i t h i u m  case.  However, t r i p l i n g  t h e  fin volume from 

10 t o  30% has a very l a r g e  e f f e c t ,  moving t h e  i n t e r f a c e  all t h e  way t o  

t h e  c e n t e r  of t h e  PCM tube  f o r  z / L  <0.2. I n c r e a s i n g  t h e  f i n  volume by 

another  67% causes  t h e  mel t ing  f r o n t  t o  reach  t h e  c e n t e r  f o r  80% of 
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t h e  l e n g t h  of t he  tube.  Also, i nc reas ing  the l i q u i d  l i t h ium f r a c t i o n  

from 30 t o  50% (only  a 67% inc rease )  causes  a tremendous i n c r e a s e  i n  

m e l t  f r o n t  propagat ion €o r  z / L  (0.1. 

F igu re  4.9 shows t h e  dimensionless  temperature  response of t he  

c e n t r a l  ( r=0 ,  z/L=.5) PCM node vs. t h e  dimensionless  time v a r i a b l e  

which r e f l e c t s  t h e  vary ing  S t e f a n  numbers of t h e  enhanced PCM, 

The nondimensional temperature  response i s  s l i g h t l y  slowed by addi -  

t i o n a l  amounts of enhancement m a t e r i a l  ( i . e . ,  a@/aFoSte i s  decreased 
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as the thermal diffusivity is increased). The nondimensional behavior 

reflects the fact that the FoSte time parameter is proportional to the 

increasing thermal conductivity of the enhanced materials. This 

increasing thermal conductivity stretches the time scale, causing this 

counter-intuitive trend. However, for the real time data shown in Figs. 

4.10-4.12, the tine response is improved ( i . e .  aT/a . r  is increased) by 

the addition of the enhancement materials. 

ORNL-DWG 87C-4739 ETD 

1000 

900 

hL 

w 
a 
3 
t- 

w a 
w 
I- 

800 d 
I 

70 O 

600 

r = Q. z - L IZ  

V NICKEL 10% 

A NICKEL 5% 

* UNENHANCED 

0 200 400 600 800 1000 1200 
TIME (SI 

Fig. 4.10. Temperature Response of Central PCM Node f o r  Systems 
Enhanced With Reticulated Nickel. 



OANL-OWG 87C-4740 ET0 O R N L - D W G  87C-4741 ET0 

1000 

960 

900 

1 

Y 

w 850 
e 
3 
I- 

w 2 
$ 800 
w 
I- 

750 

700 

650 

.b UNENHANCED 
r = o. t = LIZ 

J 
0 200 400 600 800 1000 1200 

TIME (3) 

1000 

960 

900 

I 

Y 

w 850 
E 
3 
I- 

w 
L 

w 
I- 

B 
800 

750 

700 

050 
0 

ir UNENHANCED 
r 9 o ,  z - LIZ 

200 400 600 800 1000 
TIME !SI 

F i g .  4.11. Temperature Response of Central Fig. 4.12. Temperature Response of Central  

PCM Node fo r  Systems Enhanced with 304SS Thin Fins. PCM Node for Systems Enhanced with Liquid Lithium. 



54 

4 .3  A l t e r n a t i v e  Bases f o r  Comparison 

The performance comparisons r e p o r t e d  i n  Sec t .  4.2 were based on a 

s t r i c t  adherance t o  t h e  problem d e f i n i t i o n .  S p e c i f i c a l l y ,  o p e r a t i n g  

p e r i o d s  longe r  t h a n  1000 seconds were no t  c o n s i d e r e d  even though some 

of t h e  enhanced systems were capab le  of r e c e i v i n g  and s t o r i n g  f u r t h e r  

t he rma l  energy wi thou t  exceeding the l i q u i d  metal i n l e t  and o u t l e t  

t empera tu re  c o n s t r a i n t s .  I f  t h e  a p p l i c a t i o n  of t h i s  t he rma l  s t o r a g e  

system was w e l l  d e f i n e d  and u n l i k e l y  t o  change, t h i s  b a s i s  f o r  compar- 

i s o n  would be unquest ioned.  However, g i v e n  t h e  vagueness of t h e  c u r -  

r e n t  a p p l i c a t i o n s  r e q u i r e m e n t s ,  f u r t h e r  d i s c u s s i o n  of t h e  performance 

of t h e s e  systems i s  i n  o rde r .  

I f  t h e  comparison were based s o l e l y  on t h e  s y s t e m ' s  p h y s i c a l  

dimensions and on t h e  i n l e t  and o u t l e t  l i q u i d  metal t empera tu re  con- 

s t r a i n t s ,  s e v e r a l  c o n c l u s i o n s  reached i n  Sec t .  4.2 would be d i f f e r e n t  

as can be s e e n  i n  Table  4 . 3 .  

For  t h e  r e t i c u l a t e d  n i c k e l  i n s e r t ,  the most impor t an t  change i s  

t h a t  now t h e  t o t a l  energy s t o r e d  f o r  t h e  r e t i c u l a t e d  n i c k e l  i n s e r t  

c o n t i n u e s  t o  i n c r e a s e  from 187 MJ t o  197 M J  as t h e  volume p e r c e n t  of 

n i c k e l  i s  i n c r e a s e d  from 5 t o  10%. A s  t h e  vo id  f r a c t i o n  d rops  from 95  

t o  90%, t h e  system energy d e n s i t y  i s  d e c r e a s e d  by only 20 J / g  r a t h e r  

t han  t h e  s h a r p e r  drop of a lmost  40 J/g  w i t h  t h e  1000 second l i m i t .  

T h i s  would change t h e  c o n c l u s i o n  t h a t  t h e  95% vo id  f r a c t i o n  material  

i s  c l e a r l y  more e f f e c t i v e  than  t h e  90% vo id  f r a c t i o n  material. The 

c h o i c e  between t h e s e  two v o i d  f r a c t i o n s  t h e n  becomes a more s u b t l e  

t r a d e - o f f  between i n c r e a s e d  s t o r a g e  c a p a c i t y ,  l eng thened  o p e r a t i n g  

p e r i o d ,  and s l i g h t l y  d e c r e a s e d  system energy d e n s i t y .  



T a b l e  4.3. A l t e r n a t i v e  Per formance  Summary of Enhanced Systems' 

PCb4 
Ratio O f  latent t o  

s e n s i b l e  e n e r g y  

t h e  PCM 

R a t i o  of e n e r g y  s t o r e d  i n  
l i q u i d  m e t a l  t o  e n e r g y  

3 Systen '  e n e r g y  e n e r g y  T o t a l  e n e r g y e  

s t o r a g e  i n  s t o r e d  i n  PCM 
d e n s i t y  s t o r e d  6" s t o r e d  

T e s t  Enhancenent b 
(volume X )  ( J / g )  (106 ( lo6  J / t u b e )  d u r a t i o n  

FoSte 

J / t u b e )  

R e t i c u l a t e d  N i c k e l  

5 0.47 1000 687 76.7 1.35 187 0.53 1.4 

10 0.72 1038 673 84.2 1.55 194 0.59 1.3 

5 0.48 1009 693 78.3 1.37 189 0.53 1.4 
10 0.69 1000 649 77.1 1.48 187 0.56 1.3 

304 SS T h i n  F i n e  

30 0.97 1000 548 79.6 1.85 187 0.53 1.4 
30 0.99 1013 556 82.2 1.89 190 0.54 1.3 
50 1.91 1000 47 1 81.7 3 -52  187 0.48 1.4 
50 No change 

Z ~ o  = 0.05 n,  R ~ / R ~  = 7, v = n.04 n / s ,  L I D  = 5 0 ,  NPIPES = 4om. 

'Conputer model s t o p s  when l i q u i d  meta l  e x i t  t e n p e r a t u r e  r e a c h e s  1100'K. 

'Systen i n c l u d e s  l i q u i d  m e t a l  r e g i o n  and  t u b e  w a l l .  

' Includes o n l y  enhanced PCM m a t e r i a l .  

' Inc ludes  e n e r g y  s t o r e d  i n  t h e  form of i n c r e a s e d  i n t e r n a l  e n e r g y  of l i q u i d  n e t a l  in t h e  a n n u l a r  r e g i o n .  
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The e f f e c t  of t h i s  approach on t h e  f i n  r e s u l t s  i s  n o t  as d r a m a t i c  

because t h e  o v e r a l l  system energy d e n s i t y  i s  s t i l l  dec reased  s u b s t a n -  

t i a l l y  by t h e  u s e  of such  f i n s .  However, i t  becomes a p p a r e n t  tha t  a 

maximum energy s t o r a g e  c a p a c i t y  occur s  somewhere between 10 and 50% 

f i n  volume. The o p e r a t i n g  p e r i o d  i s  also s l i g h t l y  l o n g e r  w i t h i n  t h i s  

r ange  

Cons ide r ing  t h e  changeable  n a t u r e  of t h e s e  c o n c l u s i o n s ,  some word 

of c a u t i o n  shou ld  accompany t h e  r e s u l t s  of t h i s  s tudy .  It would 

appea r  t h a t  t h e  most a p p r o p r i a t e  system comparison shou ld  be based on 

opt imized pa rame te r s  f o r  each enhanced system. However, such a n  

o p t i m i z a t i o n  s t r a t e g y  i s  beyond t h e  scope  of t h i s  s t u d y .  The develop- 

ment of such a s t r a t e g y  should be pursued i f  t h i s  type of t he rma l  

s t o r a g e  system remains a v i a b l e  c a n d i d a t e  i n  t h e  o v e r a l l  system 

des ign .  
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5. CONCLUSIONS AND RECOMMENDATIONS 

An approximate model of the  PCM energy s to rage  system was used t o  

i d e n t i f y  pre l iminary  phys ica l  dimensions f o r  t h e  s p e c i f i e d  appllica- 

t i o n .  This s p e c i f i e d  a p p l i c a t i o n  included a s h o r t  charging per iod and 

t h e  use  of a l i q u i d  metal h e a t  t r a n s f e r  f l u i d .  A f i n i t e  d i f f e r e n c e  

computer code was developed and used t o  eva lua te  t h e  e f f e c t  of t h r e e  

h e a t  t r a n s f e r  enhancements on t h e  PCM energy s t o r a g e  system. 

For  a maximum ope ra t ing  per iod of 1000 S ,  t he  use of a 95% void 

f r a c t i o n  r e t i c u l a t e d  n i c k e l  i n s e r t  was found t o  inc rease  t h e  s to rage  

capac i ty  of t he  system by -6% with  a decrease  i n  the  system energy 

d e n s i t y  of only -1%. For the  given phys ica l  system, t h e  s t o r a g e  

capac i ty  can be increased  s t i l l  f u r t h e r  if t h e  opera t ing  per iod i s  not 

cons t ra ined .  The a d d i t i o n  of 10% l i q u i d  l i t h i u m  w a s  found t o  cause 

minor i n c r e a s e s  i n  both s to rage  d e n s i t y  and s t o r a g e  capac i ty  wi th  t h e  

added b e n e f i t  of reducing the  hydrogen pressure  of the  l i t h ium hydride 

PCM. 

The unenhanced system t h a t  formed t h e  b a s i s  of comparison f o r  t h e  

var ious  enhancements w a s  not an optimized conf igura t ion .  Based on a 

l i m i t e d  examination of o ther  p o t e n t i a l  system conf igu ra t ions ,  s i g n i f -  

i c a n t  performance improvements a r e  poss ib le .  Such an opt imiza t ion  

e f f o r t  should be pursued if t h e s e  conf igu ra t ions  cont inue  t o  b,e con- 

s ide red  as candida te  s o l u t i o n s .  It a l s o  a p p e a r s  t h a t  a combination of 

a small a d d i t i o n  of t h e  l i q u i d  l i t h i u m  might be considered i n  conjunc- 

t i o n  wi th  t h e  r e t i c u l a t e d  n i c k e l ,  thereby ga in ing  both t h e  increased  

s t o r a g e  capac i ty  and t h e  reduced hydrogen p res su re  b e n e f i t s  of t h e s e  

two enhancements. 
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