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THERMAL ENERGY STORAGE TECHNICAL PROGRESS REPORT 
APRIL 1986-MARCH 1987 

J. J. Tomlinson 
M. J. Tay lo r  

ABSTRACT 

Progress i n  t h e  development of Thermal Energy S to rage  
(TES) technology under t h e  Oak Ridge Nat iona l  Labora tory  
TES Program for  t h e  p e r i o d  A p r i l  1986-March 1987 is re- 
por t ed .  Program g o a l s  and p r o j e c t  s t r u c t u r e  are pre- 
sented.  Each of t h e  p r o j e c t s  a c t i v e  d u r i n g  t h i s  r e p o r t  
p e r i o d  is d i s c u s s e d ,  and t h e  i n t e r r e l a t i o n  of s p e c i f i c  pro- 
jects toward major technology t r a n s f e r  a c t i v i t i e s  is de- 
s c r i b e d .  

1. PROGRAM OVERVIEW 

Th i s  r e p o r t  p r e s e n t s  t h e  s t a t u s  of p r o j e c t s  a c t i v e  under t h e  Oak 

Ridge Na t iona l  Labora tory  (ORNL) Thermal Energy S to rage  (TES) Program 

d u r i n g  t h e  l-year pe r iod  ending March 31, 1987. ORNL is t h e  p r i n c i p a l  

r e s e a r c h  l a b o r a t o r y  for t h e  development of  d i u r n a l  and i n d u s t r i a l  TES 

t e c h n o l o g i e s ,  a c t i n g  as f i e l d  manager f o r  t h e  Department of Energy 

(DOE), O f f i c e  of Energy S to rage  and D i s t r i b u t i o n .  The a p p l i c a t i o n  areas 

of t h e  program a r e  those  of i n d u s t r i a l  reject h e a t  u t i l i z a t i o n ,  and 

energy  c o n s e r v a t i o n  through demnd-s ide  e lectr ic  u t i l i t y  l o a d  l e v e l i n g ,  

and p a s s i v e  and a c t i v e  s o l a r  energy s t o r a g e .  The ORNL program is con- 

duc ted  i n  c o n s u l t a t i o n  w i t h ,  and w i t h  t h e  concurrence  of, DOE. 

The purpose of t h e  TES program is t o  perform r e s e a r c h  and develop- 

ment (RbD) i n  c r i t i c a l ,  h i g h - r i s k  technology areas and t o  t r a n s f e r  t h e  

r e s u l t s  t o  t h e  p r i v a t e  s e c t o r  so t h a t  advanced, high-performance TES 

systems may be developed and s u c c e s s f u l l y  marketed f o r  s p e c i f i c  a p p l i c a -  

t i o n s .  This purpose is expres sed  by t h e  o v e r a l l  g o a l s  of t h e  TES pro- 

gram: t o  (1) create t h e  technology b a s e  r e q u i r e d  f o r  development of 

e f f i c i e n t ,  c o s t - e f f e c t i v e  TES concep t s  i n  d i u r n a l  h e a t i n g  and c o o l i n g  

and i n d u s t r i a l  a p p l i c a t i o n s  and (2 )  work w i t h  i n d u s t r y ,  u n i v e r s i t i e s ,  



t e c h n i c a l  s o c i e t i e s ,  and t r a d e  a s s o c i a t i o n s  t o  t r a n s f e r  t h e  t e c h n o l o g i e s  

t o  t h e  p r i v a t e  s e c t o r .  

I n  p u r s u i t  of t h i s  g o a l ,  the  fo l lowing  f i v e  program o b j e c t i v e s  have 

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

t i o n .  Each o b j e c t i v e  i s  a s s o c i a t e d  w i t h  a b e n e f i t  t o  t h e  technology of 

TES, and t h e  necessa ry  t a r g e t s  w i t h  which t o  measure p r o g r e s s  toward 

a c h i e v i n g  t h e  o b j e c t i v e s  have been e s t a b l i s h e d .  The s t r a t e g y  fol lowed 

i s  t o  i n i t i a t e  p r o j e c t s  t h a t  a d d r e s s  t e c h n i c a l  problems t h a t  must be  

overcome t o  meet t h e s e  t a r g e t s .  

1. Develop TES concepts  and media t h a t  p rov ide  both heat ( w i n t e r )  and 

c o o l  (summer) s t o r a g e  f o r  h e a t  pump systems. 

B e n e f i t ;  Iniprove h e a t  pump a p p l i c a b i l i t y  f o r  u t i l i t y  l o a d  c o n t r o l  

through performance t h a t  equals o r  exceeds nons to rage  h e a t  pump per-  

f armance. 

Ta rge t s :  economic - $22/kWh ($6700/106 Btu) insta. l . led cost  (1956 

d o l l a r s )  e 

t e c h n i c a l  - Heat exchange e f f e c t i v e n e s s  o f  0.95; s t o r a g e  

temperature:  7 t o  12°C (45  t o  53"'F) c o o l ;  3 8  

t o  43°C (100 t o  120°F) h o t ;  round-tr ip  e f f i -  

c i e n c y  of  90%. 

2. Develop TES concepts  f o r  c a p t u r e ,  s t o r a g e ,  and r e u s e  of high-temper- 

a t u r e  energy t h a t  s i g n i f i c a n t l y  i n c r e a s e  t h e  u t i l i z a t i o n  of i n -  

d u s t r i a l  re ject  hea t .  

Bene f i t :  Make economically f e a s i b l e  t h e  c o n s e r v a t i o n  of t h e  s i g n i f -  

i c a n t  energy a v a i l a b l e  from i n d u s t r i a l  waste heat. 

Ta rge t s :  economic - $28/kWh ( $8a00/106 $tu) i n s t a l l e d  c o s t  (1986 

d o l l a r s )  

t e c h n i c a l  - Sto rage  t empera tu res  of 175 t o  1100°C (350 t o  

20QO"F); round- t r ip  e f f i c i e n c y  o f  85%* 

3.  Develop TES concep t s  f o r  i n d u s t r i a l  c h i l l  storage 

Benef i t :  Improve e l e c t r i c  u t i l i t y  c a p a c i t y  f a c t o r  and reduce u t i l -  

i t y  consumption of o i l  and g a s  through load s h i f t i n g .  
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Targe t :  economic - $48/kWh ($14,000/106 Btu) i n s t a l l e d  c o s t  (1986 

d o l l a r  6). 

t e c h n i c a l  - Storage  tempera tures  range: -18 t o  -46'C 

(0 t o  -50'F. 

4. Perform re sea rch  t o  advance t h e  unders tanding  of new TES materials 

and processes .  

Bene f i t :  I d e n t i f y  advanced concepts  w i th  improved t e c h n i c a l  and 

economic c h a r a c t e r i s t i c s .  

Targe ts :  economic - Assess p r o j e c t e d  s y s t e m  c o s t s .  

t e c h n i c a l  - Determine phys ica l  and thermal  p r o p e r t i e s  and 

concep tua l  system d e s c r i p t i o n s .  

5. In te rac t  wi th  c o u m e r c i a l / i n d u s t r i a l  s e c t o r  d i r e c t l y  (workshops) o r  

through t e c h n i c a l  s o c i e t i e s  and t r a d e  a s s o c i a t i o n s  t o  e v a l u a t e  re- 

s e a r c h  needs and t o  e f f e c t  t r a n s f e r  of t h e  t echno log ie s  developed. 

Benef i t :  F u l f i l l  TES program goals through t r a n s f e r  of developed 

t echno log ie s  t o  i n d u s t r y  f o r  implementation. 

Targe ts :  Wider r e c o g n i t i o n  of t h e  v a l u e  of thermal  s t o r a g e  by t h e  

p r i v a t e  s e c t o r .  

That  t h e  use fu lness  of TES i s  becoming more widely recognized i s  

appa ren t  from t h e  r e c e n t  i n t r o d u c t i o n  of commercial c o o l  s t o r a g e  systems 

i n t o  l a r g e  bu i ld ings  f o r  e lec t r ica l  load  management. Data from t h e s e  

i n s t a l l a t i o n s  i n d i c a t e  t h a t  t h e  performance ( e f f i c i e n c y )  of t h e s e  sys -  

tems i s  lacking .  The r e s u l t s  i n d i c a t e  t h a t  t h e  systems are economic 

on ly  wi th  u t i l i t y  s u b s i d i e s ,  and they  u s e  apprec i ab ly  more energy  t h a n  

conven t iona l  cool ing  systems. S ince  e l e c t r i c  u t i l i t y  r e g u l a t o r y  bodies  

a r e  q u i t e  s e n s i t i v e  t o  energy p e n a l t i e s  a s s o c i a t e d  wi th  implementat ion 

of new t echno log ie s ,  t h e  b e n e f i t s  of commercial coo l  s t o r a g e  could be 

s h o r t - l i v e d  u n l e s s  e f f i c i e n c i e s  a re  inc reased .  Thus, t h e r e  i s  need f o r  

b a s i c  R&D on TES media and sys t ems  wi th  t h e  goa l  of enab l ing  TES systems 

t o  perform t h e  r e q u i r e d  f u n c t i o n  e f f i c i e n t l y .  

TES media t h a t  undergo a change of s t a t e  (e.g., phase,  s t r u c t u r e ,  

o r  chemical composi t ion)  a t  a d e s i r e d  s t o r a g e  tempera ture  a r e  r e q u i r e d  

f o r  improvement of p r e s e n t  s t o r a g e  system. Add i t iona l ly ,  t h e  economics 

of t h e s e  s t o r a g e  media must be  cons idered  because t h e  u l t i m a t e  g o a l  of 
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t h e  TES program i s  sraccessful technology t r a n s f e r .  F u r t h e r ,  t h e  

elements  t h a t  make up the r e l i a b i l i t y  of a workable system ~ i n i s t  be  

addressed.  'The r e s u l t s  of p rev ious  y e a r s '  R&D i n  thi.s program a r e  s e e n  

i n  t h e  i d e n t i f i c a t i o n  o f  these  m a t e r i a l s  t h a t  have good p r o s p e c t s  f o r  

meeting t h e  requirements  of a v i a b l e  TES system: 

c l a t h r a t e s ,  double  c l a t h r a t e s ,  s e m i s l a t h r a t e s  , and r e l a t e d  compounds 

t h a t  show two t r a n s i t i o n  t empera tu res  the reby  p rov id ing  c o o l  s t o r -  

age f o r  a i r  c o n d i t i o n i n g  and h e a t  s t o r a g e  f o r  h e a t i n g ;  

s a l t  h y d r a t e s  and t h e i r  containment materials t h a t  a l low i n t e g r a t i o n  

i n t o  a p a s s i v e  s o l a r  s t r u c t u r e p  t h e r e b y  a l lowing  l i g h t w e i g h t ,  prac-  

t i c a l  b u i l d i n g  components t o  r e p l a c e  massive pas s ive  s o l a r  wa l l s ;  

multicomponent, high-temperature phase-change materials (PCM) t h a t  

a l low d i r e c t  c o n t a c t  h e a t  exchange f o r  i n d u s t r i a l  a p p l i c a t i o n s ;  and 

new t echno log ie s  t h a t  e x p l o i t  s l u r r i e s  f o r  i n c r e a s e d  h e a t  t r a n s p o r t  

i n  p i p i n g  systems. 

Within t h i s  c o n t e x t ,  t h e  ORNL TES Program i s  focused on t h e  

i d e n % i f i c a t i o n  and s o l u t i o n  of the problems of T E S  f o r  bo th  b u i l d i n g  

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

a c t i v i t i e s  a rc  designed t o  extend t h e  technology f o r  TES s y s t e m  by 

1. 

2. 

3.  

4.  

5. 

developing advanced high-temperature s t o r a g e  media f o r  i n d u s t c i a l  

a p p l i c a t i o n s ,  

i n v e s t i g a t i n g  conpl ex i i ig  TES s y s t e m s  s u i t a b l e  f o r  h e a t  pump a p p l i -  

c a t i o n s  

conduct ing l a b o r a t o r y  iiiaterials t e s t  i cig t o  i den t i - ry  a p p r o p r i a t e  TES 

media materials 

performing t e c h n i c a l  and economic e v a l u a t i o n s  t o  i d e n t i f y  TES dcvcl-  

opmentlal requirements  and R&D o b j e c t i v e s ,  and 

e v a l u a t i n g  new concepts  f o r  TES/herat t r a n s p o r t .  

The t o t a l  scope of t h e  program i s  shown i n  Fig. 1, which i s  t h e  

work breakdown s t r u c t u r e  (WBS) of t l w  OKNL program. From t h i s  compre- 

hens ive  s t r u c t u r e ,  and  by a p rocess  o f  p r l o r i t i z a t i  on ,  i n c l u d i n g  budget 

c o n s t r a i n t s ,  arid a c o n s i d e r a t i o n  of t h e  c a p a b i l i t i e s  of t h e  r e s e a r c h  

community, c e r t a i n  p r o j e c t s  were funded. The funded a c t i v i t i e s  a r e  
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i l l u s t r a t e d  as shaded areas i n  P i g .  1 and are  p resen ted  i n  t h e  f o l l o v i n g  

s e c t i o n s  of t h e  r e p o r t .  

1.1 Basic  M a t e r i a l s  Research 

1.1.1 Heat t r a n s f e r  

Adequate h e a t  t r a n s f e r ,  a fundamental  requirement i n  any TES sys-  

t e m ,  i s  of p a r t i c u l a r  concern i n  systems i n  which thermal  s t o r a g e  i s  

e f f e c t e d  through f r e e z i n g  and melting. I n  t h i s  c a s e ,  h e a t  t r a n s f e r  

through t h e  s o l i d  material i s  conduct ion-l imited and i.s c o n t r o l l e d  by 

t h e  TES medium s u r f a c e  a r e a  exposed t o  t h e  working f l u i d .  I n s u f f i c i e n t  

surEace areas e i - t h e r  l i m i t  t h e  h e a t  t r a n s E e r ,  o r  meet t h e  h e a t  t r a n s f e r  

requirement  a t  t h e  expense of l a r g e  t empera tu re  g r a d i e n t s  between the  

TES mater ia l  and t h e  working f l u i d ,  Based o n  t h e  p o t e n t i a l  of d i r e c t  

c o n t a c t  and r e l a t e d  t echn iques  f o r  h e a t  t - r a n s f e r  enhancement a program 

t o  d e v e l o p  an  advanced c o o l  s t o r a g e  ( i c e )  system was i n i t i a t e d  as  shown 

i n  WBS p r o j e c t  1.1.1. The o b j e c t i v e  of t h i s  program i s  t o  d e v e 1 . 0 ~  a 

p roduc t ion  and storage system i n  which i c e  ( o r  i c e - l i k e  m a t e r i a l )  i s  

formed i n  t h e  bulk of t h e  water r a t h e r  'Ihan on the. s o l i d  h e a t  t r a n s f e r  

s u r f a c e .  Such a system may be  based o n  t h e  u s e  of a n  intermediate b e a t  

t r a n e r e r  f l u i d ,  di.rect c o n t a c t  between a r e f r i g e r a n t  a n d  wa te r ,  vacuum 

f r e e z i n g ,  hornol.ngoiis seed c r y s t a l s ,  control.  of t h e  e-hemal--hydraul ic  

boundary l a y e r ,  o r  o t h e r  i nnova t ive  schemes. From a range of proposed 

concepts  one w i l l .  be chosen t a  be c a r r i e d  from 1-aboratory s t u d i e s  

through p ro to type  des ign  and c o n s t r u c t i o n  and f i e l d  cval.uation. 

Work package 1.1.3.1 c o n s i s t s  of r e s e a r c h  i.n t h e  enhanced h e a t -  

c a r r y i n g  c a p a b i l i t y  of  f l u i d s  s l u r r i e d  w i t h  s o l  i d s  that- can undergo 

s o l i d - s o l i d  phase change. The o b j e c t i v e  of t h e  p r o j e c t  i s  t o  e s t a b l - i s h  

proof-of - p r i n c i p l e  f o r  imp roved TES performance by u t i l i z i n g  combined 

mechanisms of enhanced hea t  t r a n s f e r ,  h e a t  t r a n s p o r t  and TES assoc. ia ted 

wirh a phase-change s l u r r y  used as t h e  s y s t e m  working f l u i d .  P r e -  

l i m i n a r y  concept and background development work a l r e a d y  completed and 

r e p o r t e d  shows t h a t  u s ing  a phase-change s l u r r y  as t h e  thermal system 

working f1ui.d (i..e., t o  remove thermal  energy from t h e  heat s o u r c e  and 

t o  t r a n s p o r t  it t o ,  and re ject  i t  a t ,  t h e  h e a t  s i n k )  can p o t e n t i a l l y  
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y i e l d  cons ide rab le  r educ t ion  i n  system h e a t  t r a n s f e r  s u r f a c e  area and/or  

pumping power wh i l e  i n c r e a s i n g  TES e f f i c i e n c y  and end-use temperature .  

Experiments t o  de te rmine  hea t  t r a n s f e r  enhancements due t o  a s l u r r y  

f lowing  i n  a p i p e  were i n i t i a t e d .  P re l imina ry  r e s u l t s  i n d i c a t e  t h a t  t h e  

s l u r r y  causes  a s i g n i f i c a n t  i n c r e a s e  i n  Nusse l t  number over  pure  water. 

Use of f r i c t i o n - r e d u c i n g  a d d i t i v e s  were found t o  g r e a t l y  reduce  s l u r r y  

pumping power requi rements .  

1.1.2 Chemistry 

An advanced m a t e r i a l  t h a t  has  been under development by t h e  TES 

Program is  a composite c o n s i s t i n g  of s a l t  e u t e c t i c a  con ta ined  i n  t h e  

i n t e r s t i c e s  of a nonmelting ceramic.  The composite material formed 

a l lows  t h e  l a t e n t  h e a t  of t h e  e u t e c t i c a  t o  be u t i l i z e d  wh i l e  t h e  system 

r e t a i n s  i t s  shape as a s o l i d .  Pellets of t h i s  material a r e  s u i t a b l e  f o r  

packed-bed s t o r a g e  systems wi th  t h e  r e s u l t i n g  e f f i c i e n c y  of d i r e c t  con- 

t ac t  h e a t  exchange wi th  t h e  working f l u i d .  For h igh  tempera ture  a p p l i -  

c a t i o n s ,  a sodium/barium ca rbona te  e u t e c t i c  conta ined  i n  a magnesium 

ox ide  matrix has been s t u d i e d ,  

The purpose of WBS p r o j e c t  1.2.3.1 is t o  q u a n t i f y  t h e  m e t a l l u r g i c a l  

s t a b i l i t y  of t h e  h igh  tempera ture  composi te  s t o r a g e  material. Previous 

sma l l  scale experiments  have i d e n t i f i e d  a tendency f o r  t h e  sodium-barium 

sa l t  t o  l e a v e  the magnesium ox ide  suppor t  m a t r i x  and mig ra t e  t h e  l e n g t h  

of t h e  packed bed. This  mig ra t ion  phenomena r e s u l t s  i n  decreased  t h e r -  

mal performance and i t s  long-term behavior  i s  of  some concern. During 

t h e  prev ious  yea r ,  t h e  p l an  f o r  s tudy ing  t h i s  behavior  s h i f t e d  from 

l a b o r a t o r y  s c a l e d  exper iments  t o  a sub-sca le  t e s t  f a c i l i t y  which w i l l  be  

i n s t a l l e d  i n  a b r i c k  p l a n t  du r ing  FY-88. 

The o b j e c t i v e  of WBS p r o j e c t  1.2.3.2 i s  t o  develop  a 'E'S medium 

c o n s i s t i n g  of an i n t e g r a l  o u t e r  s h e l l  w i th  a h igh  mel t ing  tempera ture  

and an  i n t e r n a l  c o r e  of l a t e n t  h e a t  s t o r a g e  material w i t h  a lower m e l t -  

i n g  temperature .  The o u t e r  s h e l l  i s  t o  be i n e r t  and ac t  as  an  eneap- 

s u l a t i o n  of, and c o r r o s i o n  p r o t e c t i o n  from, t h e  l a t e n t  heat s t o r a g e  ma-  

t e r ia l ,  

Metallic e u t e c t i c  a l l o y s  have long  been of i n t e r e s t  f o r  u s e  a s  TES 

media. Thei r  h igh  thermal  c o n d u c t i v i t y  (on t h e  o r d e r  o f  200 J/m-s-"C> 
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and h e a t  of f u s i o n  (300 t o  500 J / g )  make them e x c e l l e n t  cand ida te s .  

However, commercial u s e  of a l l o y  systems r e q u i r e s  expensive containment 

i n  c o r r o s i o n - r e s i s t a n t  tubing.  A s o l u t i o n  t o  t h i s  problem i s  t o  develop 

a means of a c h i e v i n g  a n  impermeable c o a t i n g  of t h e  meta l l ic  e u t e c t i c s  s o  

t h a t  a packed bed of s p h e r i c a l  s h o t  of t h e  s t o r a g e  medium can be used i n  

d i r e c t  c o n t a c t  w i th  t h e  h e a t  t r a n s f e r  f l u i d .  Using s i l i con -based  

a l l o y s ,  i t  i s  p o s s i b l e  t o  ach ieve  a h e a t  s t o r a g e  s h o t  w i t h  a r e l a t i v e l y  

high-temperature ,  c o r r o s i o n - r e s i s t a n t  o u t e r  s h e l l  and a lower- 

t empera tu re  e u t e c t i c  a l l o y  i n n e r  core.  

1.1.3 Material p r o p e r t i e s  

The o b j e c t i v e  of WBS p r o j e c t  1.3.1.1 i s  t o  iden t - l fy  and e x p l o r e  t h e  

use  of p a r t i a l l y  m i s c i b l e  l i q u i d s  t o  s t o r e  thermal  energy through d i f -  

f e r e n c e s  i n  t h e  h e a t s  of mixing of t h e  s o l u t i o n  above and below i t s  

c r i t i c a l  s o l u t i o n  temperature .  Seve ra l  s t u d i e s  were conducted t o  

i d e n t i f y  p o s s i b l e  b i n a r y  l i q u i d  systems as TES cand ida te s .  For combined 

h e a t  and c o o l  s t o r a g e  a p p l i c a t i o n s ,  mix tu res  of wa te r  and a n  o r g a n i c  

component w i th  an  upper c r i t i c a l  s o l u t i o n  temperature  of -50°C were 

recommended. For coo l  s t o r a g e ,  t h e  system would form a s o l u t i o n  of i ce  

and t h e  l i q u i d  component a t  about  OOC. For c o o l  s t o r a g e  a l o n e ,  a n  

aqueous s y s t e m  w i t h  a c r i t i c a l  s o l u t i o n  temperature  of -5OC can a l s o  be 

used f o r  t empera tu res  i n  t h e  range of 2-10°C. 

I n  t h e  f i r s t  phase of t h i s  i n v e s t i g a t i o n ,  a n a l y t i c a l  p rocedures  

were developed t o  estimate h e a t s  of mixing of l i q u i d - l i q u i d  s y s t e m .  

The temperature  v a r i a t i o n  of t h e  e q u i l i b r i u m  phase  composi t ions i s  u t i  1- 

i z e d  i n  con junc t ion  wi th  a c t i v i t y  c o e f f i c i e n t  models f o r  l i q u i d  mix- 

t u r e s .  These procedures  were t h e n  used t o  i d e n t i f y  mix tu res  w i t h  s u i t -  

a b l e  p r o p e r t i e s  f o r  thermal  energy s t o r a g e  a p p l i c a t i o n s .  I n  o r d e r  t o  

confirm t h e s e  r e s u l t s  h e a t s  of mixing w i l l  be  measured e x p e r i m e n t a l l y  

f o r  a number of p o t e n t i a l  systems i n  t h e  second phase of t h i s  i n v e s t i g a -  

t i o n .  

Development of a medium temperature  composite thermal  energy s t o r -  

age material w a s  begun under  WBS p r o j e c t  1.3.1.2. The purpose of t h i s  

e f f o r t  was t o  d e f i n e  a s e t  of materials t h a t  would s t o r e  l a t e n t  h e a t  
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energy in the 260-510°C (500 to 950°F) temperature range. The justifi- 

cation for this work is that a packed bed TES unit with only one PCpl 

(i-e., one melt temperature) has little economic advantage over a tradi- 

tional sensible heat storage system. This trend has been recognized for 

some time, and the development work on the high temperature Na2C03- 

BaC03/MgO composite had matured to the point where it was appropriate to 

begin developing a family of composite materials. During the previous 

year, two material combinations were identified, fabricated, and par- 

tially characterized. Further development was postponed pending the 

completion of design optimization studies. These studies were needed to 

confirm the initial operating range of 260 to 510°C. or to indicate a 

more appropriate temperature range. 

The experimental determination of the rate of diffusion of silicon 

into an aluminum-silicon alloy is the subject of in-house research con- 

ducted under WBS project 1.3.2.1. The objectives of this research are 

to determine the silicon shell thickness required to retain a liquid 

aluminum-silicon alloy and to determine shell stability in the presence 

of phase redistributions occurring during melting and recrystallization. 

Silicon-encapsulated shot of aluminum-silicon or other similar 

eutectics offers an extremely attractive possibility f o r  direct-contact, 

high-temperaturey latent heat storage. Successful development of pel- 

lets of one or more of these materials would make available storage 

media with a high latent heat of fusion, high heat conductivity, and 

corrosion resistance, However, the question of stability of the silicon 

shell to redistribution during repeated melting and recrystallization 

must be addressed to ensure that a practical material will result from 

such development efforts. This project provided experimental data on 

the nature of the material interface and determined conditions for media 

stability. 

1.2 Applied Research 

1.2.1 Thermodynamic cycles 

Work package 2.1.1 concerns the study of generic problems of 

solid/vapor TES systems. Of interest are chemical systems that are 
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based on adsorptionfdesorption of ammonia with solid salts. Prior work 

to develop sorption TES systems has shown that, since diffusion of 

ammonia vapor into the salt during sorption Is a surface phenomenon, 

large (and expensive) heat exchangers are necessary for suitable heat/ 

mass diffusion rates. In the reporting period, research was initiated 

to evaluate inert solvents which function as holding media for a finely- 

divided adsorbent. As the solvent greatly increases the adsorbent sur- 

face area, heat exchanger requirements are reduced to the point that 

successful development of a working TES system based on solid-vapor 

sorption principles may be possible. Results of these investigations 

are to be released pending resolution of patent issues. 

1.2.2 System studies 

Ammonia is an excellent refrigerant and cool storage systems based 

on ammonia have the potential for high storage densities and operating 

flexibilities over a wide range of temperatures. However, corrosivity 

and toxicity issues associated with ammonia use have led to institu- 

tional regulations that may limit its use in certain applications. Work 

package 2.2.1.1 is an assessment of the regulations that have a bearing 

on ammoniated cycles. The results of this assessment are used t o  guide 

ammoniated TES system development. 

Clathrate research has foundered on economics and on growing en- 

vironmental concerns associated with chlorofluorocarbon refrigerants 

that have been studied €or use in clathrate systems, Work package 

2.2.1.3 is an evaluation o f  the potential returns from further clathrate 

research in light of these economic and environmental issues. 

A comprehensive plan for the development, testing, and evaluation 

of phase change energy storage materials for capture and use of in- 

dustrial waste heat was defined and partially implemented. This re- 

definition and redirection was necessitated by several €actors which 

combined to significantly increase the scope and complexity of the 

Industrial TES Project. These factors included: (a )  the designation of 

the high temperature 71OoC composite storage media as the material to 

be used in proof of principle field tests, (b) the work t o  develop a 

medium temperature composite storage media, (c) the addition of Battelle 
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P a c i f i c  Northwest Laboratory c o n t r i b u t i o n s  t o  t h e  p r o j e c t  management 

team, and (d)  t h e  d e c i s i o n  t o  u s e  economical ly  based, des ign  opt imiza-  

t i o n  s t u d i e s  as t h e  primary d e c i s i o n  making t o o l  t o  de te rmine  t h e  

t e c h n i c a l  and economic f e a s i b i l i t y  of l a t e n t  h e a t  s t o r a g e  media. WBS 

p r o j e c t  2.2 .2 .1  r e p r e s e n t s  t h e  des ign  o p t i m i z a t i o n  s t u d i e s  which are  a n  

i n t e g r a l  p a r t  of t h e  r e d i r e c t e d  I n d u s t r i a l  TES Pro jec t .  The t e c h n i c a l  

and economic in fo rma t ion  needed t o  conduct t h e s e  s t u d i e s  as w e l l  as t h e  

r e s p o n s i b i l i t i e s  f o r  g e n e r a t i n g  them were completely de f ined  and par- 

t i a 1 1 y imp 1 e men t e d. 

1.2.3 Mathematical  modeling 

Work package 2.3 .3 .1  is  modeling t a s k  r equ i r ed  f o r  t h e  high 

temperature TES des ign  o p t i m i z a t i o n  s t u d i e s .  The u l t i m a t e  r e s u l t  of 

t h e s e  s t u d i e s  i s  a comparison between an  optimum l a t e n t  h e a t  s t o r a g e  

s y s t e m  (using t h e  most c u r r e n t  l a t e n t  h e a t  media and/or  media geometry) 

and an optimum s e n s i b l e  h e a t  s t o r a g e  system. The f l a t  s l a b  model 

produced by t h i s  t a s k  w i l l  be used t o  d e f i n e  t h e  comparison s e n s i b l e  

h e a t  TES system. 

A s  prev ious ly  mentioned, t h e  r e d i r e c t e d  I n d u s t r i a l  TES P r o j e c t  will 

u t i l i z e  d e s i g n  o p t i m i z a t i o n  s t u d i e s  a s  t h e  pr imary d e c i s i o n  making t o o l  

r ega rd ing  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of l a t e n t  h e a t  energy 

s t o r a g e  m a t e r i a l s .  Work packages 2.3 .3 .1  and 2.3 .3 .2  r e p r e s e n t  i n d i -  

v i d u a l  mathematical  models r equ i r ed  t o  conduct t h e s e  s t u d i e s .  P r o j e c t  

2.3 .3 .1  is  a t a s k  t o  d e f i n e  and b u i l d  a packed bed model which u t i l i z e s  

c y l i n d r i c a l l y  shaped p e l l e t s  of t h e  IGT composite media. The model w i l l  

be used f o r  ( a )  t h e  g e n e r i c  o p t i m i z a t i o n  s t u d i e s  t o  be conducted by 

ORNL, (b )  a s e p a r a t e  des ign  o p t i m i z a t i o n  s tudy  t o  d e f i n e  a f u l l - s c a l e  

TES system € o r  a field t es t  planned f o r  late FY-89, and ( c >  t o  reduce  

d a t a  from a sub-scale test f a c i l i t y  planned f o r  t h e  summer of 1988. 

S p e c i f i c  model performance requi rements  have been d e f i n e d  i n  t h e  form o f  

a work s t a t emen t  and work i s  c u r r e n t l y  underway. 

Work package 2 .3 .3 .2  i s  a s t u d y  t o  d e f i n e  a n  optfmum c o n f i g u r a t i o n  

for t h e  composite media. A l t e r n a t e  geometr ies  t o  t h e  sphe re  and cy l in -  

d e r ,  as w e l l  a s  a range  of d i f f e r e n t  c h a r a c t e r i s t i c  l e n g t h s  f o r  t h e  

s p h e r l c a l  and c y l i n d r i c a l  geometr ies ,  w i l l  be  de f ined  and c h a r a c t e r i z e d  
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i n  a n  e f f o r t  t o  de t e rmine  t h e  one c o n f i g u r a t i o n  t h a t  i s  t h e  most e f f i -  

c ien t  a t  s t o r i n g  la ten t  heat energy. Pe r sonne l  t o  conduct t h e  s tudy  

have been i d e n t i f i e d  and a p r e l i m i n a r y  problem s t a t e m e n t  h a s  been de- 

f i n e d .  

A p r e l i m i n a r y  economic f e a s i b i l i t y  assessment  of l a t e n t  heat s t o r -  

age systems us ing  t h e  composite w a s  conducted under t h e  WBS pro jec t .  

2.3.4.1. These a s ses smen t s ,  based on p r e s e n t  worth economic ca l cu la -  

t i o n s  € o r  TES systems,  focused on a p p l i c a t i o n s  w i t h i n  t h e  b r i c k  and t i l e  

i n d u s t r y .  R e s u l t s  i n d i c a t e  t h a t  t h e  composite media i s  economically 

s u p e r i o r  t o  s e n s i b l e  h e a t  media f o r  moderately s h o r t  c y c l e  times. As a 

p a r t  of t h e  r e d i r e c t e d  I n d u s t r i a l  TES P r o j e c t ,  f u t u r e  economic assess- 

ments w i l l  be i n c o r p o r a t e d  i n t o  WBS p r o j e c t  2.2,2.1. 

Work package 2.4.2.1 r e p r e s e n t s  t h o s e  a c t i v i t i e s  a s s o c i a t e d  w i t h  

the sub-scale t e s t  f a c i l i t y .  This  f i e l d  t e s t  i s  a major component of 

t h e  r e d i r e c t e d  I n d u s t r i a l  TES P r o j e c t  and c o n t a i n s  many elements  from 

t h e  Basic Materials Research and Applied Research a c t i v i t i e s  shown i n  

Fig. 1. Each of t h e  a c t i v i t i e s  r e q u i r e d  t o  d e f i n e  and conduct the f i e l d  

t e s t  have been d e f i n e d  and a r e  c u r r e n t l y  b e i n g  implemented. 

One of t h e  most c r i t i c a l  p i e c e s  of  i n fo rma t ion  r e q u i r e d  t o  conduct 

TES d e s i g n  o p t i m i z a t i o n  s t u d i e s  i s  t h e  u n i t  c o s t  of t h e  composite s t o r -  

age media. This  c o s t  i s  a l s o  t h e  most u n c e r t a i n  v a r i a b l e  i n  t h a t  t h e  

media i s  n o t  c u r r e n t l y  be ing  produced. Work package 2.4.3.1 r e p r e s e n t s  

a p r o b a b i l i s t i c  c o s t  a n a l y s i s  t o  determine t h e  most l i k e l y  f u t u r e  c o s t  

of the Composite media. E f f o r t s  are  c u r r e n t l y  underway t o  p rocure  

funding and i d e n t i f y  p o t e n t i a l  s u b c o n t r a c t o r s  t o  conduct t h e  s tudy.  
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2. TECHNICAL PROGRAMS 

There was a good ba lance  between b a s i c  re a r c h  i n  TES materials 

and a p p l i c a t i o n s  s t u d i e s  t h i s  r e p o r t  year.  A l l  seven c a t e g o r i e s  

r e p r e s e n t a t i v e  of t h e  program inc luded  by a c t i v e  p r o j e c t s .  Severa l  

p r o j e c t s  are poised f o r  major technology t ransfer  a c t i v i t i e s  i n  t h e  nea r  

f u t u r e .  

2 . 1  S l u r r y  Heat T r a n s f e r  (WBS 1.1.3.1) 

The primary o b j e c t i v e  of t h e  f i r s t  phase of t h e  S l u r r y  Heat Trans- 

fe r  Study is t o  e s t a b l i s h  proof-of-concept of enhanced s l u r r y  h e a t  

t r a n s f e r  r e l a t i v e  to h e a t  t r a n s f e r  i n  a p u r e  s ing le-phase  l i q u i d .  Scop- 

i n g  s t u d i e s  have p r e d i c t e d  t h a t ,  under  some c o n d i t i o n s ,  t h e  a d d i t i o n  of 

s o l i d  p a r t i c l e s  t o  a l i q u i d  carrier enhances t h e  h e a t  t r a n s f e r  charac-  

t e r i s t i c s  of t h e  working f l u i d .  An even g r e a t e r  improvement i n  h e a t  

t r a n s f e r  i s  p o s t u l a t e d  when t h e  par t ic les  undergo a phase change du r ing  

t h e  h e a t  t r a n s f e r  process .  The use  of phase change slurries as energy  

t r a n s m i s s i o n  f l u i d s  i n  a v a r i e t y  of thermal  systems,  a l s o  holds  t h e  

promise of enhancing system performance, as  w e l l  as reducing  t h e  s i z e  of 

a s s o c i a t e d  hardware such as p ip ing ,  pumps, h e a t  exchangers ,  and s t o r a g e  

tanks .  The degree  of h e a t  t r a n s f e r  enhancement i s  a f u n c t i o n  of t h e  

p r o p e r t i e s  of both t h e  phase change material and t h e  c a r r i e r  f l u i d .  

Par t ic le  s i z e ,  d e n s i t y ,  and p a r t i c l e  l oad ing  a re  some of t h e  important  

parameters t h a t  a f f e c t  s l u r r y  hydrodynamics and h e a t  t r a n s f e r .  

The i n i t i a l  proof-of-concept experiments  have been des igned  t o  u s e  

p e l l e t s  of c ross - l inked  h igh  d e n s i t y  po lye thy lene  (X-HDPE) s l u r r i e d  i n  a 

water  g l y c o l  mixture .  These p a r t i c l e s  undergo a phase t r a n s i t i o n  

a t  -132°C (270'F) w i t h  a cor responding  l a t e n t  h e a t  of 7 3  Btu / lb  

(169 kJ/kg). Since  t h e  molecular  s t r u c t u r e  of t h e  p a r t i c l e s  h a s  been 

cross - l inked  us ing  e l e c t r o n  beam i r r a d i a t i o n ,  t h e y  remain fo rm-s t ab le  

( i .e.$ r e t a i n  t h e i r  shape)  d u r i n g  t h e  phase t r a n s i t i o n .  

An exper imenta l  f a c i l i t y  t o  test  t h e  concept  w a s  des igned  and con- 

s t r u c t e d  a t  Axgonne Na t iona l  Laboratory.  The pumped f a c i l i t y  c o n s i s t s  
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of supply and d i s c h a r g e  t a n k s  connected by a hea ted  tes t  s e c t i o n  ( s t a i n -  

less-steel p i p e )  through which t h e  s l u r r y  i s  pumped. Ins t rumen ta t ion  

c o n s i s t s  of 12 thermocouples and 6 v o l t a g e  t a p s  spaced a long  t h e  p ipe  

and p r e s s u r e  t a p s  l o c a t e d  a t  t h e  test s e c t i o n  e n t r a n c e  and e x i t  t o  

de t e rmine  o v e r a l l  p r e s s u r e  drop. 

The s l u r r y  h e a t  t r a n s f e r  t e s t  program c o n s i s t s  of t h r e e  phases:  

( 1 )  h e a t  t r a n s f e r  tests w i t h  pu re  water, 0% p a r t i c l e  l o a d i n g ;  ( 2 )  h e a t  

t r a n s f e r  t e s t s  wi th  a s l u r r y  of water and X-HDPE wi thou t  phase change; 

and (3)  h e a t  t r a n s f e r  t e s t s  w i t h  a X-HDPE s l u r r y  phase  change. Experi- 

ments have been conducted i n  t h e  f i r s t  two phases  of t h e  test program. 

A m a t r i x  of nominal test  c o n d i t i o n s  f o r  t h e  tests f o r  pu re  water i s  

p r e s e n t e d  i n  Table  1. The flow rates ,  v e l o c i t i e s  and corresponding 

p r e s s u r e  d rops  are t y p i c a l  v a l u e s  co r re spond ing  t o  t h e  v a r i o u s  speed 

s e t t i n g s  on the pump ( s e t t i n g  number form 1 t o  8). The c a l c u l a t i o n s  of 

f low v e l o c i t i e s  and Reynolds number a r e  based on t h e  water p r o p e r t i e s  a t  

38°C (60°F).  The power requirements ,  e l e c t r i c  c u r r e n t s  and v o l t a g e  

d rops  are e s t ima ted  by assuming bu lk  f l u i d  t empera tu re  r ises of 60°C 

(10OF) and 20°F (1l . l"C) i n  t h e  t es t  s e c t i o n .  The h e a t  i n p u t s  r e q u i r e d  

f o r  a bulk f l u i d  t empera tu re  r i se  of 1 0 - 2 0 ° F  i n  t h e  t e s t  s e c t i o n  

r e s u l t e d  i n  nominal i n n e r  wall-to-bulk t empera tu re  drop of 10--20°F 

w i t h i n  t h e  d e s i r e d  range of f low rates  (Table  1). The bu lk  f l u i d  t e m -  

p e r a t u r e  r ise  i n  eve ry  s u b s e c t i o n  was c a l c u l a t e d  ve ry  a c c u r a t e l y  based 

on a n  energy balance.  Analysis  of d a t a  from s l u r r y  tes ts  w i t h  MDPE w a s  

complicated by p r o p e r t y  d i f f e r e n c e s  between X-HDPE and water, and t h e  

f a c t  t h a t  t h e  two phases  may no t  be i n  thermal. equ i l ib r ium.  The 

s p e c i f i c  h e a t  of X-HDPE i s  approximately h a l f  t h a t  of water. A s imple  

one dimensional  thermal  conduct ion c a l c u l a t i o n s  r e v e a l e d  t h a t  1.6 s i s  

r e q u i r e d  t o  h e a t  t h e  c e n t e r s  of 1/8 i n .  diam X-HDPE p a r t i c l e s  t o  one 

h a l f  t h e  su r round ing  f l u i d  t empera tu re  and 3.5 s i s  needed t o  b r i n g  t h e  

c e n t e r  temperature  up t o  90% of t h e  f l u i d  temperature.  Hence, d u r i n g  

s l u r r y  h e a t i n g ,  t h e  t empera tu re  o f  t h e  p a r t i c l e s  lagged behind t h a t  of 

t h e  f l u i d .  Based on t h e  ave rage  tube f l o w  v e l o c i t y  and tes t  s e c t i o n  

l e n g t h ,  t h e  s l u r r y  was n o t  i n  thermal  e q u i l i b r i u m  miless t h e  t es t  

s e c t i o n  f low w a s  less than 100 lblmin.  The c u r r e n t  s t u d y  produced t h r e e  

models f o r  p r e d i c t i n g  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 s  of  s l u r r y  € l o w s .  



T a b l e  1. Test m a t r i x  f o r  s l u r r y  h e a t  t r a n s f  p e  r iment  
a without phase  change 

F l o w  r a t e  Flow r a t e  Velocity P r e s s u r e  Power (kW) Current  ( A )  Voltage drop  ( V )  

AT r 10-20°F AT = 10-20°F AT = 10-20°F 
d r o p  R e  

( p s i )  
(GPtl) (1 b/min)  ( f t / s )  

s e t t i n g  
SO 

5.6 

7.9 

10.2 

13.3 

16.9 

21.2 

25.9 

34.8 

46.8 

65.4 

84.8 

110.2 

140.2 

175.7 

214.4 

288.2 

2.59 

3.62 

4.69 

6.09 

7.75 

9.72 

11.86 

15.94 

0.27 2.75 x lo4 

0.50 3.85 x 104 

0.79 4.99 x 104 

1.26 6.48 x 104 

1.95 8.25 x 104 

2.94 1.03 x 105 

4.20 1.26 x 105 

7.15 1.70 x l o 5  

8 -22-16 - 4 4  

11.50-23.01 

14.90-29.80 

19.36-38.71 

24 -64-49.28 

30.76-61.52 

37.6 3-75.2 7 

50.77-101.54 

315-446 

373-527 

424-600 

484-684 

545-77 1 

609-862 

674-953 

783-1 107 

26.1-36.9 

30.8-43.6 

35.1 -49.7 

40.0-56.6 

45.2-63.9 

50.5-71.4 

55.8-78.9 

64.8-9 1.7 

‘Based on w a t e r  p r o p e r t i e s  a t  100°F. 
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Two models (No P a r t i c l e  Heating and Thermal Equ i l ib r ium)  are  l i m i t i n g  

cases and se rved  t o  s e t  t h e  h i g h  and low bound on  t h e  heat t r a n s f e r  

c o e f f i c i e n t  c a l c u l a t i o n .  The t h i r d  model i s  a P a r t i a l  Thermal 

Equ i l ib r ium Model which estimates t h e  d e g r e e  o f  thermal  e q u i l i b r a t i o n  

between p a r t i c l e  and water f o r  the  s l u r r y  system. 

Information from t h e  pu re  water tests were used t o  check b o t h  No 

P a r t i c l e  Heat ing and Thermal Equi l ibr ium Model and t o  develop a b a s i s  

f o r  t h e  P a r t i a l  Thermal Equi l ib r ium Model. As expec ted ,  t h e  P a r t i a l  

Thermal Equ i l ib r ium Model provided t h e  b e s t  match w i t h  measured 

t empera tu res  i n  t h e  s i n g l e  phase tests.  

The Nusse l t  number f o r  s l u r r y  h e a t  t r a n s f e r  when p l o t t e d  v e r s u s  a 

modified s l u r r y  Reynolds number based on  a n  e f f e c t i v e  v i s c o s i t y ,  w a s  

found t o  be l a r g e r  t h a n  t h a t  f o r  pure water and t o  i n c r e a s e  w i t h  an 

i n c r e a s i n g  p a r t i c l e  vo lumet r i c  loading.  S i g n i f i c a n t  Nussel t  number 

enhancement can be  observed from Fig.  2. Within t h e  e n t i r e  Reynolds 

number range w i t h  t h e  35% l o a d i n g ,  t h e  Nusse l t  number i s  i n c r e a s e d  by a 

f a c t o r  of 2.5 o r  more. 

A s  shown i n  Fig.  3, the measured S tan ton  number c o n s i s t e n t l y  showed 

a g r e a t e r  v a l u e  t h a n  t h a t  of pu re  water a t  a l l  r anges  of f low rate .  A t  

l o a d i n g  30% t h e  h e a t  t r a n s f e r  enhancement observed i s  6% a t  70 lbm/min 

t o  1 2 %  a t  190 lbm/min. 

OANL DWG 8 8 2 ~ ~ 6 7 8 7  
lo3 

Y 
z 

lo2 I I 1 I I I I I l l  1 I I I I I I I J  
lo4 IO l o 6  

R e  

Fig. 2. Heat t r a n s f e r  c o r r e l a t i o n  f o r  X-HDPE/water s l u r r y  over  
range o f  p a r t i c l e  l o a d i n g s ,  0. 
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Fig. 3. S l u r r y  h e a t  t r a n s f e r  enhancement as determined by S t a n t o n  

number, S t  and p a r t i c l e  l o a d i n g ,  9. 

F u r t h e r  work i s  underway t o  r e s o l v e  t h e  d i f f e r e n c e s  i n  s l u r r y  h e a t  

t r a n s f e r  as  c h a r a c t e r i z e d  by N u s s e l t  and S t a n t o n  numbers. 

2.2 S t a b i l i t y  of Encapsulated Metal 
E u t e c t i c s  (WBS 1 . 2 . 3 . 2 )  

Mobley and Rappl have po in ted  o u t  t h e  p o t e n t i a l  advantages of 

metal l ic  a l l o y s  as phase change h e a t  s t o r a g e  materials f o r  r ecove ry  of 

i n d u s t r i a l  waste heat. In p a r t i c u l a r ,  t h e y  proposed the development of 

methods t o  e n c a p s u l a t e  aluminum-sil icon a l l o y  shot i n  a n  i n t e g r a l  s i l i -  

con s h e l l  i n t ended  t o  c o n t a i n  t h e  h e a t  storage a l l o y  d u r i n g  r e p e a t e d  

c y c l e s  of m e l t i n g  and f r e e z i n g  of the  e u t e c t i c  co re .  ’heir i n i t i a l  pro- 

p o s a l  was t o  form s i l i c o n  e n c a p s u l a t e d  s h o t  by c o o l i n g  a molten 

aluminum-sil icon mix tu re  of h y p e r e u t e c t i c ,  o r  s i l i c o n  r i c h ,  composition. 

The concept may be i l l u s t r a t e d  w i t h  r e f e r e n c e  t o  the aluminum- 

s i l i c o n  e q u i l i b r i u m  phase diagram shown i n  Fig. 4 .  The s i l i c o n  encap- 

s u l a t e d  shot would have a n  o v e r a l l  composi t ion ( c o r e  and s h e l l )  as i n d i -  

c a t e d  by t h e  l i n e  A-B i n  the phase diagram, somewhat r i c h e r  i n  s i l i c o n  

t h a n  t h e  e u t e c t i c  composition. If hea ted  t o  t empera tu res  above t h a t  of 
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Fig. 4 .  A1-Si e q u i l i b r i u m  phase  diagram. 

p o i n t  B ,  a homogeneous l i q u i d  s o l u t i o n  would r e s u l t .  On c o o l i n g  t h e  

melt, s i l i c o n  would p r e c i p i t a t e  as  t h e  t empera tu re  f e l l  between TB and 

TD whi l e  t h e  e q u i l i b r i u m  composi t ion of  t h e  melt w i t h i n  t h e  s o l i d  s i l i -  

con s h e l l  changed from XB t o  XD a l o n g  t h e  l i q u i d u s  l i n e .  A s  t h e  t e m -  

p e r a t u r e  cont inued t o  f a l l ,  between TD and TF, a d d i t i o n a l  s i l i c o n  would 

p r e c i p i t a t e ;  t h e  composition of l i q u i d  would be f u r t h e r  d e p l e t e d  i n  

s i l i c o n  u n t i l  t h e  composition Xeut was reached a t  t empera tu re  Teut. 

Here t h e  m e l t  i s  s a t u r a t e d  w i t h  bo th  S i  and Al. On f u r t h e r  h e a t  removal 

the e u t e c t i c  of S i  and of Al-rich s o l i d  s o l u t i o n  w i l l  p r e c i p i t a t e  i n  t h e  

f i x e d ,  e u t e c t i c  r a t i o ,  w i t h  no change i n  composi t ion ( o r  t empera tu re )  of 

t h e  remaining l i q u i d  u n t i l  no more l i q u i d  remains.  The l a t e n t  h e a t  

evolved i n  t h e  s o l i d i f i c a t i o n  i s  the b a s i s  o f  t h e  energy s t o r a g e .  The 

temperature  of t h e  s o l i d  phase w i l l  t h e n  f a l l  as f u r t h e r  h e a t  i s  re- 

moved. 

I f  t h e  s h o t  i s  r ehea ted  t o  T B 3  o r  above, i t  w i l l  l i q u e f y .  I f  how- 

e v e r ,  as  i n  t h e  in t ended  a p p l i c a t i o n ,  t h e  s h o t  i s  h e a t e d  o n l y  t o  some 

lower temperature ,  TC, some s o l i d  s i l i c o n  w i l l  remain, which could form 
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a n  i n t e g r a l  s h e l l  sur rounding  t h e  c o r e  of  e u t e c t i c  composition. A s  t h e  

s h o t  is hea ted  from TA t o  Teut no mel t ing  occurs .  A t  Teut t h e  e u t e c t i c  

c o r e  melts, t h e  r e l a t i v e  amounts of s o l i d  s i l i c o n  and of l i q u i d  e u t e c t i c  

be ing  i n  t h e  r a t i o  (XA - Xeut)/(l-XA). On f u r t h e r  h e a t i n g ,  t h e  compo- 

s i t i o n  w i l l  change a long  t h e  l i q u i d u s  curve.  A t  Tc t h e  r a t i o  of s o l i d  

t o  l i q u i d  will have decreased  t o  (XA - XD)/(l-xA), bu t  a s o l i d  s i l i c o n  

s h e l l  could  conce ivably  remain,  under  p rope r  c o n d i t i o n s ,  i f  t h e  tempera- 

t u r e  remained below TB. The phase diagram, however, i n d i c a t e s  only t h e  

r e l a t i v e  amounts of t h e  two phases  a t  equ i l ib r ium.  It does n o t  i n d i c a t e  

t h e i r  s p a t i a l  d i s t r i b u t i o n .  Therefore ,  i f  a mechanism exis ts  f o r  t h e  

p r e c i p i t a t i n g  s i l i c o n  t o  d e p o s i t  p r e f e r e n t i a l l y  on one  s i d e  o f  t h e  s h o t ,  

e.g., because of tempera ture  g r a d i e n t s  o r  g r a v i t y ,  t h e  remainder of t h e  

s h o t  would be poorer  i n  s i l i c o n .  I f  t h e  l o c a l  composi t ion of p a r t  of 

t h e  s h o t  changed t o  XD, f o r  example, melt-through could occur  on t h e  

nex t  c y c l e  t o  TC even though t h e  l i q u i d u s  tempera ture  f o r  t h e  s h o t  as a 

whole remained TB. 

If t h e  h i g h e s t  t empera ture  i n  t h e  c y c l e  were r e s t r i c t e d  t o  being 

j u s t  above t h e  e u t e c t i c  tempera ture ,  i t  would be p o s s i b l e  t o  m e l t  t h e  

e u t e c t i c  c o r e  wi th  l i t t l e  change i n  t h e  average  t h i c k n e s s  of t h e  s i l i c o n  

s h e l l .  I n  t h e  concept ,  however, t h e  s t o r e d  energy  d e n s i t y  i s  i n c r e a s e d  

by c y c l i n g  t o  tempera tures  about  midway between TeUt and T B p  t h e  d i s -  

s o l u t i o n  and r e d e p o s i t i o n  of  a p o r t i o n  of t h e  s i l i c o n  s h e l l  t h u s  c o n t r i -  

b u t i n g  a cor responding  l a t e n t  h e a t  of f u s i o n  of s i l i c o n .  

Mobley and Rapp (1983) (Ref. 2) proposed, and i n v e s t i g a t e d ,  a 

number of means t o  form i n t e g r a l  s i l i c o n  s h e l l s .  These means inc luded:  

(1 )  c o n t r o l l e d  quenching of molten s p h e r e s  of aluminum-sil icon a l l o y ,  

having  h y p e r e u t e c t i c  composi t ion,  t o  produce i n t e g r a l  s h e l l s  of t h e  

p r i m a r y  p r e c i p i t a t e  of S i ;  (2 )  aluminum-sil icon a l l o y ,  having hypereu- 

t e c t i c  composi t ion,  t o  produce i n t e g r a l  s h e l l s  of t h e  pr imary p r e c i p i -  

t a t e  of S i ;  ( 2 )  a luminothermic r e a c t i o n  c o a t i n g ,  i n  which l i q u i d  A1-Si 

a l l o y  i s  al lowed t o  react w i t h  s o l i d  S i02  t o  form a s h e l l  of s o l i d  A1203 

(a lumina)  and s i l i c o n ;  ( 3 )  packed bed cementa t ion  s i l i c o n i z i n g ,  i n  which 

s i l i c o n  i s  depos i t ed  on t h e  s u r f a c e  of s o l i d  a l l o y  s h o t  v i a  vapor trams- 

p o r t  from a bed of s i l i c a  and a mixed c h l o r i d e  sal t .  Although t h e  

a u t h o r s  r e p o r t e d  t h a t  t h e  pack-cementation c o a t i n g  method seemed t o  show 
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promise,  no c a n s i s t e n t  r e s u l t s  were produced t h a t  showed t h e  fo rma t ion  

of encapsu la t ed  sphe res  which d i d  n o t  c r ack  or  l e a k  v i a  exuda t ion  of 

a l l o y  through t h e  S i  s h e l l .  

The f i r s t  q u e s t i o n  t o  be answered is: does a n  i n t e g r a l  s h e l l  of 

S i ,  produced by whatever means an  e u t e c t i c  A1-Si s h o t ,  remain s t a b l e  

w i t h  r epea ted  thermal  c y c l i n g  around the e u t e c t i c  temperature (and of 

cour se  below t h e  l i q u i d u s  t empera tu re )?  For, even w i t h  a n  i n t e g r a l  

s h e l l  of S i  around t h e  Al-Si e u t e c t i c ,  and w i t h  a c o n s t a n t  t empera tu re ,  

there s t i l l  is a d r i v i n g  f o r c e  f o r  r e c r y s t a l l i z a t i o n  of Al and Si, and 

of c r y s t a l  growth, which could l e a d  t o  growth of S i  c r y s t a l s  inward and 

of A l  c r y s t a l s  outward. This  could l e a d  t o  t h i n n i n g  of t h e  s h e l l ,  p in-  

h o l e s  and l e a k s ,  o r  c o l l a p s e  of t h e  s h o t .  A rough f i r s t  estimate of t h e  

p r o b a b i l i t y  of t h i s  o c c u r r i n g  would r e q u i r e  estimates of t h e  d i f f u s i o n  

c o e f f i c i e n t .  For example, Darken and Gurry3 cons ide r  t h e  case of 

d i f f u s i o n  i n t o  ( o r  o u t  o f )  v a r i o u s l y  shaped o b j e c t s ,  i n i t i a l l y  of un i -  

form composi t ion,  whose s u r f a c e  i s  i n  c o n t a c t  w i t h  a s o u r c e  of d i f f e r e n t  

composition. The f r a c t i o n a l  s a t u r a t i o n  ( i . e . ,  t h e  amount t h a t  h a s  d i f -  

f u s e d  i n t o  t h e  o b j e c t  r e l a t i v e  t o  t h e  amount t h a t  w i l l  have e n t e r e d  a t  

i n f i n i t e  t i m e )  i s  a f u n c t i o n  of P,/d(l)t). For a s l a b ,  o r  s h e e t ,  t h e  d i f -  

f u s i o n  p rocess  i s  93% complete when D t / P , *  = 1 .  D i f f u s i o n  i s  36% com- 

p l e t e  when Dt /P ,2  = 0.1, i .e. ,  f o r  a t e n f o l d  smaller d i f f u s i o n  c o e f f i -  

c i e n t .  Thus, t h e  r e l a x a t i o n  t i m e  f o r  a d i f f u s i o n  l a y e r  i s  T - L 2 / D  

where R i s  t h e  ha l f - th i ckness  of t h e  l a y e r  and D i s  t h e  d i f f u s i o n  coef-  

f i c i e n t .  For r e l a x a t i o n  i n ,  s a y ,  3 h (-lo4 SI, of a l a y e r  of t h i c k -  

n e s s  -low2 c m ,  t h e  d i f f u s i o n  c o e f f i c i e n t  would have t o  be D = 10-4/104 = 

lom8 c m 2 s - l .  This  va lue  may appear  somewhat h igh  f o r  s o l i d  s t a t e  d i f -  

f u s i o n  ( i n  t h e  l i q u i d  s t a t e  D - crn*s-I; f o r  many ceramic s o l i d s ,  

D N cm2s-1). However, some a l l o y s ,  e.g., L i - A l ,  Li-Si,  do have 

d i f f u s i o n  c o e f f i c i e n t s  as h igh  as cm2s-l o r  h ighe r .  A d i f f u s i o n  

C o e f f i c i e n t  of t h i s  magnitude could l e a d  t o  d e t e r i o r a t i o n  of t h e  s h e l l  

on c y c l i n g  u n l e s s  t h e r e  i s  some c o n s t r a i n  t o  b lock  i t ,  s u c h  a s  a temper- 

a t u r e  g r a d i e n t  of a p p r o p r i a t e  d i r e c t i o n  and magnitude. Mondolfi4 

r e p o r t s  r e l a t i v e l y  h i g h  d i f f u s i o n  c o e f f i c i e n t s  I n  s o l i d  A I ,  and h i g h  

d i f f u s i o n a l  m o b i l i t y  i n  t h e  g r a i n  boundaries .  Rhines and AballeS have 

observed Ostwald r i p e n i n g  and growth of s i l i c o n  c r y s t a l s  i n  s o l i d  
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silicon-aluminum alloys at temperatures as low as 540"C, The diffusion 

coefficients in the liquid are higher still. 

A perhaps more fundamental factor is the stability of the silicon 

shell to redistribution during repeated melting and crystallization, 

which could lead to disintegration of the shell. A number of mechanisms 

could provide the driving force for such redistribution. These include: 

1. a small temperature gradient in a fixed direction across a shot that 

provides a thermodynamic driving force for preferential deposition 

of Si crystals on the cool side, leading to thinning of the shell on 

the hot side. 

2. dendritic growth of primary silicon crystals from supercooled liquid 

leading to entrapment of alloy leading to migration of aluminum from 

the interior of the shot  t o  the surface. 

relatively high diffusion coefficient of silicon in aluminum provid- 

ing a mechanism, even isothermally in the solid state, for inter- 

diffusion of silicon and aluminum, with gradual redistribution of 

silicon and aluminum. 

3. 

Thus, although the equilibrium relationships show the possibility 

of an integral silicon shell, the equilibrium is dynamic, nat static; 

hence the distribution of the silicon and aluminum phases must be con- 

sidered. 

A s  part of a test of the integrity of silicon shells to be used as 

containers for Al-Si eutectic, experiments were designed to investigate 

the changes in shape of the interface between silicon and aluminum- 

silicon eutectic alloy on repeated melting and freezing of the alloy in 

contact with silicon. The experiments were intended to be independent 

of methods used to fabricate self-encapsulated shot, and to provide 

basic information concerning the inherent stability of such shells to 

migration via crystal growth and ripening under conditions of temper- 

ature cycling. The basis of the experiments was the preparation of 

polycrystalline shapes such as bars of silicon to be heated In contact 

with &-Si eutectic, maintained at temperatures between 550 and 650°C 

for varying lengths of time, cooled, and then subjected to optical and 

metallographic examination for dimensional stability, Two sets of 
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experiments were conducted: (1) the temperature of the samples was 

cycled between 550 and 650°C, and ( 2 )  the samples were held for differ- 

ing periods of time at various constant temperatures above the eutectic 

tenperature (577OC) before examination. The latter, isothermal, experi- 

ments provided an indication of the inherent rate of redistributfon of 

silicon and alloy resulting from the dynamic equilibrium even in the 

absence of a significant temperature gradient, e.g., via Ostwald ripen- 

ing. The former, temperature cycling, experiments were more complex in 

that some of the solid silicon must dissolve in the liquid alloy during 

the heating part of the cycle, and then recrystallize on the Si surface 

during the cooling part of the cycle. The temperature cycling condi- 

tions simulated more closely the behavior of a silicon shell during 

cycling of encapsulated s h o t ,  although the stresses induced by volume 

expansion may be smaller than in spherical shot. 

The experiments to date have shown that initially flat surfaces of 

contact between Si and A1-Si eutectic show development of a lenticular 

shape after heating for several hours at temperatures above the eutectic 

temperature (577OC). The penetration is very slight for temperatures up 

to 600°C; in some cases, possibly because of oxide films, there is no 

evidence of wetting. At 650°C and above interpenetration generally 

occurs. At 7OOOC and above, the interpenetration occurs to such a large 

extent that further experiments at these temperatures were discontinued, 

and subsequent experiments were done at 650°C. 

In these subsequent experiments, two variations of the penetration 

were observed. One was the formation of interpenetrating "fingers" of 

Si and A1-Si, and "roughening" of the interface. This appeared in most 

cases, at 650°C, to be of the order of 0.15-4.25 mm. The interfacial 

roughness which did not appear to progress markedly with increased 

heating time o r  with cycling, would suggest that shells of the order of 

1 inm thickness could be stable to cycling up to 65OOC. However, the 

initially proposed shell thickness of 0.1 mm would clearly not be 

stable. Stress cracks were found to occur at distances less than 1 mm 

from the interface. This suggests that thick shells to mitigate 

interpenetration of the Al-Si may be mechanically weak. 
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The second mod i f i ca t ion  of t h e  l e n t i c u l a r  p e n e t r a t i o n  w a s  t h e  in- 

t r u s i o n  of n e a r l y  s p h e r i c a l  g lobu les  of e u t e c t i c ,  of t h e  o r d e r  of 

2-3 mm i n  diam, i n t o  t h e  s i l i c o n .  There was no evidence t h a t  t h i s  in-  

t r u s i o n  occurs  because of a p r e e x i s t i n g  void  of  t h a t  s i z e  i n  t h e  s i l i -  

con. Although a t t empt s  were made t o  de te rmine  whether such i n t r u s i o n s  

occurred  p r e f e r e n t i a l l y  a t  s c r a t c h e s  o r  s l o t s  i n s c r i b e d  i n  t h e  S i  sub- 

s t ra te ,  i n t r u s i o n  d i d  n o t  occur  p r e f e r e n t i a l l y  a t  those  sites. Such in-  

t r u s i o n s ,  which occur red  with about  10% of t h e  samples hea ted  t o  650°C, 

could  e l i m i n a t e  t h e  p o s s i b i l i t y  of s t a b l e  se l f - encapsu la t ed  s h o t ,  and 

t h e  mechanism of format ion  of t h e s e  i n t r u s i o n s  would have t o  be e s t a b -  

l i s h e d .  

In  summary, a p p l i c a t i o n  of s e l f - encapsu la t ed  AI.-Si s h o t  w a s  found 

n o t  f e a s i b l e  f o r  tempera tures  of 700°C and above. It may be f e a s i b l e  

f o r  temperatures up t o  650°C i f  t h e  mechanism of g l o b u l a r  i n t r u s i o n  can 

be determined and c o n t r o l l e d ,  and i f  t empera ture  excur s ions  t o  700°C can  

be avoided. App l i ca t ion  a t  tempera tures  up t o  600°C appea r s  f e a s i b l e  i f  

a somewhat reduced s t o r a g e  c a p a c i t y  i s  a c c e p t a b l e  and i f  t empera ture  

excur s ions  beyond 600°C can be  avoided. 

2 . 3  Heats of Mixing for TES Systems (WBS 1.3.1.1) 

L iqu id - l iqu id  s y s t e m s  can be of several types  depending on t h e  

molecular  i n t e r a c t i o n s  which cause  t h e  l i m i t e d  m i s c i b i l i t y .  If  t h e  

s o l u b i l i t y  of t h e  components i n  each phase i n c r e a s e s  wi th  f n c r e a s i n g  

tempera ture ,  an  upper c r i t i c a l  s o l u t i o n  tempera ture  (UCST) i s  reached 

above which t h e  components a r e  m i s c i b l e  i n  all propor t ions .  This  be- 

h a v i o r  i s  shown i n  Fig.  5 f o r  t h e  ani l ine-n-heptane 

For some s y s t e m s ,  such  as water-amines, the r e g i o n  of l i m i t e d  

m i s c i b i l i t y  occur s  only  above a lower c r i t i c a l  s o l u t i o n  tempera ture  

(LCST). Systems of t h i s  t ype  may a l s o  have upper c r i t i c a l  s o l u t i o n  t e m -  

p e r a t u r e s  above which t h e  components are comple te ly  m i s c i b l e ,  as  shown 

i n  Fig.  6 for glycero l -m- to lu id ine .6  For t h e s e  systems s t r o n g  p o l a r  i n -  

t e r a c t i o n s  account  f o r  t h e  complete m i s c i b i l i t y  a t  low t empera tu res ,  

wh i l e  a t  i n t e r m e d i a t e  tempera tures  t h e  d i s s i m i l a r i t y  of t h e  molecules  
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Fig. 5. L iqu id - l iqu id  phase behavior  f o r  ani l ine-n-heptane system. 
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Fig. 6. L iqu id - l iqu id  phase behav io r  f o r  glycerol-m-toluidine s y s -  
t e m .  
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causes the phase 

polarity effects 

The heat of 

separation. At high temperatures the dissimilarity in 

are reduced and the components are again miscible. 

mixing is positive at the critical composition, xlC, 

for a system with an UCST, while it is negative at a lower critical 

point. Therefore, for systems with both lower and upper critical points 

the heat of mixing must vary from negative to positive with increasing 

temperature, and be zero at an intermediate condition. 

For liquid-liquid systems, the heat of mixing varies linearly with 

composition over the composition range of immiscibility. This is be- 

cause for these compositfons the heat of mixing for the t w o  phase sys- 

tem, HE, is determined only by the relative amounts of the coexisting 

liquid phases. This behavior is illustrated in Fig. 7 for the 

2 

- 
0 
E 
7 1  \ 

Y 

W 

- 
ZT 

0 
0 0  0 2  0 . 4  0 6  0 8  1 0  

Fig. 7. Heats of nixing for nitro-ethane-iso-octane 
methanol system below their CST's. 

and hexane- 
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nit roethane-iso-octane and hexane-methanol systems f o r  t empera tu res  

below t h e i r  upper  c r i t i c a l  va lues .  

The h e a t  of mixing HE a t  a n  o v e r a l l  mole f r a c t i o n ,  xi, between 

t h o s e  f o r  t h e  c o e x i s t i n g  phases ,  x i  and xi', c an  be  r e p r e s e n t e d  a s  

E n = a + bxl 

where 

a = -  
xi -xi' 

E" 
tiEP - n 

x i  -x i '  
b -  

and H E '  and HE" are  t h e  h e a t s  of mixing f o r  t h e  c o e x i s t i n g  phases.  

The e n t h a l p y  of a l i q u i d  mix tu re  w i t h  a composi t ion x i  i s  

( 3 )  

From Eq. ( 4 ) ,  t h e  e n t h a l p y  d i f f e r e n c e  between two t empera tu res  T2 and 

Ti, above and below a n  upper c r i t i c a l  s o l u t i o n  t empera tu re ,  i s  g i v e n  by 

-0 where C-O = xi C + x2 C-O, C-O and C-O are  ave rage  h e a t  c a p a c i t i e s  of 

t h e  components, and HE i s  ob ta ined  from Eq. (1) f o r  compositions be- 

tween xi and xi'. Equat ion ( 5 )  a l s o  r e p r e s e n t s  t h e  e n t h a l p y  d i f f e r e n c e  

f o r  t e u p e r a t u r e s  above and below a LCST, w i t h  H o b t a i n e d  from Eq.  (1) 

f o r  composi t ions i n  t h e  two l i q u i d  phase  r eg ion .  

P P1 P2 p2 P2 

T1 

E 

For e f f e c t i v e  energy storage, l a r g e  d i f f e r e n c e s  i n  en tha lpy ,  and 

t h e r e f o r e  i n  H - W are r e q u i r e d  f o r  small t empera tu re  d i f f e r e n c e s  

T2 - - T i .  Equat ion ( 5 )  can be expres sed  i n  t h e  a l t e r n a t e  form 

E E 

T2 T1 

AH = 5 M(T2 - TI) 
P 



27 

where and M are t h e  mean h e a t  c a p a c i t y  (J/g) and molecular  weight of 

t h e  mixture .  From Eqs. (5 )  and ( 6 ) ,  
P 

77 

The l a s t  t e r m  on t h e  r i g h t  s i d e  of Eq. ( 7 )  i n d i c a t e s  t h e  c o n t r i b u t i o n  of 

t h e  h e a t  of mixing t o  t h e  e f f e c t i v e  system h e a t  c a p a c i t y .  

Experiments by o t h e r s 7  have shown t h e  h e a t  of mixing t o  increase 

t h e  e f f e c t i v e  heat c a p a c i t i e s  of some chemical  s y s t e m s  by 100% over  a 

small tempera ture  range. 

For  h e a t  s t o r a g e ,  a mixture  wi th  a n  UCST i s  hea ted  from t h e  two 

l i q u i d  phase r e g i o n  t o  above t h e  c r i t i c a l  p o i n t  t o  form a s i n g l e  phase 

s o l u t i o n .  For  a system wi th  a LCST, t h e  h e a t i n g  process  r e s u l t s  i n  a 

t r ans fo rma t ion  from a s i n g l e  phase t o  two l i q u i d  phases.  Heat i s  t h e n  

provided t o  t h e  b u i l d i n g  space  by coo l ing  t h e  s o l u t i o n  t o  t h e  o r i g i n a l  

cond i t ion .  The s y s t e m  can a l s o  e x h i b i t  a s o l i d - l i q u i d  phase change a t  

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

For c o o l  s t o r a g e ,  a n  aqueous system can  be used w i t h  a c r i t i c a l  so- 

l u t i o n  tempera ture  of -5°C.  The mixture i s  cooled from 10°C t o  below 

i t s  c r i t i c a l  s o l u t i o n  temperature .  The cool  energy can be recovered  by 

h e a t i n g  t h e  mixture  t o  i t s  o r i g i n a l  cond i t ion .  

S t u d i e s  were performed t o  f i n d  p o t e n t i a l  systems wi th  UCST'S i n  t h e  

range  40'-70°C f o r  hea t  s t o r a g e  a p p l i c a t i o n s .  Aqueous mixtures  con- 

t a i n i n g  o rgan ic  components w i th  c r i t i c a l  s o l u t i o n  tempera tures  i n  t h i s  

range can a l s o  be used f o r  combined h e a t  and coo l  s to rage .  For cool  

s t o r a g e  t h e  system would form a s o l u t i o n  of i ce  and, t h e  l i q u i d  component 

a t  about  OOC.  Optimum s y s t e m s  of t h i s  t ype  would g i v e  large changes i n  

t h e  h e a t  of mixing i n  t h e  c r i t i c a l  region.  Seve ra l  nonaqueous systems 

w i t h  t h i s  p rope r ty  have been i d e n t i f i e d ,  i n c l u d i n g  anil ine-n-hexane and 

cyclohexane a c e t i c  a c i d  anhydride.  From a v a i l a b l e  exper imenta l  

d a t a , 9  9 l o  t h e s e  systems e x h i b i t  maximum h e a t s  of mixing greater than 

3000 J /no le .  

I n  F igs .  8 and 9 t h e  exper imenta l  h e a t s  of mixing f o r  t h e s e  systems 

are p l o t t e d  a g a i n s t  composition. In  Fig. 8 f o r  ani l ine-n-hexane,  t h e  
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Fig. 8. Experimental heats of mixing for aniline (1)-hexane (2). 
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approximate v a l u e s  of HE a t  t h e  phase boundaries  f o r  tempera tures  below 

t h e  UCST's are a l s o  i n d i c a t e d .  For an i l ine-n-hexane  i n  t h e  r e g i o n  

60-66OC, t h e  i n c r e a s e  i n  t h e  h e a t  c a p a c i t y  f o r  equimolar  mixtures  i n d i -  

c a t e d  by Eqs. (6)  and (7) i s  -1-7 J/g°C. The e f f e c t i v e  h e a t  c a p a c i t y  of 

t h e  l i q u i d - l i q u i d  mixtures  is a lmost  double  t h a t  of t h e  homogeneous 

l i q u i d  mixture. An aqueous mixture  w i t h  a similar h e a t  e f f e c t  would 

have a large i n c r e a s e  i n  t h e  h e a t  c a p a c i t y  because of t h e  lower nole-  

c u l a r  weight of t h e  system. 

The propylene carbonate-water  system (UCST = 60-70°C) has been 

proposed as a p o t e n t i a l  s y s t e m  f o r  h e a t  and cool energy  s t o r a g e  a p p l i c a -  

t i o n s .  Other  p o t e n t i a l  aqueous mixtures  wi th  UCST's i n  t h i s  range are 

l i s t e d  i n  Table 2, 

Table 2. Aqueous systems 

o-aldehydrobenzoic a c i d  45.7 
m-aminobenzoic a c i d  66.0 
p-aminobenzoic a c i d  47.0 
Benzami d e  (7 5 
G l u t a r i c  d i n i t r i l e  68.3  
m-h yd r oxybe nza 1 deh yd e 
p-hydroxybenzaldehyde 64.4 
o-ni t robenzoic  a c i d  5 2  
Novocaine t hiocyna t e 54 
Phenol 6 6  
o-phenylenediami ne <6 7 
p-phenylenediamine (7 5 
Phenylhydrazine 55.2-75.5 
Pipe r o n a l  (7 8 
Succ inon i t  r i  l e  54 
T r i c h l o r o a c r y l i c  a c i d  60.85 

66.2 

Since  heat of mixing d a t a  are not  a v a i l a b l e  f o r  t h e s e  aqueous 

l i q u i d - l i q u i d  s y s t e m s ,  i n  t h i s  s t u d y  t h e  use  of a c t i v i t y  c o e f f i c i e n t  

models t o  estimate HE from t h e  phase s o l u b i l i t y  d a t a  w a s  i n v e s t i g a t e d .  

I n i t i a l  c a l c u l a t i o n s  were performed by t h e  u s e  of exper imenta l  d a t a  f o r  



30 

t h e  pheno l -wa te r , l l  methanol-hexane, and methanol-heptanelz systems 

w i t h  p rocedures  based on t h e  Van b a r ,  l l a r g u l e s ,  Uniquac and NRTL 

models. 

For  systems w i t h  lower c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s ,  a more 

complex r e l a t i o n s h i p  f o r  t h e  t e m p e r a t u r e  v a r i a t i o n  of the  c o n s t a n t s  i n  

e a c h  model are r e q u i r e d ,  s i n c e  t h e  h e a t  of mixing can  v a r y  from n e g a t i v e  

t o  p o s i t i v e  i n  the t w o  l i q u i d  phase  r eg ion .  Fo r  s e v e r a l  aqueous sys t ems  

w i t h  LCST's, i n c l u d i n g  water-2-butanone, wa te r -3 lne thy l  p y r i d i n e ,  and 

water-2-6-dimethyl p y r i d i n e ,  t h e  Uniquac p rocedure ,  was found t o  r e s u l t  

i n  c l o s e  agreement w i t h  t h e  e x p e r i m e n t a l  v a l u e s  of I3 . Good agreement 

w i t h  t h e  expe r imen ta l  heats  of mixing a l s o  r e s u l t e d  f o r  t h e  Uniquac 

p rocedure  € o r  t h e  water-2-4 d i u e t h y l  p y r i d i n e  system. L a r g e r  e r r o r s  re- 

s u l t e d  w i t h  the same phase d a t a  by t h e  use  of t h e  Van b a r  model. These 

r e s u l t s  i n d i c a t e  t h a t  a c c u r a t e  h e a t s  of mixing can be e s t i m a t e d  f o r  

aqueous systems w i t h  LCST's by t h e  Uniquac p rocedure  i f  h i g h l y  a c c u r a t e  

phase  d a t a  a r e  a v a i l a b l e  f o r  a s u i t a b l e  t empera tu re  range. I f  s u f f i -  

E 

c i e n t  l i q u i d - l i q u i d  phase d a t a  a r e  n o t  a v a i l a b l e ,  v a l u c s  of  HE c a n  a l s o  

be  e s t i m a t e d  f o r  these s y s t e m s  f o r  a c c u r a t e  vapor - l iqu id  e q u i l i b r i u m  

d a t a  i n  the s i n g l e  l i q u i d  phase r e g i o n .  

The r e s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  t h e  aqueous systems con- 

s i d e r e d  w i t h  UCST's have moderate i n c r e a s e s  i n  t h e  e f f e c t i v e  hPa t  

c a p a c i t i e s  i n  t h e  c r i t i c a l  r e g i o n s  of t h e s e  systems:  e x p e r i m e n t a l  

s t u d i e s  are  r e q u i r e d  t o  e s t a b l i s h  t h e  exact the rma l  ene rgy  s t o r a g e  

c a p a b i l i t i e s .  

A number of systems w i t h  LCST's of -50°C have been i d e n t i f i e d  which 

a p p e a r  t o  show l a r g e  d i f f e r e n c e s  i n  t h e  h e a t  of mixing i n  t h e  c r i t i c a l  

region.  Systems w i t h  t h i s  b e h a v i o r  a re  p romis ing  f o r  p o t e n t i a l  h e a t  and 

c o o l  s t o r a g e  a p p l i c a t i o n s  and i n c l u d e  mix tu res  of water w i t h  methyl 

d i e t h y l  amine, 2-6-dimethyl p y r i d i n e ,  d i m e t h y l - t e r t - b u t y l  amine, and 3- 

methyl p y r i d i n e .  Expe r imen ta l  s t u d i e s  w i l l  b e  conducted i n  Phase I1 of 

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

system t o  conf i rm t h e  p r e d i c t e d  behavior .  
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Aqueous systems wi th  l i q u i d - l i q u i d  behavior  i n  t h e  range 0 t o  10°C 

may a l s o  have p o t e n t i a l  € o r  cool  s t o r a g e  a p p l i c a t i o n s .  Severa l  poten- 

t i a l  py r id ine  and amine systems wi th  lower c r i t i c a l  s o l u t i o n  tempera- 

t u r e s  i n  t h i s  range are l i s t e d  i n  Table  3. These systems w i l l  a l s o  be 

i n v e s t i g a t e d  f u r t h e r  i n  Phase I1 of t h e  Program. 

Table  3. P o t e n t i a l  aqueous 
mixtures  f o r  coo l  s t o r a g e  

Component 
LCST 
( " C >  

2 , 4 , 6  t r ime thy lpyr id ine  3.5 

D i  propyl  a m i  ne -4.9 
1-e thylp iper id ine  7.45 

3,4 d imethylpyr id ine  -3 .6 

Z-e thy lp ipe r id ine  -5.0 
3-ethy1,  4 lne thy lpyr id ine  6.4 

2.4 Medium Tempera ture  Composite Media (WBS 1.3.1.2) 

Development of a medium temperature  composite thermal energy s t o r -  

age m a t e r i a l  w a s  begun under WBS p r o j e c t  1.3.1.2. The goa l  was t o  de- 

f i n e  a set  of materials t h a t  could s t o r e  l a t e n t  h e a t  energy i n  t h e  500°F 

t o  950°F temperature  range. The j u s t i f i c a t i o n  f o r  t h i s  work i s  t h a t  a 

packed bed TES u n i t  wi th  only one PCM (i.e.,  one m e l t  temperature)  has  

l i t t l e  a d d i t i o n a l  s t o r a g e  capac i ty  (and t h e r e f o r e  l i t t l e  economic ad- 

vantage)  over  a t r a d i t i o n a l  s e n s i b l e  hea t  s t o r a g e  system i f  l a r g e  AT'S 

are permissible .  This  l i m i t a t i o n  had been recognized f o r  some t i m e ,  but  

t h e  development of t h e  h igh  temperature  NazC03-BaC03 /MgO composite had 

only r e c e n t l y  matured t o  t h e  po in t  where it w a s  app ropr i a t e  t o  begin 

developing a family of composite materials. During t h e  prev ious  yea r ,  

two material combinations w e r e  i d e n t i f i e d ,  f a b r i c a t e d  and p a r t i a l l y  

cha rac t e r i zed .  Fu r the r  development w a s  postponed pending t h e  

completion of des ign  op t imiza t ion  s t u d i e s .  These s t u d i e s  were needed 
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e i t h e r  t o  conf i rm t h e  500°F t o  950°F o p e r a t i n g  r ange ,  o r  t o  i n d i c a t e  a 

more a p p r o p r i a t e  t e m p e r a t u r e  range. 

Using e v a l u a t i o n  c r i t e r i a  such  as h e a t s  of f u s i o n ,  r e l a t i v e l y  low 

material  c o s t ,  a p p r o p r i a t e  m e l t i n g  p o i n t ,  material  s t a b i l i t y ,  and en- 

v i ronmen ta l  s a f e t y ;  t h r e e  c a n d i d a t e  PCM's were chosen f o r  i n i t i a l  tes t -  

i n g .  These were boron o x i d e ,  sodium n i t r a t e ,  and a t e r n a r y  e u t e c t i c  

c a r b o n a t e  of sodium, l i t h i u m ,  and potassium. Through a subsequen t  

e v a l u a t i o n ,  i t  was l e a r n e d  tha t  boron o x i d e  i s  u s u a l l y  manufactured from 

b o r i c  a c i d  and t h e  r e s u l t i n g  o x i d e  i s  i n  t h e  amorphous s ta te .  Th i s  was 

deemed u n d e s i r a b l e  because meaningful  ene rgy  s t o r a g e  o n l y  o c c u r s  when 

t h e  c r y s t a l l i n e  form m e l t s .  Even though manufac tu r ing  t e c h n i q u e s  and 

dopan t s  were a v a i l a b l e  which would f o r c e  t h e  c r y s t a l l i n e  s t a t e  t o  form 

and remain s t a b l e ,  i t  w a s  f e l t  t h a t  t h e s e  a d d i t i o n a l  s teps  would in -  

crease manufactur ing c o s t s  t o  the p o i n t  where t h e  boron o x i d e  would no 

l o n g e r  be c o s t  e f f e c t i v e .  The remaining c a n d i d a t e ,  sodium n i t r a t e  and 

e u t e c t i c  c a r b o n a t e  PCM's were s u b j e c t e d  t o  material c o m p a t i b i l i t y  

s t u d i e s .  For t h i s  i n i t i a l  s e r i e s  of t es t s ,  t h e  sodium n i t r a t e  and 

e u t e c t i c  c a r b o n a t e  PCM's were d r y  m i l l e d  and p r e s s e d  i n t o  0.6 c n  

(1/2- in . )  diam c y l i n d r i c a l l y  shaped p e l l e t s .  A s  w i t h  t h e  h i g h  tempera- 

t u r e  composite media,  Magnesium Oxide (MgO) w a s  u s e d  a s  t h e  s u b s t r a t e  

material. A s i g n i f i c a n t  number of  e a c h  were t h e n  s u b j e c t e d  t o  d e n s i f i -  

c a t i o n  and weight  l o s s  s t u d i e s .  

Two ba tches  of p e l l e t s  were f a b r i c a t e d  u s i n g  t h e  sodium n i t r a t e  

s a l t .  Each b a t c h  c o n t a i n e d  p e l l e t s  w i t h  e i t h e r  50%, 60%, o r  70% s a l t  

volumes. One b a t c h  was s i n t e r e d  a t  425°C and one a t  525°C. I n  each  

case, t h e  p e l l e t s  ach ieved  a f i n a l  t h e o r e t i c a l  d e n s i t y  which was a 

f u n c t i o n  of t h e i r  s a l t  c o n t e n t .  Those s i n t e r e d  a t  t h e  lower t e m p e r a t u r e  

ach ieved  63%, 70%, and 7 7 %  of t h e o r e t i c a l  d e n s i t y  f o r  t h e  50%, 60%, and 

70% sal t  volumes r e s p e c t i v e l y .  Those s i n t e r e d  a t  t h e  h i g h e r  t e m p e r a t u r e  

ach ieved  68%, 72%, and 89% of t h e o r e t i c a l  d e n s i t i e s  r e s p e c t i v e l y .  A 

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

w i t h  i n d i v i d u a l  pe l l e t s  c o n t a i n i n g  e i t h e r  50% o r  60% s a l t  volume. Th i s  

b a t c h  w a s  s i n t e r e d  a t  between 900--950"C and ach ieved  between 80 and 82% 

of t h e o r e t i c a l  d e n s i t y .  These d e n s i f i c a t i o n  r e s u l t s  were c o n s i d e r e d  

on ly  m a r g i n a l l y  a c c e p t a b l e  (92% of t h e o r e t i c a l  d e n s i t y  be ing  r o u t i n e l y  
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achieved f o r  t h e  high temperature  components), but  s u f f i c i e n t  t o  p e r m i t  

t h e  compa t ib i l i t y  s t u d i e s .  

The goa l  of t h e  s t u d i e s  w a s  t o  e v a l u a t e  composite p e l l e t  s t a b i l i t y ,  

PCM (i.e., s a l t )  r e t e n t i o n  c h a r a c t e r i s t i c s ,  composite system (i .e. ,  

combined s a l t  and s u b s t r a t e )  s t a b i l i t y ,  and t e m p e r a t u r e  l i m i t a t i o n s  of 

t h e  system. The s t u d i e s  were accomplished by c y c l i n g  a g iven  b a t c h  of 

p e l l e t s  through t h e i r  mel t ing  po in t  and soaking (i.e., holding a t  a con- 

s t a n t  temperature)  f o r  20 h. Af te r  each c y c l e ,  t h e  p e l l e t s  were cooled 

t o  room temperature  and weighed. This  thermal  cyc l ing /dens i ty  measure- 

ment process  w a s  repea ted  u n t i l  a s i g n i f i c a n t  amount of t o t a l  t i m e  above 

t h e  mel t ing  po in t  had been accumulated. 

Compat ib i l i ty  t es t  r e s u l t s  are summarized i n  Figs.  10, 11, and 

12. Each f i g u r e  shows t h e  weight loss  of a s p e c i f i c  PCM as a f u n c t i o n  

of to ta l .  accumulated t i m e  above t h e  m e l t  po in t .  f i g u r e  10 shows t h e  

weight l o s s  d a t a  f o r  t h e  sodium n i t r a t e  PCM t h a t  had been s i n t e r e d  a t  

425°C and soaked a t  400OC. These r e s u l t s  show t h a t  no measurable weight 

ORNL DWG 882-6785 
10 I 1 I I 1 

50 VOLUME % SALT 

A 60 VOLUME % SALT 

70 VOLUME % SALT 

0 50 100 150 200 250 

TOTAL TIME AT ELEVATED TEMPERATURE (hr) 

Fig. 10. Weight l o s s  of NaN03/MgO pe l le t s  s i n t e r e d  a t  425°C; 
soaked a t  4 O O O C .  
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Fig .  11. Weight l o s s  of NaN03/MgO p e l - l e t s  s i n t e r e d  a t  525°C; 
soaked a t  400°C. 
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Fig .  
t e r e d  a t  9 O 0 - - 9 5 O 0 C  and soaked a t  500°C. 

12. LJeight l o s s  o f  Na, L i ,  K t e r n a r y  eu tec t ic  p e l l e t s  s i n -  



l o s s  o c c u r r e d  i n  t h e  samples c o n t a i n i n g  50% and 60% s a l t  volumes. 

However a s i g n i f i c a n t  we igh t  l o s s  o c c u r r e d  i n  t h o s e  p e l l e t s  with 70% 

sa l t  volume. These d a t a  s u g g e s t  ( f o r  t h o s e  s i n t e r e d  a t  4 2 5 ' C )  t h a t  t h e  

sodium n i t r a t e  s a l t  c o n t e n t  shou ld  be k e p t  a t  o r  below 60% t o  maximize 

s t o r a g e  b e n e f i t s  w h i l e  a v o i d i n g  s a l t  l o s s e s .  

F i g u r e  11 shows t h e  weight  l o s s  d a t a  f o r  t h e  sodium n i t r a t e  p e l l e t s  

t h a t  had been s i n t e r e d  a t  525°C. These r e s u l t s  show t h a t  a l l  p e l l e t s  

e x p e r i e n c e d  s i g n i f i c a n t  s a l t  l o s s  d u r i n g  t h e  f i r s t  cyc le .  Subsequent 

cycles  r e s u l t e d  i n  l i t t l e  a d d i t i o n a l  l o s s  f o r  t h e  50% volume p e l l e t s ,  

s l i g h t l y  more loss f o r  t h e  60% volume p e l l e t s  and c o n s i d e r a b l e  a d d i -  

t i o n a l  l o s s  f o r  t h e  70% volume p e l l e t s .  It a p p e a r s  t h a t  t h e  50 and 60% 

d a t a  converge t o  a n  a s y m p t o t i c  v a l u e  of 6% weigh t  l o s s .  F i g u r e  1 2  shows 

t h e  t e s t  resul ts  f o r  the t e r n a r y  e u t e c t i c  c a r b o n a t e  t h a t  had been 

s i n t e r e d  a t  900 t o  950°C. These d a t a  i n d i c a t e  t h a t  a s i g n i f i c a n t  amount 

of s a l t  was l o s t  d u r i n g  t h e  f i r s t  c y c l e ,  b u t  v e r y  l i t t l e  t h e r e a f t e r .  It 

w a s  n o t  p o s s i b l e  t o  draw c o n c l u s i o n s  conce rn ing  t h e  long-term s t a b i l i t y  

of t h e  two medium t e m p e r a t u r e s  compos i t e s  based o n  t h e s e  d a t a .  F u r t h e r  

materials s e l e c t i o n  and t e s t i n g  were t e m p o r a r i l y  postponed pending t h e  

comple t ion  of sys t em d e s i g n  o p t i m i z a t i o n  s t u d i e s .  

2.5 Assessment of R e g u l a t i o n s  on Ammoniate Cycles  

The release of c h l o r o f l u o r o c a r b o n s  i n t o  t h e  atmosphere and poten- 

t i a l  d e s t r u c t i o n  of t h e  e a r t h ' s  ozone l a y e r  i s  a n  env i ronmen ta l  i s s u e  of  

growing concern. I n d i c a t i o n s  are t h a t  s t r i n g e n t  p r o d u c t i o n  c e i l i n g s  

w i l l  be p l aced  on t h e  manufac tu re  of most of t h e  r e f r i g e r a n t s  ( R - 1 1 ,  

R-12 ,  R-113, R - 1 1 4 ,  R-115) now used i n  b u i l d i n g  a i r  c o n d i t i o n i n g  systems 

s o  that  r e f r i g e r a n t  a l t e r n a t i v e s  w i l l  b e  r e q u i r e d .  One a l t e r n a t l v e  may 

be ammonia (R-717)  used as a working f l u i d  i n  new r e f r i g e r a t i o n  sys- 

t e m s .  Of t h e  t y p i c a l  r e f r i g e r a n t s ,  ammonia i s  a n  e x c e l l e n t  working 

f l u i d .  I t s  h e a t  of e v a p o r a t i o n  i s  v e r y  h i g h ,  second on ly  t o  t h a t  of 

water, and i t s  s a t u r a t i o n  p r e s s u r e s  a t  t e m p e r a t u r e s  needed f o r  c o o l i n g  

sys t ems  can  be c o n t r o l l e d  w i t h o u t  d i f f i c u l t y  u s i n g  e x i s t i n g  t ech -  

n o l o g i e s .  On t h e  o t h e r  hand, s i n c e  ammonia i s  combus t ib l e ,  c o r r o s i v e  

and t o x i c ,  a p p l i c a t i o n s  may be l i m i t e d .  Based on the thermodynamic po- 

t e n t i a l  of t he rma l  s t o r a g e  sys t ems  u s i n g  ammonia, s t u d i e s  were completed 



t o  assess t h e  r e g u l a t o r y  i s s u e s  a s s o c i a t e d  w i t h  ammonia s t o r a g e  and u s e  

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

s e c t i o n  of t h o s e  used throughout  t h e  U . S . :  

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

8. 

Uniform Codes of the I n t e r n a t i o n a l  Conference of B u i l d i n g  O f f i c i a l s  

(ICBO) which are used as a b a s i s  f o r  most codes west of t h e  

M i s s i s s i p p i  R ive r  and t h e  S t a t e  of I n d i a n a ,  

B a s i c I N a t i o n a l  codes of t h e  B u i l d i n g  O f f i c i a l s  and Code Adminis t ra-  

t o r s  I n t e r n a t i o n a l ,  Inc.  (BOCA) which are used as a b a s i s  f o r  most 

codes east of t h e  M i s s i s s i p p i  R i v e r ,  n o r t h  from Kentucky and 

V i r g i n i a  and i n c l u d i n g  p a r t s  o f  Oklahoma and Texas, 

S tanda rd  codes of t h e  Sou the rn  B u i l d i n g  Code Congress I n t e r n a t i o n a l ,  

Inc.  (SBCCI) which a re  used f o r  most codes  eas t  of  t h e  M i s s i s s i p p i  

R i v e r ,  s o u t h  from Tennessee and North C a r o l i n a  and i n c l u d i n g  p a r t s  

of  Texas,  

State-developed codes  of North C a r o l i n a  and Wisconsin,  

Major c i t y  codes of New York, Chicago, and Los Angeles,  

N a t i o n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n s  s t a n d a r d s  which are r e f e r e n c e d  

i n  t h e  above documents a s  w e l l  as  b e i n g  adop ted  d i r e c t l y  by many 

s t a t e  and l o c a l  r e g u l a t o r y  a g e n c i e s ,  

Ammonia S a f e t y  Requirements of t h e  American N a t i o n a l  S t anda rds  

I n s t i t u t e  (ANSI), 

Mechanical r e f r i g e r a t i o n  s a f e t y  codes by t h e  American S o c i e t y  of 

Hea t ing ,  R e f r i g e r a t i n g ,  and Ai r - cond i t ion ing  Eng inee r s ,  Inc .  

(ASHRAE). 

S i n c e  c u r r e n t  b u i l d i n g  r e g u l a t o r y  c r i t e r i a  were found t o  v a r y  s i g n i f -  

i c a n t l y  a c r o s s  t h e  U. S . ,  a s i m p l e ,  u n i f o r m l y - a p p l i c a b l e  s e t  of conc lu -  

s i o n s  r e g a r d i n g  t h e  u s e  of ammonia i n  b u i l d i n g s  could n o t  be drawn. On 

a wors t  case b a s i s ,  a n  ammoniated s t o r a g e  sys t em d e s i g n  w a s  unaccep t -  

a b l e .  A t  b e s t ,  the system i s  a c c e p t a b l e  € o r  any a p p l i c a t i o n s  as l o n g  as 

t h e  p r e s s u r e  v e s s e l  i s  ASME approved,  h a s  p r o p e r  c l e a r a n c e s  and i s  

p r o p e r l y  vented.  
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2.6 Thermal Energy Storage  With C l a t h r a t e s  

Current  cool  s t o r a g e  technologies  are l i m i t e d  e i t h e r  i n  thermody- 

namic e f f i c i e n c y  o r  are q u i t e  large i n  s i z e  if based on s e n s i b l e  cool-  

ing.  Ice s t o r a g e  systems, f o r  example, have r e l a t i v e l y  h igh  s t o r a g e  

d e n s i t i e s  188.3 c a l / g  (159 Btu / lb )  when opera ted  over  a 8.3"C (15OF) 

temperature  range] but  a r e  somewhat disadvantaged i n  t h a t  low evapora tor  

temperatures  (and r e s u l t i n g  low r e f r i g e r a t i n g  e f f i c i e n c i e s )  are needed; 

coo l  s t o r a g e  systems based on c h i l l e d  water s to rage  have low energy 

d e n s i t i e s  [-8.3 c a l / g  (15 B tu / lb ) l  but a re  r e l a t i v e l y  e f f i c i e n t  s i n c e  

t h e  evaporator  i s  simply a water c h i l l e r  ope ra t ing  over an approximate 

temperature  range of 8.3'C. In  p r i o r  e f f o r t s , l 4 , 1 5  r e f r i g e r a n t  

c l a t h r a t e s  as "warm ices" were examined exper imenta l ly  as an  a l t e r n a t i v e  

t o  both  i ce  and c h i l l e d  water s i n c e  they e f f e c t  l a t e n t  coo l  s t o r a g e  a t  

tempera tures  h igher  than  i ce .  A s  a cool  s to rage  medium, c l a t h r a t e s  

appear t o  be advantaged over  i c e  and c h i l l e d  water.  A s tudy  t o  e v a l u a t e  

t h e  t e c h n i c a l  advantages of c l a t h r a t e s  as demonstrated through 

experimental  evidence and I s s u e s  t h a t  disadvantage c l a t h r a t e  coo l  

s t o r a g e  concepts was i n i t i a t e d  and completed. With d i r e c t  contac t  

evapora tors ,  c l a t h r a t e  s t u d i e s  i n d i c a t e  t h a t  compressor s a t u r a t e d  

s u c t i o n  temperatures  are approximately t h a t  of t h e  c l a t h r a t e  c r i t i c a l  

po in t  (e.g. 1 2 O C  f o r  R-12). The es t imated  improvement i n  t h e o r e t i c a l  

e f f i c i e n c y  of a d i r e c t  con tac t  R-12 c l a t h r a t e  system over  t h e  

convent ional  ice-on-coil technology i s  -40% based on a 11°C h ighe r  

evapora tor  t e m p e r a t u r e  as a v a i l a b l e  wi th  the  c l a t h r a t e  system. This  

advantage j u s t i f i e d  p r i o r  r e sea rch  e f f o r t s  by p r i v a t e  i n d u s t r y  and t h e  

DOE t o  i n v e s t i g a t e  cool s t o r a g e  concepts  u s ing  c l a t h r a t e  technology. 

An eva lua t ion  of c l a t h r a t e  technologies  w a s  completed which i n d i -  

ca t ed  t h a t  d e s p i t e  performance improvements, s i g n i f i c a n t  c o s t  and en- 

vironmental  i s s u e s  remain unresolved wi th  c l a t h r a t e  coo l  s t o r a g e  sys- 

t e m s .  She cos t  of t h e  r e f r i g e r a n t  inventory  i n  an  i d e a l  c l a t h r a t e  

composition of R-11 and water and a t  100% conversion i s  -$4.80/kWh. 

This  is a s i g n i f i c a n t  a d d i t i o n a l  c o s t  i f  judged a g a i n s t  t h e  $l4/kWh 

t o t a l  c o s t  of i ce  s to rage .  The presence  of r e f r i g e r a n t  gas  as p a r t  of 

t h e  s t o r a g e  system, r e q u i r e s  a v e s s e l  s u i t a b l e  f o r  containment of t h e  
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c l a t h r a t e  under  p r e s s u r e  o r  vacuum, f u r t h e r  add ing  t o  t h e  c o s t  of  a 

c l a th ra t e  cool s t o r a g e  system. Of s t i l l  g r e a t e r  c o n s i d e r a t i o n  are  t h e  

env i ronmen ta l  conce rns  w i t h  systems t h a t  r e q u i r e  l a r g e  i n v e n t o r i e s  of 

c h l o r o f l u r o c a r b o n s .  P r o d u c t i o n  c e i l i n g s  f o r  R-11 and R-12 which proved 

t o  be t h e  most p r a c t i c a l  c l a t h r a t e  r e f r i g e r a n t s  w i l l  no doubt  hamper 

f u r t h e r  development of c o o l  s t o r a g e  systems based on c l a t h r a t e s .  

2.7 High Temperature Composite Media Economic 
Assessment (WBS 2 . 3 . 4 . 1 )  

An economic a s ses smen t  o f  t h e  composi te  media w a s  conducted by ORNL 

as a p a r t  of t h e  TES Program d e c i s i o n  making p rocess .  Its purpose  w a s  

t o  de t e rmine  i f  t h e  composi te  s t o r a g e  media r e t a i n e d  a n  economic ad- 

van tage  ove r  comparable s e n s i b l e  heat TES sys t ems ,  and t o  i n d l c a t e  

a p p r o p r i a t e  r e s e a r c h  and development a c t i v i t i e s  f o r  t h e  coming f i s c a l  

year. 

Cur ren t  f i n a n c i a l  and t e c h n i c a l  i n f o r m a t i o n  w a s  used t o  upda te  a 

p r e l i m i n a r y  b e n e f i t  a n a l y s i s  which had been conducted i n  CY-83 by t h e  

I n s t i t u t e  of Gas Technology (IGT). Both a n a l y s e s  u t i l i z e d  a l i f e  c y c l e  

based ,  v a l u e  a n a l y s i s  methodology which employed the  f o l l o w i n g  f o u r  s t e p  

e v a l u a t i o n  t echn ique :  

The v a l u e  of recovered h e a t  was determined by c a l c u l a t i n g  t h e  

p r e s e n t  worth of t h e  a n n u a l  n e t  ene rgy  s a v i n g s  a s s o c i a t e d  w i t h  t h e  

o p e r a t i o n  of a TES system. T h i s  savings w a s  d e f i n e d  as t h e  

a l g e b r a i c  sum of t h e  k i l n  f u e l  (e.g., n a t u r a l  g a s )  s a v i n g s ,  TES 

annua l  O&M c o s t s ,  and p a r a s i t i c  power r equ i r emen t s  ( i . e . ,  k i l n  f a n  

power). 

A maximum a l l o w a b l e  TES system c a p i t a l  c o s t  was d e f i n e d  as t h e  

p r e s e n t  worth of the  a n n u a l  n e t  e n e r g y  s a v i n g s .  

The c a p i t a l  c o s t s  f o r  d i f f e r e n t  s e n s i b l e  and l a t e n t  h e a t  TES system 

d e s i g n s  were e s t i m a t e d .  

The e s t i m a t e d  c a p i t a l  c o s t  f o r  each TES d e s i g n  w a s  t hen  compared t o  

t h e  maximum a l l o w a b l e  c a p i t a l  c o s t  t o  see i f  i t  w a s  c o s t  e f f e c t i v e ;  

t h a t  i s  i f  i t s  c o s t  w a s  less t h a n  t h e  maximum a l lowab le .  
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The a n a l y s i s  conducted du r ing  CY-83 u t i l i z e d  a s i m p l i f i e d  set  o f  opera t -  

i n g  and f i n a n c i a l  assumptions.  P l an t  process  assumptions included:  a 

k i l n  burner e f f i c i e n c y  of 85%, one TES c h a r g d d i s c h a r g e  cyc le  p e r  day,  

300 ope ra t ing  days a yea r ,  and temperature  swings of -450°F. The f inan-  

c i a l  assumptions included a n a t u r a l  gas  p r i c e  of $5.75 per  m i l l i o n  

Btu ' s ,  and a c a p i t a l  c o s t  t h a t  was t h e  sum of t h e  i n d i v i d u a l  c o s t s  f o r  

t h e  s t o r a g e  media, media containment,  and f l u e  gas  d i s t r i b u t i o n  sys tem.  

The r e s u l t s  of t h i s  p re l imina ry  s t u d y  a r e  summarized i n  Fig. 13 and show 

t h e  composite s t o r a g e  media t o  be s u p e r i o r  t o  convent ional  s e n s i b l e  hea t  

s t o r a g e  systems. 

The updated analysis u t i l i z e d  t h e  r e s u l t s  of recent  IGT research  

a c t i v i t i e s  and improved on t h e  i n i t i a l  set of assumptions i n  t h r e e  

areas: 

1. The p r i c e  of n a t u r a l  gas  was reduced t o  $5.00 p e r  m i l l i o n  Btu's t o  

reflect  t h e  c u r r e n t  energy market. 

2. A range of composite s t o r a g e  media c o s t s  were def ined  t h a t  r e f l e c t e d  

f a b r i c a t i o n  experience gained dur ing  r e c e n t  r e sea rch  and develop- 

ment. These were an ex t rus ion  process  and a dry m i l l i n g  process  
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t h a t  produced p e l l e t s  w i t h  u n i t  p r i c e s  of $0.30 and $0.19/ lb ,  

r e s p e c t i v e l y .  

3. The u s e  of d i f f e r e n t  s i z e d  spheres of composi te  media t o  i n c r e a s e  

t h e  packing d e n s i t y  and t h u s  t h e  t o t a l  amount o f  PCM a v a i l a b l e  f o r  

l a t e n t  h e a t  s t o r a g e .  

4. A more r e a l i s t i c  set of p r o c e s s  assumptions.  A c a r e f u l  s t u d y  of t h e  

b r i c k  i n d u s t r y  r e v e a l e d  s e v e r a l  o p e r a t i n g  c h a r a c t e r i s t i c s  t h a t  i m -  

p a c t e d  t h e  d e s i g n  (and t h e r e f o r e  t h e  c a p i t a l  c o s t s )  of TES sys- 

t e m s .  These were: 

a. E x i s t i n g  b r i c k  i n d u s t r y  h e a t  r ecove ry  systems o p e r a t e  below 

950°F t o  avo id  u s i n g  s t a i n l e s s  s t ee l  as a material of c o n s t r u c -  

t i o n .  

b. I n s t a l l a t i o n  of TES systems s e r v i n g  m u l t i p l e  k i l n s  and d r y e r s  

r e s u l t s  i n  a n  a lmos t  c o n s t a n t  h e a t  demand and r e j e c t i o n .  This 

i n  t u r n  p e r m i t s  very s h o r t  s t o r a g e / r e m o v a l  p e r i o d s .  

S e v e r a l  i n d i v i d u a l  s t u d i e s  were conducted t o  d e t e r m i n e  t h e  impact 

of each of t h e s e  c o n s i d e r a t i o n s  on the economic v i a b i l i t y  of the com- 

p o s i t e  s t o r a g e  media. The f i r s t  was a n  a s ses smen t  t o  show t h e  e f f e c t  of  

i n c r e a s e d  packing d e n s i t i e s  and d i f f e r e n t  media c o s t s  f o r  two t y p e s  of 

TES systems;  one t h a t  o p e r a t e s  below 950°F and one t h a t  o p e r a t e s  above 

950°F- A second assessment  was performed t o  de t e rmine  t h e  e f f e c t  of the 

number of TES c y c l e s  p e r  day o n  t h e  i n s t a l l e d  c a p i t a l  c o s t  of  a l a t e n t  

h e a t  TES system, C a p i t a l  c o s t s  f o r  bo th  s e n s i b l e  and l a t e n t  h e a t  

s t o r a g e  system as a f u n c t i o n  of  t h e  number of TES c y c l e s  p e r  day  were 

compared f o r  both t h e  low and h igh  t empera tu re  systems. The e f f e c t  of 

d i f f e r e n t  media c o s t  and packing d e n s i t i e s  f o r  t h e  h i g h  t e m p e r a t u r e  

sys t em are shown i n  Fig.  14. 

The assumptions i n c l u d e d  ( a )  s t a i n l e s s  s t ee l  as a material  of 

containment  c o n s t r u c t i o n ,  ( b )  t e m p e r a t u r e  swings of 900"F ,  and (c) a 

Na2C03--BaC03/MgO composi te  s t o r a g e  media. F i g u r e  14 which compares 

c a p i t a l  c o s t s  f o r  t h e  f a b r i c a t e d  media of  1 9  and 3 0 q / l b  and v o i d  volumns 

of 25% and 40%, i n d i c a t e s  t h a t  a l l  p r i ce  and d e n s i t y  combinat ions,  

excep t  t h e  most e x p e n s i v e / l e a s t  d e n s e ,  appea r  economica l ly  v i a b l e .  A 

sirnil-ar a n a l y s i s  w a s  performed f o r  t h e  low t emepra tu re  media w i t h  a 

t empera tu re  swing of 450°F and mild s t e e l  f o r  t h e  TES u n i t  and 
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Fig.  14. E f f e c t  of Na2C03BaC03/MgO ( h i g h  t e m p e r a t u r e )  composi te  
media c o s t  and pack ing  d e n s i t y  o n  s y s t e m  i n s t a l l e d  c o s t .  

d i s t r i b u t i o n  system. The r e s u l t s  of t h i s  a n a l y s i s ,  shown i n  Fig.  15 are 

v e r y  similar t o  t h o s e  f o r  t h e  h i g h  t e m p e r a t u r e  systems (F ig .  1 4 ) .  The 

i n s t a l l e d  c o s t  of a smaller, s t a i n l e s s  s tee l  c o n t a i n e r  f o r  t h e  h i g h  

t empera tu re  media i s  approx ima te ly  e q u a l  t o  t h e  i n s t a l l e d  c o s t  of a 

l a r g e r  mild s teel  c o n t a i n e r  f o r  t h e  low t e m p e r a t u r e  medium. 

To de te rmine  t h e  e f f e c t  of  t h e  number of  c y c l e s  p e r  day  on  t h e  eco- 

nomic v i a b i l i t y  of l a t e n t  h e a t  TES sys t ems ,  two s e p a r a t e  c a l c u l a t i o n s  

were made. These were one  t o  d e t e r m i n e  t h e  e f f e c t  of number of c y c l e s  

on t h e  i n s t a l l e d  c a p i t a l  c o s t  of a h i g h  t empera tu re ,  l a t e n t  heat TES 

sys t em,  and a second t o  compare s e n s i b l e  and l a t e n t  h e a t  systems c a p i t a l  

c o s t s .  F i g u r e  16 sumuarizes  t h e  e f f e c t  of i n c r e a s i n g  number of c y c l e s  

p e r  day on t h e  i n s t a l l e d  c a p i t a l  cost  of  a nominal  h i g h  t e m p e r a t u r e  

system. The a s sumpt ions  were a c o n s t a n t  t o t a l  d a i l y  h e a t  l oad  and a 

s t o r a g e  u n i t  t h a t  u t i l i z e d  s t o r a g e  media pu rchased  a t  3 0 + / l b  and packed 

w i t h  a 25% vo id  volume. As expected, the c o s t s  d e c r e a s e  as t h e  number 

of c y c l e s  i n c r e a s e s .  This i s  because  as  t h e  number of  c y c l e s  p e r  day  

i n c r e a s e s ,  p r o g r e s s i v e l y  smaller u n i t s  can  be b u i l t  t o  d e l i v e r  t h e  same 

t o t a l  heat  load .  
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Fig.  15. E f f e c t  of NaN03/MgO (low t empera tu re )  composi te  media 
c o s t  and packing d e n s i t y  on s y s t e m  i n s t a l l e d  c o s t .  
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Fig.  16. E f f e c t  of s t o r a g e  u t i l i z a t i o n  on i n s t a l l e d  c o s t  of high 
ternp@rature  system. 
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An i n t e r e s t i n g  po in t  i s  t h a t  t h e  cos t  d i f f e r e n c e  between a 

s e n s i b l e  and l a t e n t  hea t  system ( f o r  t h e  same number of c y c l e s )  a l s o  

dec reases  f o r  i nc reas ing  cycles .  The d i f f e r e n c e  is due t o  t h e  volume 

savings  t h a t  r e s u l t  when l a t e n t  h e a t  s t o r a g e  media a re  used i n s t e a d  of 

s e n s i b l e  hea t  media. The d i f f e r e n c e  decreases  as the s i z e  of the  u n i t  

decreases  because t h e  p o r t i o n  of t o t a l  c o s t s  a t t r i b u t a b l e  t o  t h e  s t o r a g e  

media and containment decreases .  Thus any sav ings  i n  s t o r a g e  u n i t  

volune which r e su l t  from us ing  a l a t e n t  h e a t  media become less 

s i g n i f i c a n t .  

Based on these  r e s u l t s ,  t h e  fo l lowing  conclusions were reached: 

1. t h e  composite media can be c o s t  e f f e c t i v e  i n  c e r t a i n  system des igns  

f o r  energy recovery i n  a b r i c k  p l a n t ,  

packing d e n s i t i e s  g r e a t e r  than  60% w i l l  be r equ i r ed  depending on the 

purchase p r i c e  of t he  composite s t o r a g e  media, 

2. 

3. t h e  composite media has an economic advantage over t r a d i t i o n a l  

s e n s i b l e  h e a t  systems but  t h e  e x t e n t  of  t h i s  advantage i s  a f u n c t i o n  

of system des ign  and ope ra t ion ,  

4 .  t h e r e  i s  s u f f i c i e n t  p o t e n t i a l  t o  j u s t i f y  continued development of 

t h e  composite s t o r a g e  media, and 

5. f u t u r e  economic ana lyses  should be conducted us ing  a systems anal-  

y s i s  approach; t h a t  i s  an  op t imiza t ion  d e s i g n  procedure.  This w i l l  

i n s u r e  t h a t  a l l  s y s t e m  t e c h n i c a l  and cos t  cons ide ra t ions  w i l l  be 

used t o  maximize t h e  economic b e n e f i t  f o r  each s t o r a g e  configura-  

t i on .  T h i s  i s  e s p e c i a l l y  c r i t i c a l  s i n c e  t h e  e x i s t i n g  assessments 

i n d i c a t e  a range of system des igns  where t h e  Composite media does 

not  have a c lear  economic advantage. 

2.8. High Temperature I n d u s t r i a l  TES P r o j e c t  

During t h e  r epor t ing  per iod ,  a comprehensive p l an  f o r  t h e  

development, t e s t i n g ,  and eva lua t ion  of phase change energy s t o r a g e  

m a t e r i a l s  f o r  i n d u s t r i a l  a p p l i c a t i o n s  was def ined  and implemented. 

I s o l a t e d  r e sea rch  and development (R&D) a c t i v i t i e s  were r e d i r e c t e d  under 

t h e  p l a n ' s  c o n t r o l  t o  i n s u r e  t h a t  a c o n s i s t e n t  d e c i s i o n  making 
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methodology could  be used t o  e v a l u a t e  r e s u l t s  and de termine  f u t u r e  re- 

s e a r c h  d i r e c t i o n s .  There were f o u r  main reasons f o r  t h i s  r e d i r e c t i o n ;  

(1 )  t h e  a d o p t i o n  of systems a n a l y s i s  t e c h n i q u e s  a s  t h e  pr imary d e c i s i o n  

making t o o l  t o  de te rmine  t h e  t e c h n i c a l  and economic v i a b i l i t y  of TES 

s t o r a g e  media and/or  systems,  ( 2 )  t h e  d e c i s i o n  t o  i n i t i a t e  R&D on a 

medium tempera ture  composite s t o r a g e  media, ( 3 )  t h e  a d d i t i o n  of P a c i f i c  

Northwest L a b o r a t o r i e s  (PNL) t o  t h e  I n d u s t r i a l  TES p r o j e c t ,  and ( 4 )  t h e  

d e c i s i o n  t o  proceed w i t h  t h e  next  phase of t h e  h i g h  tempera ture  s t o r a g e  

media development,  a s u b s c a l e  test  f a c i l i t y  i n  an  o p e r a t i n g  b r i c k  

p l a n t .  To i n c o r p o r a t e  t h e s e  new c o n s t r a i n t s  i n  a l o g i c a l ,  o r d e r l y  and 

c o n t r o l l e d  f a s h i o n ,  i t  was necessary  f i r s t  t o  d e f i n e  a most g e n e r a l  

p r o j e c t  e x e c u t i o n  sequence and t h e n  e x e c u t e  t h e  sequence f o r  a s p e c i f i c  

goa l .  

A most g e n e r a l  e x e c u t i o n  sequence was d e f i n e d  by c o n s i d e r i n g  t h e  

above r e a l i z i n g  t h a t :  

1. 

2. 

3. 

4 .  

Decision making i n  t h e  r e d i r e c t e d  program i s  t o  be a f u n c t i o n  of 

r i g o r o u s  t e c h n i c a l  and economic e v a l u a t i o n s  which w i l l  u s e  a s  i n p u t  

a l l  of t h e  R&D r e s u l t s  a v a i l a b l e  a t  any g iven  t i m e .  

R&D r e s u l t s  and economic p r o j e c t i o n s  i n  l a r g e  mul t i - face ted  p r o j e c t s  

a r e  t y p i c a l l y  genera ted  independent ly  and t h e  u n c e r t a i n t i e s  a s s o c i -  

a t e d  w i t h  t h e i r  accuracy  can  change s i g n i f i c a n t l y  o v e r  t h e  l i f e  of  

t h e  p r o j e c t .  An i t e r a t i v e  d e c i s i o n  making procedure t h a t  c o n t i n u e s  

u n t i l  s u f f i c i e n t  conf idence  h a s  been gained t o  p e r m i t  r e l i a b l e  

c o n c l u s i o n s  i s  requi red .  

Design of thermal  systems ( i n c l u d i n g  TES systems)  r e q u i r e s  an  

o p t i m i z a t i o n  procedure t h a t  b a l a n c e s  t h e  v a r i o u s  t h e r m a l / h y d r a u l i c  

e f f e c t s  p r e s e n t .  

Mathematical  models e x i s t ,  o r  could be genera ted  e a s i l y  f o r  every  

element  of t h e  t e c h n i c a l  and economic e v a l u a t i o n  procedure.  

With t h e s e  c o n s i d e r a t i o n s  i n  mind, a n  e x e c u t i o n  sequence was d e f i n e d  and 

i s  summarized i n  t h e  flow diagram shown i n  Fig.  1 7 .  The sequence 

p r o v i d e s  a f l e x i b l e  e x e c u t i o n  sequence t h a t  i n c o r p o r a t e s  a l l  of t h e  

g e n e r i c  s t e p s  a s s o c i a t e d  w i t h  t h e  development of TES media a n d / o r  

systems R&D, as w e l l  a s  a framework f o r  a c o n s i s t e n t  d e c i s i o n  making 
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methodology. As t h e  f i g u r e  shows TES d e s i g n  o p t i m i z a t i o n  s t u d i e s  a r e  

t h e  pr imary d e c i s i o n  making t o o l  r e g a r d i n g  t h e  v i a b i l i t y  of a p a r t i c u l a r  

l a t e n t  h e a t  s t o r a g e  media and /o r  system. These studies u t i l i z e  

i n f o r m a t i o n  from each element  of t h e  p r o j e c t  i n c l u d i n g  economic and 

f i n a n c i a l  i n f o r m a t i o n ,  s t o r a g e  media the rmophys ica l  p r o p e r t i e s  f rom l a b  

scale r e s e a r c h ,  and combined media/TES system performance c h a r a c t e r -  

i s t i c s  from l a r g e  scale  f i e l d  tests.  In a d d i t i o n ,  t h e  sequence a l l o w s  

f o r  t h e  i t e r a t i v e  n a t u r e  of R&D d e c i s i o n  making by p r o v i d i n g  s e v e r a l  

o p p o r t u n i t i e s  d u r i n g  t h e  development p r o c e s s  where v i a b i l i t y  a s ses smen t s  

can  be made. 

An examina t ion  of Fig. 1 7  r e v e a l s  f o u r  b a s i c  p r o j e c t  e l emen t s ;  

o p t i m i z a t i o n  s t u d i e s ,  t he rma l  and economic models,  s t o r a g e  media 

r e s e a r c h  and development,  and l a r g e  scale f i e l d  t e s t i n g  of TES media 

a n d / o r  systems.  

Optimization Studies: Economically based d e s i g n  o p t i m i z a t i o n  

s t u d i e s  d r i v e n  by t h e  t r a n s i e n t  t he rma l  r e sponse  of a TES system p rov ide  

t h e  r i g o r o u s  d e c i s i o n  making t o o l  r e q u i r e d  i n  t h e  r e d i r e c t e d  p r o j e c t .  

T h e i r  o b j e c t i v e  i s  t o  compare l i f e  c y c l e  c o s t s  between optimum s e n s i b l e  

and optimum s e n s i b l e / l a t e n t  h e a t  s t o r a g e  systems f o r  a n  i n d u s t r i a l  

a p p l i c a t i o n .  There are two main j u s t i f i c a t i o n s  f o r  conduc t ing  op t imiza -  

t i o n  s t u d i e s :  

1 .  Changes i n  bed geometry and /o r  system o p e r a t i n g  c h a r a c t e r i s t i c s  can 

e f f e c t  l i f e  c y c l e  c o s t s  as shown, f o r  example,  i n  Table 4. 

2. There a re  many d i f f e r e n t  mechanical  d e s i g n s  and/or  d e s i g n  con- 

s t r a i n t s  t o  be e v a l u a t e d .  These i n c l u d e  t h e  number and l o c a t i o n  of 

s t o r a g e  systems w i t h i n  t h e  i n d u s t r i a l  p l a n t ,  c o n s t r u c t i o n  materials 

a l t e r n a t i v e s ,  t h e  e x t e n t  t o  which e x i s t i n g  p l a n t  equipment can  b e  

used,  and t h e  number, t ype ,  and placement of l a t e n t  h e a t  s t o r a g e  

media w i t h i n  t h e  s t o r a g e  u n i t .  

The d e s i g n  Op t imiza t ion  p rocedure  t h a t  w i l l  be used t o  accommodate a l l  

of t h e s e  d i v e r s e  i n f l u e n c e s  i s  summarized i n  Fig.  18. 

Thermal and Econodc Models: The need f o r  s o p h i s t i c a t e d  the rma l  

models a l s o  r e s u l t s  from t h e  requirement  t o  implement a r i g o r o u s  d e c i -  

s i o n  making procedure.  Unlike t r a d i t i o n a l  h e a t  t r a n s f e r  equipment 
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T a b l e  4 ,  Thermal and  h y d r a u l i c  d e s i g n  c o n s i d e r a t i o n s  
f o r  thermal e n e r g y  s t o r a g e  s y s t e m  

Des ign  change  P h y s i c a l  e f f e c t  
E f f e c t  on l i f e  

c y c l e  c o s t s  

I n c r e a s e d  Reynolds  number I n c r e a s e d  h e a t  t r a n s f e r  rate Decreased  f u e l  c o s t  
I n c r e a s e d  p r e s s u r e  d r o p  I n c  r eas e d pump i ng 

c o s t  

I n c r e a s e d  s t o r a g e  bed I n c r e a s e d  t o t a l  h e a t  t r a n s f e r  Decreased  f u e l  c o s t  
l e n g t h  I n c r e a s e d  p r e s s u r e  d r o p  I n c r e a s e d  pumping 

I n c r e a s e d  t o t a l  mass I n c r e a s e d  c a p i t a l  
c o s t  

c o s t  

I n c r e a s e d  s t o r a g e  t i m e  I n c r e a s e d  t o t a l  h e a t  t r a n s f e r  Decreased  f u e l  c o s t  
In  c re as ed  t o t a1 v i  s cous  I n c r e a s e d  pumping 
e f f e c t s  c o s t  

O A N L - D W G  8 1 5 - 3 6 7 9  €10 

MOST CURRENT MECHANICAL DESIGN r- 
1 

PROCESS CONDITIONS 
FOR STORAGE/USEAGE 

OPPORTUNITIES FOR 

1 1 
TECHNICAL MODEL 

TRANSIENT HEAT TRANSFER LiFE CYCLE COSTING 
MODEL OF CURRENT PRESENT VALUE ANALYSES 

MATERIALIGEOMETRY UNIT CAPITAL COSTS 
MATERIAL PURCHASE PRICE 

UNIT OPERATING COSTS 
SYSTEMS MODEL 

STORAGE SYSTEM 
PER FORM ANCE 

AS A FUNCTION OF BED 
VOLUME A N D  CYCLE TIMES 

NON LINEAR OPTIMIZATION PROGRAM TO 
DETERMINE STORAGE SYSTEM WHICH 

MAXIMIZES ANNUAL SAVINGS 

OPTIMUM STORAGE SYSTEM FOR MOST CURRENT 
MECHANICAL DESIGNIDATA INPUT 

Fig. 18. Design optimization procedure for TES implementation in 
industrial application. 
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( i . e . ,  condense r s  and c o o l i n g  t o w e r s ) ,  t he rma l  energy s t o r a g e  u n i t s  have 

a c o n s t a n t l y  changing f l u i d / m a t e r i a l  t e m p e r a t u r e  d i f f e r e n c e  r e s u l t i n g  

i n  a c o n s t a n t l y  changing h e a t  load.  S i n c e  t h i s  c h a r a c t e r i s t i c  cannot  be 

p r e d i c t e d  u s i n g  s t e a d y - s t a t e  c o r r e l a t i o n s ,  t r a n s i e n t  models must be  

used. T r a n s i e n t  t he rma l  models a l s o  pe rmi t  t h e  o p e r a t i o n  of t h e  s t o r a g e  

u n i t  t o  be  d e f i n e d  i n  terms of  geometry and p r o c e s s  p a r a m e t e r s ;  b o t h  of  

which may be o p t i m i z a t i o n  v a r i a b l e s .  System economic models are a 

f u r t h e r  r equ i r emen t .  These models w i l l  b e  used t o  g e n e r a t e  

p r o b a b i l i s t i c  c o s t  estimates of components such as t h e  s t o r a g e  media. 

Large Scale F i e l d  Testing: F i e l d  t e s t i n g  as a key element i n  

development of a h i g h  t empera tu re  TES system, exposes  c a n d i d a t e  s t o r a g e  

media t o  r e a l i s t i c  o p e r a t i n g  c o n d i t i o n s  and  i d e n t i f l e s  sys t ems  c o n s i d e r -  

a t i o n s  which cannot be e v a l u a t e d  i n  l a b o r a t o r y  scale  tes ts  of small 

b a t c h e s  of s t o r a g e  media. These c o n s i d e r a t i o n s  i n c l u d e  r equ i r emen t s  f o r  

a u x i l i a r y  components such a s  i n s t r u m e n t a t i o n  and c o n t r o l s  and r e a l i s t i c  

d e s i g n  and o p e r a t i n g  c o n s t r a i n t s  s u c h  as  ( i n  t h e  case of a b r i c k  p l a n t )  

maximum combustion a i r  p r e h e a t  a l lowab le .  

Areas of r e s p o n s i b i l i t y  were d e f i n e d  f o r  a l l  o r g a n i z a t i o n s  c u r -  

r e n t l y  a s s o c i a t e d  w i t h  t h e  I n d u s t r i a l  TES P r o j e c t .  Each area, shown i n  

Table 5,  i s  i n  s u p p o r t  of media development,  t h e  f i e l d  t e s t ,  o r  t h e  

e v a l u a t i o n  procedure.  

Th i s  sequence was implemented w i t h i n  t h e  c o n t e x t  of a s p e c i f i c  

g o a l :  d e t e r m i n a t i o n  of t h e  composi t ion and geometry of t h e  ene rgy  

s t o r a g e  material t h a t  w i l l  be used i n  a l a r g e  scale TES demons t r a t ion  

t e s t  schedu led  f o r  CY-89. This  d e t e r m i n a t i o n  w i l l  be based on a 

comparison of l i f e  c y c l e  c o s t s  between optimum s e n s i b l e  and optimum 

s e n s i b l e l l a t e n t  h e a t  systems t h a t  c o u l d  be  i n s t a l l e d  as  r e t r o f i t s  i n  a n  

e x i s t i n g  b r i c k  p l a n t .  
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Table 5. Division of project responsibilities f o r  the redirected 
high-temperature industrial TES project 

Participant Most general responsibility Field test responsibilities 

IGT Materials research and development Metallurgical test requirements 
brick industry characterization Acquire storage material for 

facility 

test plans 
Contribute to facility RFP/ 

Reduce test data 

MSU Thermal modeling field test 
support 

ORNL 

PNL 

Model storage unit and reduce 

Design optimization of full 

Contribute to facility RFP/test 

data 

size facility 

plans 

Program management thermal Program management 
modeling optimization studies Write facility RFY/monitor 

construction 
Write test plans 
Coordinate data reduction/ 
analyses/documentation 

TES market studies field test Define test environment/ 
support instrumentation 

Supervise testing/data 

Contribute to facility RFP/test 

Elarket studies using reduced 

collection 

p lans  

data 

Schneider Industry consultant host plant Contribute to facility RFP/test 
Brick & T i l e  f o r  field test plans monitor testing/data 

collection 

Notes: IGT - Institute of Cas Technology 

MSU -MMfssissippi State University 

PNL - Pacific Northwest Laboratories 
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3. SUMMARY AND CONCLUSIONS 

Progres s  t o  deve lop  advanced TES t e c h n o l o g i e s  f o r  t h e  p e r i o d  of  

A p r i l  1 9 8 H f a r c h  1987 h a s  been p resen ted .  P r o j e c t s  i n  t h e  TES Program 

are d i r e c t e d  t o  a d d r e s s  s p e c i f i c  i s s u e s  t h a t  a f f e c t  c u r r e n t  TES p e r -  

formance and /o r  economics f o r  low and h i g h  t empera tu re  systems i n  

d i u r n a l  and i n d u s t r i a l  a p p l i c a t i o n  a r e a s .  

S u b s t a n t i a l  p r o g r e s s  was made t o  deve lop  TES media and systems f o r  

h i g h  t e m p e r a t u r e  i n d u s t r i a l  a p p l i c a t i o n s .  P r i o r  s u b c o n t r a c t e d  e f f o r t s  

had examined, w i t h  l i m i t e d  s u c c e s s ,  t h e  unique approach of quenching a 

molten AL/Si h y p e r e u t e c t i c  d r o p l e t  such  t h a t  t h e  e x c e s s  s i l i c o n  would 

d i f f u s e  t o  t h e  s u r f a c e  of t h e  d r o p l e t  and s o l i d i f y ,  t he reby  forming a n  

impermeable containment s h e l l  s u r r o u n d i n g  t h e  AL/Si e u t e c t i c .  During 

t h e  r e p o r t i n g  p e r i o d ,  a n  in-house expe r imen ta l  p r o j e c t  t o  deteri i i ine t h e  

t empera tu re  c o n d i t i o n s  under  which t h e  s i l i c o n  s h e l l  remained i n t a c t  was 

completed. 'Through t h i s  s t u d y  i t  w a s  found t h a t  p e l l e t  t empera tu re  ex- 

c u r s i o n s  up t o  6OOOC would b e  a c c e p t a b l e  d u r i n g  m e l t i n g ;  mechanisms f o r  

p e l l e t  f a i l u r e  began t o  be s e e n  a t  650°C ( t h i c k e r  s h e l l s  would be a n  op- 

t i o n ) ;  above 700"C, t h e  i n t e g r i t y  of  t h e  s h e l l  would be q u i c k l y  l o s t .  

F u r t h e r  development work on a un ique  TES media concept  c o n s i s t i n g  of a 

s a l t  o r  s a l t  e u t e c t i c  c o n t a i n e d  i n  t h e  i n t e r s t i c e s  of a s i n t e r e d  MgO 

p e l l e t  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  o€ NaN03 as a promising s a l t  f o r  

s t o r a g e  t e m p e r a t u r e s  up t o  400°C. Development work on t h e  h i g h  tempera- 

t u r e  composite (Na2C03/BaC03/MgO) h a s  reached t h e  f i e l d  t e s t i n g  s t a g e .  

Development of a p l a n  f o r  conduc t ing  t h i s  € i e l d  t e s t  and i n t e g r a t i n g  a 

series of a c t i v i t i e s  d i r e c t e d  a t  t h e  c e n t r a l  g o a l  of t h e  h i g h  tempera- 

t u r e  i n d u s t r i a l  subprogram w a s  a major  t a s k  completed d u r i n g  t h e  r e p o r t -  

i n g  pe r iod .  C o n t i n u a t i o n  of t h e  h i g h  t e m p e r a t u r e  development 

a c t i v i t i e s / i n i t i a t i v e s  w i l l  proceed a l o n g  t h e  p a t h  d e f i n e d  by t h i s  

plan.  

I n  t h e  low t e m p e r a t u r e  regime, a n a l y t i c a l  p rocedures  were developed 

t o  estimate h e a t s  of mixing i n  l i q u i d - l i q u i d  systems.  These p rocedures  

a re  based on t h e  phase diagram ( u s u a l l y  known) f o r  t h e  l i q u i d s  and es t i -  

mates of t h e  component a c t i v i t y  c o e f f i c i e n t s  and w i l l  used t o  d e t e r m i n e  

t h e  the rma l  s t o r a g e  c a p a c i t y  of l i q u i d - l i q u i d  s y s  t e m s  € o r  p o t e n t i a l  u s e  
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i n  l o w  tempera ture  h e a t i n g  o r  c o o l i n g  a p p l i c a t i o n s .  A second s i g n i f -  

i c a n t  development f o r  low t e m p e r a t u r e  a p p l i c a t i o n s  was t h e  i d e n t i f i c a -  

t i o n  of i n e r t  s o l v e n t s  f o r  TES systems based s o l i d / v a p o r  s o r p t i o n  

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

area, h e a t  exchanger requi rements  are reduced t o  t h e  p o i n t  t h a t  success-  

f u l  development of a working s o r p t i o n  TES sys tem may b e  p o s s i b l e .  

I n  t h e  r e p o r t i n g  p e r i o d ,  s t u d i e s  t o  de te rmine  t h e  e f f e c t i v e n e s s  of 

advanced h e a t  t r a n s f e r  t e c h n i q u e s  coupled w i t h  TES systems were con- 

ducted.  An exper imenta l  p r o j e c t  t o  e v a l u a t e  t h e  h e a t  t r a n s f e r  enhance- 

ment i n  p i p e  f l o w  u s i n g  a s l u r r y  showed s u b s t a n t i a l  i n c r e a s e s  i n  Nusselt 

number o v e r  pure water; a somewhat smaller enhancement was s e e n  through 

S t a n t o n  number c o r r e l a t i o n s .  F r i c t i o n - r e d u c i n g  a d d i t i v e s  t h a t  r e d u c e  

t h e  s l u r r y  p r e s s u r e  dorp  i n  p i p e  f l o w  was a major f i n d i n g  i n  t h i s  pro- 

j ec t .  I n  a second e f f o r t ,  a n  assessment  of s t a t e - o f - t h e - a r t  c l a t h r a t e  

c o o l i n g  system showed t h a t  d e s p i t e  e f f i c i e n c y  improvements provided 

through t h e  u s e  of c l a t h r a t e s ,  s i g n i f i c a n t  c o s t  and envi ronmenta l  i s s u e s  

remain unreso lved .  It i s  expec ted  t h a t  c l a t h r a t e  system development 

w i l l  be hampered by pending p r o d u c t i o n  q u o t a s  o n  f u l l y  ha logenated  

r e f r i g e r a n t s .  

In  summary, TES i s  i n c r e a s i n g l y  recognized as a technique  f o r  

energy management, p a r t i c u l a r l y  i n  t h e  area of cool  s t o r a g e  f o r  b u i l d -  

i n g s .  F o r  t h e s e  systems,  e l ec t r i c  u t i l i t y  i n c e n t i v e s  (h igh  demand/ 

energy  charges  and s u b s i d i e s )  are  s u f f i c i e n t  i n  some cases t o  make cool  

s t a r a g e  c o s t  e f f e c t i v e .  Research has  been performed and is  c o n t i n u i n g  

t o  deve lop  advanced c o o l  s t o r a g e  t e c h n o l o g i e s  t o  improve t h e  performance 

and/or  reduce t h e  i n s t a l l e d  c o s t  t h e r e b y  widening t h e  range of a p p l i c a -  

t i o n s  where c o o l  s t o r a g e  i s  cost e f f e c t i v e .  I n  t h e  I n d u s t r i a l  s e c t o r ,  

t h e  v i a b i l i t y  of TES systems f o r  c a p t u r e / r e u s e  of waste h e a t  is governed 

by t h e  p r i c e  of energy  which i s  now u s e d  f o r  h e a t i n g  i n  a p a r t i c u l a r  i n -  

d u s t r i a l  p rocess ,  S i n c e  c u r r e n t  energy c o s t s  are l o w ,  TES systems 

developed f o r  t h i s  a p p l i c a t i o n  must meet s t r i n g e n t  c o s t  and performance 

requi rements .  Simple PCM e x t r u s i o n s  t h a t  can be used as packed bed TES 

systems c o n t i n u e  t o  show t h e  p o t e n t i a l  f o r  meet ing t h e s e  requi rements  as  
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they a r e  e a s i l y  f a b r i c a t e d  and expose l a r g e  su r face  a reas  f o r  high hea t  

exchange e f f ec t iveness .  Progress  i n  t h e  development of TES systems such 

as t h i s  will continue. 
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