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THERMAL ENERGY STORAGE TECHNICAL PROGRESS REPORT 
APRIL 198E-MARM 1986 

J. F. Martln 

ABSTRACT 

Progress  i n  t h e  development of Thermal Energy Storage 
(TES) technology under t h e  Oak Ridge Nat iona l  Laboratory TES 
Program f o r  t he  period Apr i l  1985-March 1986 i s  repor ted .  
Program goa l s  and p r o j e c t  s t r u c t u r e  are presented .  Each of 
t h e  p r o j e c t s  a c t i v e  du r ing  t h i s  r e p o r t  per iod  is d i scussed ,  
and technology t r a n s f e r  a c t i v i t i e s  are also repor ted .  

1. PROGRAM OVERVIEW 

This  r e p o r t  p r e s e n t s  t he  s t a t u s  of p r o j e c t s  a c t i v e  under the  Oak 

Ridge Nat i o n a l  Labora tory  (ORNL) Thermal Energy Storage  (TES) Program 

dur ing  t h e  1-year per iod  ending March 31, 1986. ORNL is the  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  f o r  t h e  development of d i u r n a l  TES t echno log ie s ,  

a c t i n g  as f i e l d  manager f o r  t h e  Department of Energy (DOE),  Of f i ce  of 

Energy Storage 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 he  program 

are those of: i n d u s t r i a l  reject hea t  conse rva t ion ,  electric u t i l i t y  load  

l e v e l i n g ,  and pass ive  and a c t i v e  s o l a r  energy s torage .  The ORNL program 

i s  conducted i n  c o n s u l t a t i o n  wi th ,  and wi th  t h e  concurrence o f ,  DOE. 

The purpose of the  TES program I s  t o  perform re sea rch  and develop- 

ment (UD) i n  c r i t i ca l ,  h igh- r i sk  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, Ngh-performance TES sys- 

tems may be developed and marketed for s p e c i f i c  a p p l i c a t i o n s .  This  pur- 

pose i s  expressed by the  o v e r a l l  goals of the  TES program: t o  (1) create 

t h e  technology base r equ i r ed  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 concepts i n  d i u r n a l  h e a t i n g  and cool ing  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 wi th  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 echno log ie 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 th i s  goa 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  as r e p r e s e n t i n g  t h e  c r i t i ca l  areas f o r  resource  a l loca -  

t i o n .  Each o b j e c t i v e  is a s s o d a t e d  w i t h  a b e n e f i t  t o  t he  technology of 
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TES, and the  necessary targets with which t o  measure progress  toward 

achiev ing  the  obj  ect i  ves have been e s t a b l i s h e d  a The s t r a t e g y  followed is 

t o  i n i t i a t e  pro.jeets t h a t  address  g e n e r i c  t e c h n i c a l  puoblerns that  m u s t  l x .  

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

1. Develop ITS concepts  and media t h a t  provide both hea t  (w in te r )  and 

cool  (summer) s t o r a g e  f o r  hea t  pump systems. 

BeneEit : Improve hea t  pump a p p l i c a b i l i t y  for  u t i l i t y  load c o n t r o l  

through performance t h a t  equa l s  o r  exceeds nons torage  

h e a t  pump performance. 

Targe ts :  economic- - $21.5/kWh ($6500/106 Btu) i n s t a l l e d  c o s t  

(1984 d o l l a r s ) .  

t e c h n i c a l  - Heat exchange e f f e c t i v e n e s s  of  0.95 cool 

s t o r a g e  temperature:  7 t o  1 2 ° C  (45 t o  53OF) 

cool ;  38 LO 49°C (100 t o  12OOP) hot ;  round-tr ip  

e f f i c i e n c y  of 90%- 

2.  Develop 'TES concepts  Tor cap tu re ,  s t o r a g e ,  and reuse of high- 

Cernperature  energy t h a t  s ign l  f i c a n t l y  i n c r e a s e  the t i t i l i  z a t  i on  o f  

i ndus t r i a l .  reject heat. 

Benef i t :  Make economically f e a s i b l e  the coaserva l ion  of t he  s ig-  

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

Targets E economic - $27/kWh ($8lO0/lO6 Btu)  instaJ.l-ed cost  (1984 

d o l l a r s )  . 
t e c h n i c a l  - Storage temperatures  of 175 t o  1100°C (350 to  

2 0 O O O Y ) ;  round-rr3p e f f i c i e n c y  of 85%. 

3 .  Develop TES with i d e a l  thermal response f o r  pass lve  s o l a r  b u i l d i n g  

hea t ing .  

Benef i t :  Enable pass ive  s o l a r  systems t o  provide bu i ld ing  tempera- 

t u r e s  i n  the  i d e a l  thermal comfort range. 

Targe ts :  economic - $l2/kWh ($3500/106 B t m )  i n s t a l l e d  cos t  (1984 

d o l l a r s ) .  

t e c h n i c a l  - Raise l e v e l  of s to red  energy u t i l i z e d  i n  the  

thermal  comfort range by a f a c t o r  of 10 over  

ex1 s t i n g  s t o r a g e  technology. 
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4. Perform re sea rch  t o  advance the  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 ro jec t ed  system cos 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. I n t e r a c t  w i th  commerc ia l / i ndus 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. 

Bene f i t :  F u l f i l l  TES program g o a l s  through t r a n s f e r  of developed 

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

Targets: Wider r e c o g n i t i o n  of t he  va lue  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  va lue  of TES is becoming more widely recognized is apparent  

from t h e  r ecen t  i n t r o d u c t i o n  of commercial systems i n t o  the  market place. 

However, i t  is also  apparent  t h a t  the  s i m p l e  s t o r a g e  systems i n i t i a l l y  

envis ioned  for TES are not adequate t o  provide  t h e  r e l i a b i l i t y  o r  pe r fo r -  

mance r equ i r ed  of a commercial system. Thus, t h e  need i n  a p p l i c a t i o n  

areas f o r  high-performance TES systems is b e t t e r  def ined  than i n  t h e  

p a s t ;  t h e  p re sen t  program i s  s h a r p l y  focused t o  addres s  s p e c i f i c  problems. 

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

chemical composition) a t  a d e s i r e d  s t o r a g e  temperature are requ i r ed  f o r  

improvement of p re sen t  s t o r a g e  systems. The economics of s t o r a g e  must be 

cons idered  because t h e  u l t i m a t e  goal of the  TES program is s u c c e s s f u l  

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 sys t em must be addressed. The r e s u l t s  of prev ious  years '  

R&D i n  th i s  program are seen  i n  the  i d e n t i f i c a t i o n  of t hese  materials 

t h a t  have good p rospec t s  f o r  meeting the  requirements of a v i a b l e  TES 

system: 

1 . 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 c 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  tempera tures ,  thereby  provid ing  cool  s t o r a g e  

f o r  a i r  cond i t ion ing  and hea t  s t o r a g e  f o r  hea t ing ;  
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2. sa l t  hydra tes  and t h e i r  containment materials that a l low I n t e g r a t i o n  

i n t o  a pass ive  s o l a r  s t r u c t u r e ,  thereby al lowing l i gh twe igh t ,  p r a c t i -  

cal  bu i ld ing  components t o  r ep lace  massive pass ive  solar walls; and 

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

a l low d i r e c t  con tac t  heat  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  . 
Within t h i s  con tex t ,  t he  ORNL TES Program is focused on the  i d e n t i -  

f i c a t i o n  and s o l u t i o n  of t he  problems of TES f o r  both bu i ld ing  hea t ing  

and cool ing  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  are 

designed t o  extend the  technology for TES s y s t e m  by 

1 developing advanced high-temperature s t o ~ a g e  media 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 ,  

2. demonstrat ing gas hydra tes  f o r  use i n  cold s to rdge lhea t  pump app l i ca -  

t i o n s ,  

3 . i n v e s t i g a t i n g  douhl y complexing systems s u i t a b l e  f u r  dual-termpcrature 

( c o l d  s t o r a g e / h e a t  s to rage )  TES systems f o r  heac pump a p p l i c a t i o n s  , 
4 d e f i n i n g  phys ica l  and thermal c h a r a c t e r i s t i c s  requi red  f o r  PCN s to r -  

age materials f o r  d i r e c t  ga in  pas s ive  s o l a r  a p p l i c a t i o n s ,  

5. conduct ing l a b o r a t o r y  materials t e s t i n g  t o  i d e n t i f y  appropr i a t e  TES 

iuedia materials, and 

6 .  performing t e c h n i c a l  and economic eva lua t ions  t o  i d e n t i f y  TES 

developmental  requirements  and R&D obj  ectives. 

T h c  t o t a l  scope of the  program i s  shorn i n  Pig. 1, which is the  work 

breakdown s t r ruc t~ i r e  (WBS) of t he  ORNi  program. From t h i s  comprehensive 

s t r u c t u r e ,  and by a process  of p r i o r i t i z a t i o n ,  budget cons ide ra t ions ,  and 

a cons ide ra t ion  of t he  c a p a b i l i t i e s  of t he  r e sea rch  c o m u n l t y ,  c e r t a i n  

pro, jects  were funded. These research  a c t i v l t i e s  are presented i n  the 

fo l lowing  s e c t i o n s  of the r epor t .  

1.1 Basic Materials Research 

1.1.1 Heat t r a n s f e r  

Work package 1 1.1.1 c o n s i s t s  of experimental  s t u d i e s  of the  proper- 

t ies  of c l a t h r a t e s  of f luorocarbon r e f r i g e r a n t s  used as a cool  s t o r a g e  

media. The o b j e c t i v e  of t h i s  research ,  which was done in-house, was t o  
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confirm t h e  p re s su res  and tempera tures  a t  which c l a t h r a t e s  of d x t u r e s  of 

r e f r i g e r a n t s  formed. Mixing two r e f r i g e r a n t s ,  which form c l a t h r a t e s  a t  

d i  f f e r e n t  p re s su res  and t empera tu res  , a l lows  tal l o r i n g  the  p re s su re  and 

temperature of c l a t h r a t e  formation and, t h e r e f a r e ,  the  s t o r a g e  charg ing/  

d i scha rg ing  temperature.  

Previous  r e sea rch  has confirmed the t e c h n i c a l  f e a s i b i l i t y  of f o r d  ng 

a c l a t h r a t e  o r  i ce - l ike  s o l i d  t o  provide l a t e n t  hea t  s t o r a g e  of cool  a t  

tempera tures  h igher  than ice formation ( O O C )  and, t h e r e f o r e  , more favor-  

a b l e  f o r  a hea t  pump cool  s t o r a g e  systeme T h e o r e t i c a l l y ,  d i r e c t  con tac t  

h e a t  exchange t o  charge and/or d i scha rge  the  s t o r a g e  medium is p o s s i b l e  

because t h e  gas component of t he  c l a t h r a t e  can be one of s e v e r a l  common 

f luo roca rbon  r e f r i g e r a n t s .  Thus, such c l a t h r a t e s  have many c h a r a c t e r i s -  

t ics f avorab le  to  cool  s t o r a g e  i n  h e a t  pump systems. The s u b j e c t  expe r i -  

ments were designed t o  confirm t h e  t h e o r e t i c a l  performance of mixtures  of 

r e f r i g e r a n t s .  

Work package 1.1.3.1 c o n s i s t s  of r e sea rch  i n  t h e  enhanced heat-  

c a r r y i n g  capabl li t y  of f l u i d s  s l u r r i e d  wi th  s o l i d s  t h a t  can undergo 

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

proof-of -pr inc ip le  f o r  improved 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 ,  heat t r a n s p o r t ,  and TES a s s o c i a t e d  

with a phase-change s l u r r y  used as t h e  system working f l u i d .  Pre l iminary  

concept and background development work a l r e a d y  completed and r epor t ed  

shows t h a t  using a phase-change s l u r r y  as t he  thermal system working 

f l u i d  (i.e., t o  remove thermal energy from t h e  hea t  source  and t o  t r ans -  

po r t  i t  t o ,  and reject it  a t ,  t he  h e a t  s i n k )  can p o t e n t i a l l y  y i e l d  con- 

s i d e r a b l e  r educ t ion  i n  system hea t  t r ansEer  s u r f a c e  area and/or pumping 

power whi le  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.  

S p e c i f i c a l l y ,  combined u t i l i z a t i o n  of the  phenomenon of increased  

energy t r a n s p o r t  caused by phase t r a n s i t i o n  of a change-of-phase a d d i t i v e  

t o  a carrier f l u i d ,  with the  r e c e n t l y  recognized phenomenon of enhanced 

h e a t  t r a n s f e r  a t  a s u r f a c e  as a r e s u l t  of p a r t i c l e / f l u i d  and p a r t i c l e /  

boundary l a y e r  i n t e r a c t i o n ,  w i l l  be used t o  demonstrate enhanced per for -  

mance of thermal energy systems. 
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1.1.2 Chemistrv 

P r o j e c t  1.2.1.1 of t h e  program \JIIS c o n s i s t s  of a r e i n v e s t i g a t i o n  of 

techniques f o r  producing p e l l e t s  of cross- l inked high-densi t y  polyethy- 

l e n e  by e l e c t r o n  beam or  gamma r a d i a t i o n .  It was necessary t o  dieternline 

proper processing t o  preclude p e l l e t - t o - p e l l e t  adhesion,  e s t a b l i s h  upper 

l i m i t s  of temperature and pressure  t h a t  a l low s a t i s f a c t o r y  pe r tomance  i n  

a packed-bed thermal s t o r a g e  system, and determine t h e  economics of 

la rge-sca le  product i on  of t h e  material. 

Previous ly  prepared samples  of this s o l i d - s o l i d  t r a n s l  t i o n  TES 

material, a l though deemed s a t i s f a c t o r y  from l abora tory-sca le  tests, ex- 

perienced problems of adhesion under la rge-sca le  f i e l d  t e s t i n g .  Because 

of t h e  s e r i o u s n e s s  of t h i s  d e f i c i e n c y  i n  material perkormanee, a follow-- 

on p r o j e c t  was implemented to d e t e m i  ne i f  a satisfactory process ing  

procedure poss ib ly  could be developed. 

WBS p r o j e c t  1.2.3.1 c o n s i s t s  of l a b o r a t o r y  experlments aimed a t  

demonstrat ing the  s t a b i l i t y  of the cornposdte salt/ceramlc TES material 

under  development as p a r t  of t h e  TES program. This  material, whfch has  

been under development over t h e  pas t  s e v e r a l  yea r s ,  a l lows energy s t o r a g e  

a t  high temperature  by u t i l i z i n g  the l a t e n t  hea t  of the sa l t  phase change.. 

The composite material a l lows the l a t e n t  hea t  of f u s i o n  o f  carbonate  

sa l ts  t o  be u t i l i z e d  by i m o b i l i z i n g  the salt i n  a matr ix  of a nonmelcing 

ceramic. Thus, a pseudo-solid s t o r a g e  iwdium is formed, and p e l l e t s  of 

t h i s  material are s u i t a b l e  f o r  packed-bed s t o r a g e  systems w i t h  the  

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  contac t  hea t  exchange w4 t h  t h e  s t o r a g e  

charg ing/d ischarg ing  f l u i d .  Long-term c y c l i n g  of a labora tory-sca le  bed 

of p e l l e t s  with d e t a i l e d  mass balance d a t a  on i n d i v i d u a l  cycled p e l l e t s  

has  allowed de termina t lon  of t h e  degree of carbonate  l o s s  wi th  t J m e .  

A n a l y t i c a l  s t u d i e s  are aimed a t  a d e s c r i p t i o n  of t he  chemistry involved 

I n  s a l t  loss  and r e d i s t r i b u t i o n  in the  bed. 

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 TES medium con- 

s i s t i n g  o f  an I n t e g r a l  o u t e r  s h e l l  wi th  a high  melt ing temperature  and an 

i n t e r n a l  core of l a t e n t  hea t  s t o r a g e  material wi th  a lower melt ing t e m -  

p e r a t u r e .  The o u t e r  s h e l l  is  t o  be i n e r t  and act a s  an encapsula t ion  o f ,  

and c o r r o s i o n  p r o t e c t i o n  from, the  l a t e n t  hea t  s t o r a g e  material. 
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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  use as TES 

media. The i r  high thermal c o n d u c t i v i t y  (on t h e  o rde r  of 200 J/m-s-°C) 

and hea t  of fus ion  (300 t o  500 J/g) make them e x c e l l e n t  candida tes .  

However, commercial use 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 ach iev ing  an impermeable c o a t i n g  of t h e  metallic e u t e c t i c s  so 

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

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

i t  is p o s s i b l e  t o  achieve  a hea t  s t o r a g e  sho t  wi th  a r e l a t i v e l y  hlgh- 

tempera ture ,  c o r r o s i  on-resi  s t a n t  o u t e r  s h e l l  and a lower-temperature 

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  

WBS p r o j e c t  1.3.1.1 seeks  t o  u t i l i z e  the  complexing of ammonia/salt 

f o r  dua l  (winter/summer) tempera ture  thermal s to rage .  The concept is a 

monovalent sys t em t h a t  u t i l i z e s  t h e  hea t  of s o r p t i o n  of a gaseous ammonja 

on a s o l i d  sodlum bromide t o  provide a hea t  pump s t o r a g e  system t h a t  can 

s t o r e  hea t  i n  t h e  win te r  and s t o r e  cool i n  the  summer. 

Analogous t o  t h e  hydra t ion  r e a c t i o n ,  a number o€ i no rgan ic  s a l t s  

undergo ammoniation r e a c t i o n s  wlth gaseous o r  l i q u i d  ammonia. These 

r e a c t i o n s  may be s u i t a b l e  f o r  l a t e n t  TES at  tempera tures  and pres su res  a t  

which t h e  ammine of t h e  sal t  can be formed and decomposed. S u i t a b i l i t y  

of an ammoniation r e a c t i o n  ( o r  r e a c t i o n s )  f o r  TES depends on, among o t h e r  

t h i n g s ,  t h e  thermochemistry and phase e q u i l i b r i a  of t he  salt-ammonia sys- 

t e m s .  Both l i q u i d  and s o l i d  l i g a n d / s o l i d  absorbent  systems were examined. 

Thermodynamic, physical  , and chemical p rope r t i  es of many pass i  b l e  sub- 

s t a n c e s  were determined. The most promising concept,  sodium bromide- 

ammonia, was s tud ied  i n  d e t a i l .  

Under WBS p r o j e c t  1.3.1.2, promising l i q u i d - l i q u i d  and l i q u i d - s o l i d  

systems s u i t a b l e  f o r  TES are being s t u d i e d .  Ava i l ab le  exper imenta l  d a t a  

on phase e q u i l i b r i a ,  h e a t s  of mixing, and heats of s o l u t i o n  are being 

u t i l i z e d  t o  p r e d i c t  t h e  p o t e n t i a l  hea t  s t o r a g e  c a p a b i l i t i e s  of promising 

systems. Accurate models f o r  the a c t i v i t y  c o e f f i c i e n t s  of t he  mixtures  

are being used t o  r e p r e s e n t  t he  phase behavior.  Seve ra l  sys t ems  w i l l  be 

s e l e c t e d  f o r  t h e  measurement of h e a t s  of mixing. 



Many systems based on heats of mixing can be considered f o r  thermal 

s torage .  Some complex a t  two temperatures ,  thus  present ing  t h e  p o s s i b i l -  

i t y  of dual- temperature ,  winter/saimmer s torage for bid l d i n g s  i n  a s i n g l e  

system t o  provide greater  seasonal  e f f i c i e n c y .  Others  e x h i b i t  an appar- 

e n t  enhanced s p e c i f i c  heat  Over the temperature  range of rolxing d t h  the 

p o s s i b j l i t y  of higher s t o r a g e  d e n s i t y  over sensib1.e hea t  s t o r a g e  systems. 

The experimental  d e t e m l n a t i o n  of the rate of d i f f u s i o n  of s i l i c o n  

i n t o  an aluminum-si l i c o n  a l l o y  is the  s u b j e c t  of in-house research  con- 

duc ted  under WBS 1.3.2.1. The o b j e c t i v e s  of t h i s  research  are to  de tes -  

m i n e  the s i l i c o n  s h e l l  t h i ckness  requi red  t o  retafn a l i q u i d  aluminum- 

s i l i c o n  a l l o y  and t o  determine s h e l l  s t a b i l i t y  i f i  the  presence of phase 

r e d i s t r i b u t i o n s  occurr ing  dur ing  n e l t l n g  and r e c r y s t a l l i z a t i o n .  

S i l icon-encapsula ted  shot  of al-urninurn-silicon or  other  similar 

e u t e c t i c s  o f f e r s  an extrernely a t t r a e t f v e  p o s s i b i l i t y  f o r  di  rec t -contac t ,  

high-temperature , l a t e n t  heat s t o r a g e  Successfu l  development o f  pel le t s  

o€ one or  more of t hese  materials would make a v a i l a b l e  s t o r a g e  n:edia w i t h  

a h igh  l a t e n t  hea t  of ~ U S ~ Q I - I ,  high  heat conduc t iv i ty ,  and cor ros ion  

r e s i s t a n c e .  However, t he  ques t ion  of s t a b i l i t y  o f  t he  s i l i c o n  s h e l l  t o  

r e d i s t r i b u t i o n  during repeated m e l t i n g  and r e c r y s t a l l i z a t i o n  must be 

addressed to  ensure t h a t  a prac t lca l .  material will r e s u l t  from such 

development e f f o r t s  e Thls  project  prov-ides experfmental  data on the  

na tu re  of t h e  material i n t e r f a c e  SO t h a t  a de te rmina t ion  of media s t a b i l -  

i t y  can be mades 

1.2 Applied Research 

1.2.1 Thermodynamic - c y c l e s  

WBS p r o j e c t  2.1.1 concerns the des ign  of hea t  pump cyc les  that 

u t i l i z e  complex compounds f o r  TES. E x i s t i n g  thermal  s t o r a g e  equipment 

for heat pumps is not adequate for l i g h t  commercial QC r e s i d e n t i a l  bui ld-  

i n g  a p p l i c a t i o n s .  Combining a hea t  pump wi th  ice ~s water TES r e s u l t s  i n  

low c o e f f i c i e n t s  of performance. The f i r s t  cost of s e p a r a t e  s to rage  sys- 

teras f o r  w in te r  and summer cannot he j u s t i f i e d  by e x i s t i n g  u t i l i t y  rate 

incen t ives .  
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The hea t  pump/dual-temperature s t o r a g e  concept i n v e s t i g a t e d  i n  t h i s  

p r o j e c t  has the  advantage of combining t h e  hea t  pump and both hea t  and 

coo l  s t o r a g e  i n  one hardware design. The d i r e c t  coupling of t he  r e f r i g -  

e r a n t  and the  s t o r a g e  medium r e s u l t s  i n  much-higher thermodynamic e f f i -  

c i e n c i e s  than p o s s i b l e  with convent iona l  heat-coupled equipment . The 

h igh  energy d e n s i t i e s  of complex compounds y i e l d  compact hea t  pump/storage 

packages but  use -50% of the  space of a convent iona l  c h i l l e r / c o o l  s t o r a g e  

package 

1.2.2 System s t u d i e s  

WBS p r o j e c t  2 .2 .3 .1  is a s tudy  of the  economic and t e c h n i c a l  f e a s i -  

b i l i t y  of hea t  recovery  i n  a p e r i o d i c  k i l n  b r i c k  p l a n t  through t h e  use of 

l a t e n t  hea t  s t o r a g e  Labora tory  t e s t i n g  has demonstrated t h a t  t he  concept 

of us ing  sodlum-bardum carbonate/magnesium oxide composite material i s  

v i a b l e .  A sys t em des lgn  and b e n e f f t  a n a l y s i s  provide an i n t e rmed ia t e  

s t a g e  between l a b o r a t o r y  proof-of-concept and technology t r a n s f e r .  The 

p a r t i c i p a t i o n  of a commercial f i rm  wi th  ex tens ive  exper ience  i n  p e r i o d i c  

k i l n  and hea t  recovery technology is an asset t o  t h i s  s tudy .  Labora tory  

d a t a  provlde  inpu t  c h a r a c t e r i s t i c s  of t h e  s t o r a g e  medium t o  computer 

s imula t lon  of a b r i c k  p l a n t  k i l n  sequencing o p e r a t i o n .  T h i s  t echnique  

a l lows  t h e  real advantage of l a t e n t  hea t  s t o r a g e  i n  p l a n t  energy recovery  

t o  be determined. 

1.2.3 Mathematical lnodeling 

WBS p r o j e c t  2.3.1.1 i s  a combined analytdcal and experimental  p ro j -  

ect t o  v a l i d a t e  t h e  computer code PCMSOL, which w a s  developed in-house to 

model t h e  response of a d i r ec t -ga in  room con ta in ing  l a t e n t  hea t  thermal 

s to rage .  A second o b j e c t i v e  of t h i s  p r o j e c t  i s  to determine t h e  l e v e l  of 

modeling d e t a i  1 needed t o  predl e t  adequate ly  t h e  temperature response of 

a room wi th  v a r i o u s  c o n f i g u r a t i o n s  of TES. 

Conventional TES components f o r  pas s ive  a p p l i c a t i o n s  c o n s i s t  of mass 

s t o r a g e  s y s t e m s  ( c o n c r e t e ,  b r i c k ,  o r  water w a l l s ) ,  which absorb o r  

release s e n s i b l e  hea t .  These systems u s u a l l y  r e q u i r e  l a r g e  temperature 

d i f f e r e n c e s  t o  be e f f e c t i v e ,  t hus  l ead lng  t o  room overhea t ing .  A com- 

p u t e r  s imula t ion ,  PCPISOL, has been developed by ORNL t o  predict. t h e  



themarnl response i n t e r i o r  s u r f a c e  temperatures ,  and comfort l e v e l s  of a 

d i r e c t - g a i n  soom f i t t e d  with thin wall panels  containing a l a t e n t  heat 

s t o r a g e  medium i n  place of convent ional  wall sheathing. The code employs 

d e t a i l e d  f i n i t e - d i f f e r e n c e  techniques to predi  et the thermodynamic s t a t e  

oE any l a t e n t / s e n s i b l e  hea t  s torage w a l l  material subjec ted  t o  r a d i a t i o n ,  

conduction, o r  convection. The v a l i d a t e d  code may be rlsed t o  determine 

confidence l e v e l s  for  p r e d i c t i o n s  of s impler ,  less s o p h i s t i c a t e d  codes. 
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2. TECHNICAL PROGRAMS 

There w a s  a good ba lance  between more b a s i c  r e sea rch  i n  TES mate- 

r i a l s  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. Six of t h e  seven cate- 

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 were represented  by active pro j -  

ects. Eight  of 12 p r o j e c t s  are expected t o  be ongoing next year as the  

program c o n c e n t r a t e s  on suppor t ing  the  most promising advanced concepts.  

Although t h e r e  is a l a c k  of ex tens ive  economic s t u d i e s  because t h i s  is a 

technology-oriented program, t h e  economic p r a c t i c a l i t y  of each concept is 

one of t h e  important cr i ter ia  f o r  cont inuing  program suppor t  . 
2 . 1 M i  xed Fluorocarbon C l a t h r a t e s  (WBS 1 . 1 . 1 . 1 )  

Severa l  heat pump r e f r i g e r a n t s  form gas  hydra t e s  ( c l a t h r a t e s )  t h a t  

have good p o t e n t i a l  as cool  s t o r a g e  media f o r  hea t  pump systems.1’3 

These Pce l ike  materials have s e v e r a l  c h a r a c t e r i s t i c s  t h a t  g ive  them an 

advantage over c h i l l e d  water o r  ice s to rage .  Like ice, a c l a t h r a t e  

s t o r e s  energy as l a t e n t  heat, thus  g iv ing  it an advantage of lower 

s t o r a g e  volume over  s e n s i b l e  hea t  s t o r a g e  i n  c h i l l e d  water. La ten t  h e a t  

s t o r a g e  a lso  p r e s e n t s  a much reduced temperature range t o  the  evapora tor  

c o i l .  Add i t iona l ly ,  f luorocarbon c l a t h r a t e s  f r e e z e  at  h ighe r  tempera- 

t u r e s  (10  t o  12OC) than  ice, providing an advantage i n  heat pump capac i ty  

over t h a t  achieved when f r e e z i n g  ice f o r  s to rage .  These advantages may 

be ampl i f ied  by t h e  p o s s i b i l i t y  of d i r e c t - c o n t a c t  heat t r a n s f e r  i n t o  and 

out  of s t o r a g e  because t h e  f luorocarbon is both  the  r e f r i g e r a n t  and, w i t h  

water, t h e  s t o r a g e  medium. Thus, the  hea t  t r a n s f e r  pena l ty  from hea t  

exchanger s u r f a c e  tempera ture  drops  may be avoided. F i n a l l y ,  s t o r a g e  a t  

higher-than-ice temperature can reduce hea t  ga in  of the  s t o r a g e  v e s s e l  . 
R-12, The phase diagram f o r  R-12/H20 mixtures  is shown i n  Fig. 2.  

l i k e  many r e f r i g e r a n t s ,  is only  s l i g h t l y  s o l u b l e  i n  water; thus ,  curve 

A-Q2-D very  c l o s e l y  approximates the  vapor p re s su re  curve of R-12 alone. 

P a i n t s  Q1  and 42 are i n v a r i a n t  quadruple p a i n t s  where faur-phase e q u i l i b -  

ria ex is t ,  and the  l i n e  Q1-Q2 d e f i n e s  a t r a n s i t i o n  from H20(1> and R-12(g) 

t o  t h e  R-12 gas  hydra t e ,  r e l e a s i n g  a heat of formation of 76 kca l /kg  of 

hydra t e  
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. Phase diagram f o r  R-l2/Hp8 mixtures ,  

A conceptual  C G O ~  s t o r a g e  system based on t h e  R-12 gas hydra te  is 

shows -In Fig. 3 .  The system c o n s i s t s  of a vapor-compression ~ e f r l g e r a - ~  

t i o n  cyc le  wkth the  convent ional  evaporator  replaced by a s t o r a g e  tank 

c r y s t a l l i z e r  i n  which t h e  gas hydrate  is formed and dissolved- A C O P  

p l e t e l y  discharged s t o r a g e  tank c o n s i s t s  of R-12(g) R-12( f.) , and H20(  a )  

i n  equi l ibr ium,  as shown at  point  'B in Fig. 2 ,  A t  the i n i t i a t i o n  of the 

charging p e r i o d ,  t h e  C O ~ ~ ~ P E S S Q ~  w i l l  reduce t h e  presmre i n  t h e  storage 

t ank ,  causing R - l 2 ( R )  t o  vaporize.  T M s ,  i n  t~irt i ,  reduces t h e  teaapera- 

t u r e  i n  the s t o r a g e  tank. The! pressure  and temperature Fjpl l l l  cont inue t o  

decrease  i n  such a manner u n t i l  the 4 1 3 2  curve I s  crossed and gas 

hydra te  begins t o  form. The hea t  re leased  by the formation of t he  gas 

hydra te  vapor izes  the R-12( a )  . When t he  r a t e  a t  which R-12(g) produced 

i n  t h i s  manner i s  s u f f i c i e n t  t o  maintajin a constant  pressure  i n  the 

s t o r a g e  t ank ,  an equi l ibr ium ( p o i n t  E) w i l l  be reached. The p o s i t i o n  of 

po in t  E depends on the thermal d r i v i n g  force requi red  to  produce t h e  gas 

hydra te  ('I?,# - TE//). 
i n  the storage tank is consumed, at which t i m e -  t-he charging process is 

G a s  hydra te  cont inues  t o  form u n t i l  a l l  t h e  HzO(&)  
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F i g .  3. Conceptual gas  hydra t e  cool s t o r a g e  system. 

complete. The completely charged s t o r a g e  tank w i l l  c o n s i s t  of R-12(g), 

R-12(R), and R-12 gas hydra te  i n  equ i l ib r ium,  as shown at poin t  F. A 

small. amount of R-12(E) should remain i n  the  s t o r a g e  tank t o  be used 

la ter  t o  i n i t i a t e  d i scha rge  of the  s t o r a g e  sys t em v i a  a pump, fan, and 

evapora to r  c o i l  i n  t h e  b u i l d i n g  supply duc t .  

C l a t h r a t e s  of mixed f luorocarbon r e f r i g e r a n t s  were i n v e s t i g a t e d .  

The R-B2/water-phase diagram upper - invar ian t  po in t  of 449 kPa r e q u i r e s  a 

p r e s s u r e  v e s s e l  t o  con ta in  t h e  c l a t h r a t e ,  an economically u n a t t r a c t i v e  

f a c t  f o r  commercialization. 

The c h a r a c t e r i s t i c s  of t h r e e  r e f r i g e r a n t s  - Trichloromonof luoro-  

methane (R-ll), Dichlorodifluoromethane (R-12), and Diehloromonofluoro- 

methane (R-21) - t h a t  form c l a t h r a t e s  at tempera tures  s u i t a b l e  f o r  cool  

s t o r a g e  are shown i n  Table 1. These r e f r i g e r a n t s  combine wi th  water to  

form a c l a t h r a t e  accord ing  to t h e  r e a c t i o n  

R(Q)  + M H 2 0 ( Q )  +. H ( s )  + h 0 

The number of molecules of water n needed t o  form the  hydra t e  p e r  

molecule of each of t h e s e  r e f r i g e r a n t s  is  given  i n  Table 1. Also shown 

are t h e  hea t  of formation h per  u n i t  mass of the  c l a t h r a t e  and the  upper- 

i n v a r i a n t  po in t  (Q2) o r  p re s su re  and t empera ture  a t  which t h e  c l a t h r a t e  

forms 
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Table 1. Characteristics of refrigerantfi considered i n  t h i s  study 

Latent heat 
of fusion 

[ J/g (Btu/lb) I 
Molecular Water 

4 2  

Ternper at  ure Pressure weight (mol) 
Ref ri gcrant 

1°C (OF)] [kPa (psiall 

R-ll (CC13F) 8.7 (47.6) 59 (8.6) 137 16.6 251.7 (121.2) 

R-12 (CC12P2) 12.1 ( 5 3 . 8 )  449 ( 6 5 . 4 )  12 I 15.6 170.4 (116.6) 

R-21 (CNIC12F) 8.6 ( 4 7 . 5 )  101 (14*7) 103 16.9 276.6 (118.9) 

R-114 (C2C12F,) No hydrate 17 1 

K e f  r i g e r a n t  K-2 1 forms a c l a t h r a t e  at atmospheric p re s su re ;  however-, 

t h i s  r e f r i g e r a n t  i s  very chemically a c t i v e  and would only be a p p r o p r i a t e  

f o r  a c losed  system (i.e., separa ted  from the  hea t  pump r e f r i g e r a n t  by a 

heat exchanger). Re f r ige ran t  K - l l  forms a c l a t h r a t e  a t  <1 a t m .  Thus, 

t h e  p o s s i b i l i t y  of forming a c l a t h r a t e  at 1 a t m  by mixing R-12 and R-11 

e x i s t s .  

When a s i n g l e  r e f r i g e r a n t  such as R-12 is used i n  a gas hydra t e ,  

cool  s t o r a g e  system, the  gas hydra te  i s  formed at poin t  4 2  of the phase 

diagram of the  r c f r i g c r a n t / w a t e r  system (P ig .  2) .  T h e  p re s su re  atid tem- 

p e r a t u r e  of t h i s  po in t  correspond t o  t h a t  shown I n  Table 1. I n  a cool  

s t o r a g e  sys tem,  gas hydra te  ( s o l i d )  w i l l  c o e x i s t  with some water ( l i q u i d ) ,  

some r e f r i g e r a n t  ( l i q u i d ) ,  and a gaseous port3m containing t h e  r e f r j g e r -  

a n t  saturated with water vapor. The sys t em,  when i n  equ i l ib r ium,  has to  

operate a t  the  i n v a r i a n t  po in t  Q2 (Fig.  21, where R-12(11) , R-l2(g), 

H20( L) and gas hydra te  can c o e x i s t  a 

X f  two completely misc ib l e  r e f r i g e r a n t s  are used La farm a mixed 

c l a t h r a t e s  t h e  system has t h r e e  components (water and two r e f r i g e r a n t s )  

but t he  same four  phases as i n  the  previous casel Mixed-hydrate forma- 

t i o n  should occur a t  a poin t  between t h e  two Q2 po in t s  of t h e  s i n g l e  

r e f r i g e r a n t s  i n  the  mixture,  a f a c t  conf inned by previous experiments. 

If, however, only one r e f r i g e r a n t  is used, t h e  hydra te  w i l l  form a t  the 

end of t h i s  l i n e  corresponding t o  the. Q2 po in t  of the r e f r i g e r a n t  used, 

I n  a mixture of two r e f r i g e r a n t s  - one t h a t  does not f o m  a hydrace 

[like Refrigerant-114 (R-114)] and the  o the r  one e n t e r i n g  i n t o  the  

hydra t e  - t h r e e  components and four phases w i l l  he p re sen t ,  and, there-  

Pore, one degree of freedom w i l l  be a v a i l a b l e -  Hydrate w 3 t l l  ‘oe Eo-rplaed a t  
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d i f f e r e n t  p re s su res  and tempera tures ,  depending on t he  composition of t he  

mixture ,  with only the hydrate-€arming refrigerant e n t e r i n g  i n t o  the  

hydrate .  I n a c t i v e  R-114 and the  remaining water, i f  any, w i l l  not com- 

b ine  and will remain as l i q u i d  coex i s t ing  with the  solid hydrate .  

Mixtures of R-11 and R-12 were t e s t e d .  The r e s u l t s  are shown i n  

Fig. 4, which is a phase diagram showing the  locus of 42 p o i n t s  f o r  
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va r ious  r a t i o s  of r e f r i g e r a n t s .  The mfxtue-e composition of 0.88 inole 

f r a c t i o n  of R-11 and 0.12 mole f r a c t i o n  of R-12 forms a mixed hydra te  a t  

1-atm pressure and 3.2OC (48.6 'F) .  

C l a t h r a t e s  of mixtures  of R-11 and K-14 ( d i e h l o r o t e t r a f l u o r o ~ ~ ~ h a ~ ~ ~  

were a l s o  formed. Only R-12 entered i n t o  the  c l a t h r a t e .  By varying t h e  

composition of the  mixture  clathrates over a range of temperatures  and 

pressures were .  obtained.  A l l  of the hydrates formed a t  pressures  below 

atmospheric  and tempccattnres <8.7"C ( 4 7 . 6 O P ) .  

F j n a l l y ,  c l a t h r a t e s  from mixtures  of R-12 and K-114 were a l s o  pro- 

duced ,  Only  R-12 en te red  i n t o  the  c l a t h r a t e  s t r u c t u r e ,  as i n  the  m s ~  of 

K--11/R-114e For temperatures  >O0C (32OF), a l l  of these c l a t h r a t e s  were 

a t  p re s su res  above atrirospheric. 

Tests t o  s imula te  heat  pump s to rage  were s u c c e s s f u l l y  compl.eted i n  

t h e  experimental  c x y s t a l l t z e r .  Mixtures of W-ll/R-12 formed c l a t h r a t e s  

i n  the closed system ( r equ i r ed  because of the d i f f e r e n t  vapor p re s su res  

of t he  two r e f r i g e r a n t s )  by cool ing  the  refrigerant-water mixture D i s -  

charge tests i n  k+fch excess refrigexant was c ixcu la t ed  through an ex- 

ternal heat t r a n s f e r  loop were accompllshed w l  t h o u t  psablems 

2.2 Che1:aistry - 
2.2.1 Radia t ion  cross- l inked pol~thylene (WMS 1.2.1.1) -- 

Previoiis r e sea rch  at  the Ueifversi.ty of Dayton Research Instl t u t e  

(UDRT)  developed cross- l inked ,  high-densi ty  polye thylene  (HDPE) as a 

thermal storage material .6 9 

r a d i a t i o n  to o b t a i n  a thermal ly  form-stable material t h a t  m2lted at 13OOC 

and had a l a t e n t  hea t  af f u s l a n  of 40 t o  50 cal/g. A t  its mel t ing  p o i n t ,  

t h e  cross- l inked material changes froin a whlte, opaque s o l i d  t o  a trans- 

parent ,  v i s c o p l a s t i c  l i q u i d .  Repeated cyc l ing  through the mel t ing  pol nl: 

showed t h a t  the material i i k e l t s  and f r eezes  congruent ly  and has the basPc 

p r o p e r t i e s  requi red  f o r  TES. 

The W P E  was cross- l inked by electron-beam 

The thermal ly  form-stable proper ty  of HDPE depends on the  ex ten t  af  

cross- l ink ing ,  In their uncross-linked cond i t ion ,  po lye thylene  p e l l e t s  

w i l l  m e l t  and fuse  toge ther .  Af t e r  being c ross - l inked ,  however, they 
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r e t a i n  t h e i r  shape when heated above the  mel t ing  poin t  and do not fu se  

toge the r .  

Under the  i n i t i a l  program, the  material w a s  i r r a d i a t e d  with t o t a l  

doses  of 2 t o  12 mrad by e l e c t r o n  beam. Tests of these  materials showed 

t h a t  t o t a l  doses of 6 t o  8 mrad were s u f f i c i e n t  t o  ensure  t h a t  the  pel- 

l e t s  would r e t a i n  t h e i r  s o l i d  proper ty  above the  mel t ing  temperature.  

Therefore ,  a r a d i a t i o n  dose of 6 mrad was s e l e c t e d  as s u f f i c i e n t  t o  pro- 

v i d e  a form-stable material wi th  an a t t rac t ive  h e a t  of f u s i o n ,  and a 

r e l a t i v e l y  l a r g e  batch of material w a s  prepared f o r  pro to type  s torage-  

system t e s t i n g ,  However subsequent tests by o t h e r  i n v e s t i g a t o r s  showed 

t h a t  the  m a t e r i a l  fused t o  a s i n g l e  mass i n  Larger batch thermal cyc l ing  

tests; thus ,  it was dec la red  u n s u i t a b l e  f o r  use  i n  packed-bed sys t ems .  

UDRI Conducted a follow-on program8 t o  reexamine the  e f f e c t  of r ad ia -  

t i o n  dose on materlal mel t ing c h a r a c t e r i s t i c s .  Because the  end r e s u l t s  

of electron-beam and gamma i r r a d i a t i o n  provide the  same cross- l ink ing  of 

po lye thylene  ( c ros s - l ink ing  by f r e e  r a d i c a l s ) ,  both procedures  were 

inc luded  i n  the  program. 

Small-scale  l a b o r a t o r y  screening  tests were conducted t o  determine 

t h e  f i n a l  processing d e s i  red €or  packed-bed tests. Two commercially 

a v a i l a b l e  HDPE materials, one s e l e c t e d  under t h e  i n i t i a l  program and a 

second program with h igher  uncross-linked h e a t s  of fu s ion  and c r y s t a l l i -  

z a t i o n ,  were included.  I n i t i a l  tests uncovered another  important  pro- 

ces s ing  v a r i a b l e  €or  t h e  gamma-irradiated material. The r e l a t i v e l y  long 

i r r a d i a t i o n  exposure t i m e s  r e s u l t e d  i n  excess  oxygen d i f f u s i o n  i n t o  t h e  

material wi th  t h e  r e s u l t  t h a t  p e l l e t - t o - p e l l e t  adheslon inc reased ,  There- 

f o r e ,  i r r a d i a t i o n  under an i n e r t  atmosphere, Nq, and under vacuum were 

added t o  the I n v e s t i g a t i o n .  

The HDPE with the h igher  h e a t s  of fus ion  and c r y s t a l l i z a t i o n  w a s  

chosen from t h e  screening  process .  An optimum dose of 10 mrad under a 

n i t r o g e n  atmosphere was s e l e c t e d .  Under an a i r  atmosphere, no s a t i s f a c -  

t o r y  form s t a b i l i t y  from e i t h e r  g a m  i r r a d i a t i o n  or  electron-beam 

results w a s  achieved. However, i n  a n i t r o g e n  atmosphere and at  the same 

doses ,  t h e  gamma r a d i a t i o n  process  gave s u p e r i o r  r e s u l t s .  Likewise,  

gamma i r r a d i a t i o n  i n  a vacuum was s u p e r i o r  t o  electron-beam r e s u l t s  at 

s i m i l a r  doses ,  a l though s l i g h t l y  less e f f e c t i v e  than under a n i t r o g e n  
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atmosphere. Both materials experienced a reduct ion i n  h e a t s  of fus ion  

and c r y s t a l l i z a t i o n  from t h e  c ross - l ink ing  process ,  brit t h e  e f  feci: d i d  

not  comtlnue t o  i n c r e a s e  at  h igher  l e v e l s  of r a d i a t i o n  as was expected. 

This  e f f e c t  i s  not y e t  f u l l y  understood. 

A l a r g e  sample of cross- l inked p e l l e t s  was produced and t e s t e d  f u r -  

t h e r  i n  the  UDKI thermal test uni t . ,  This  packed-bed u n i t  held 250 l b  of 

material. The hea t  t r a n s f e r  f l u i d  was an ethylene-glycol-based f l u i d  . 
Thermal c y c l i n g  was between 140 and 40'C. A series of 111 c y c l e s  of 

charging and d ischarg ing  was conducted. 

Counterflow charge ld ischarge  w a s  employed i n  a 40-ruaa series. Good 

bed u t i l i z a t i o n  was experienecd wi th  t h i s  mode o€  opera t ion .  The  poly- 

e t h y l e n e  material is less dense than t h e  e thylene  g l y c o l  hea t  t r a n s f e r  

f l u i d  (0.96 vs  1.13 s p e c i f i c  g r a v i t y ) .  Therefore ,  a fluidized-bed f l o w  

cannot  be achieved except  at i m p r a c t i c a l l y  low f l o w  rate. T h u s ,  all flow 

mode.; were wi th  an immobilized bed of p e l l e t s .  I n t e r p e l l e t  adhesion was 

experienced under the Eirst-run series condi t ions .  In an at tempt  t o  

reduce this e f f e c t  % bed material support  s c r e e n s  were ilnsta? 1 ed a t  1-fe 

i n t e r v a l s  i n  the bed. This  modiffcation f a i l e d  t o  allevlate  the problem 

al though t h e  p e l l e t s   ere e a s i l y  broken a p a r t  and, when i n  a solid mass, 

showed l i t t l e  or no pressure  drop over t h e  f r e e  p e l l e t  bed. 

Seventy-one runs were made w l t h  top-to--hotton flaw €or both heatdng 

and cool ing  ( cha rg i  ng/discharging)  the bed. The hea t  storage performance 

was agaln  s a t i s f a c t o r y .  Although t h e  p e l l e t s  s t u c k  t a g e t h e r ,  a s i g n i f i -  

c a n t  i n c r e a s e  i n  bed pressure  drop was not encountered. 

Thus, f u r t h e r  improvements, where i n d i c a t e d  by t h i s  research ,  could 

he made i n  t h e  medium. However, t he  initial o b j e c t i v e s  were me6, a d  the  

program w a s  complete a t  t h i s  s tage .  

2.2.2 High-temperature composite s t o r a g e  media (WBS 1 .2 .3 .1 )  

S t u d i e s  of a novel high-temperature l a t e n t  heat  s t o r a g e  medium were 

continued. The  material c o n s i s t s  of a composite mixture  of a metal l ic  

s a l t  t h e  l a t e n t  heat s t o r a g e  component and a h igher  mel t ing temperature  

ceramic. The two components are mixed as f i n e l y  d iv ided  powders, formed 

i ntlo conveni ent-s ized p e l l e t s  a and s i n t e r e d  t o  provide a s t o r a g e  materlal 

t h a t  can, by reason of its s o l i d  form, be used as s t o r a g e  media i n  a 
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packed bed while s t o r i n g  energy as the l a t e n t  hea t  of the  sal t .  The 

s a l t ,  when molten,  is r e t a i n e d  i n  t h e  ceramic mat r ix  by s u r f a c e  t ens ion  

fo rces .  The concept has been demonstrated i n  l abora to ry - sca l e  exper i -  

ments. 

Thl s material has t h r e e  important advantages f o r  combined s e n s i b l e /  

l a t en t  h e a t  s to rage .  The f i r s t  is the  e f f i c i e n c y  of hea t  t r a n s f e r  i n t o  

and out of s t o r a g e ,  which r e s u l t s  from d i r e c t  hea t  t r a n s f e r  between the  

s t o r a g e  material and t h e  h e a t  t r a n s f e r  f l u i d .  The second advantage I s  

avoidance of bui ldup of s o l i d  salt on hea t  exchanger su r faces  dur ing  

s t o r a g e  d ischarge .  This  problem o f t e n  d i c t a t e s  the number of hea t  trans- 

f e r  tubes i n  a s t o r a g e  system. F i n a l l y ,  by r e t a i n i n g  I t s  s o l i d  proper- 

ties when t h e  salt is molten,  t h i s  s t o r a g e  medium avoids  the  requirements  

of conta in ing  a l i q u i d  salt  i n  a co r ros ion  r e s i s t a n t  ves se l .  

T h e  prev ious  y e a r ' s  research9  i d e n t i f i e d  t en  congruent mel t ing  com- 

p o s i t i o n s  spanning a temperature  range of 397 t o  898°C and i n v e s t i g a t e d  

f i v e  of t h e s e  and t h r e e  ceramic suppor t  materfals. A f inal .  system con- 

s i s t i n g  of 47.8 (wt %) Na2C03-52.8 ( w t  %) BaCQ3 wi th  an MgQ mat r ix  w a s  

chosen f o r  development. Various methods of f a b r i c a t i n g  pellets s u i t a b l e  

for packed-bed, d i r ec t - con tac t  hea t  exchange s t o r a g e  media were i n v e s t f -  

ga ted :  l a b o r a t o r y  cold-pressing,  automatic  d i e  p re s s ing ,  e x t r u s i o n ,  

molten sal t  impregnat ion,  and p e l l e t i z i n g .  

An e f f e c t i v e  spray-drying process  producing powders wi th  c o n t r o l l e d  

p a r t i c l e  size and s u r f a c e  area w a s  developed, and the  f a b r i c a t i o n  of the  

chosen sodium/barium medium w a s  optimized. Long-term pellet s e n s i t i v i -  

t ies  t o  powder c h a r a c t e r i s t i c s ,  pressing method, d r y j n g / d e n s i f i c a t l o n  

hea t  du ty  cycle, volume f r a c t i o n  of sa l t ,  and heat t r a n s f e r  f l u i d  chemi- 

cal composition were determined. The loss mechanisms of carbonates  from 

t h e  composite were determined,  and long-term bed s t a b i l i t y  experiments of 

50 l b  of l abora to ry - sca l e  pe l l e t s  were completed . 
Themogravimet r ic  measurements were performed on a s i n g l e  5.0-g 

p e l l e t  t o  determine i t s  vapor loss i n  air .  The measurements cons i s t ed  of 

cont inuous weight monitoring of the s a m p l e  at the  test temperature  under 

cons tan t  gas  flow rate f o r  75 h. G a s  flow rates of 100 and 200 cm3/min 

and nominal temperatures of 800, 850, and 900°C were used. Weight l o s s  

rates became cons tan t  a f t e r  25 h. Resu l t s  showing t h a t  t he  v a p o r i z a t i o n  
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rate of carbonate  is independent of gas flow rate hit dependent on t h e  

exposed p e l l e t  ifre3 ace c o n s i s t e n t  with those prev ious ly  observed from 

Na2C03 melt and PJa2C&3/14gO composite. 

t h e  pe1l.ets were 0.06 rg/h-em7 at  900°C and 0.002 and 0.006 mg/h-cm2 at 

800 and 850"C, r e s p e c t i v e l y .  

Vaporizat ion races d e t e m f n e d  f o r  

To undersr:and b e ~ t e r  the process  of s a l t  r e d i s t r i b u t i o n  witthin a 

s t o r a g e  bed e a laboratory-scale  packed-bed t e s t  series was conducted 

The p e l l e t  bed s i z e  was 3 i n .  i n  diameter and 180 in+ high. One-3nch- 

diam by l-in.-higli p e l l e t s  were t e s t e d .  The bed temperature  was kept 

c o n s t a n t  independent of t he  gas f l o w  by a three-zone external heat ing  

system. Thus, t he  bed w a s  a r t i f i c i a l l y  kept  above the  sal% m e l t  t e m -  

p e r a t u r e  a t  the entrance, below t h e  salt melt temperature a t  t he  exi t ,  

and a t  an in te rmedia te  temperature  I n  t h e  middle of t h e  bed. Plve runs 

were made. The condi t ions  of the tests and the  bed weight loss t h a t  

r e s u l t e d  are shown i n  Table  2. 

Table 2. Comparison of accounted weight l o s s  of pe l le t s  
vs  t h a t  es t imated  from chemical ana lys i s"  

Pretest :  46.7 25.5 27.8 100.0 0 0 

1 l G b  46.7 32.8 28.7 108.2 8.2 (ga in)  8.9 ( g a i n )  

218' 46.7 30.4 27 .o 105.8 5.8 ( g a i n >  9.3 (ga in )  

22SC 46.7 214.5 18 -5  89.7 10.3 ( l o s s )  10.2 ( l o s s )  

24?lC 46.7 25-4 16.0 88.1 11.9 ( l o s s )  12.7 ( l o s s )  

aBasis: 

'Prom c o o l e s t  o r  condensat ion zone. 

%rom h o t t e s t  o r  vapor iza t ion  zone. 

100 g of i n i t i a l  p e l l e t ,  no llg0 loss  o r  migrat ion.  

The bed weight change recorded fo r  mas 3 through 5 are considered 

i n s i g n i f i c a n t .  The g r e a t e r  weight changes of t . 1 ~  fi t-st  two runs r e s u l t  

from t h e  r e a c t t o n  of the salt wlith the bed Lneonel l iner  r a t h e r  than from. 

vapor car ryout  of the bed, After s u f f i c i e n t  time for the carbonates  t o  
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e q u a l l b r a t e  with the  Incone l ,  low o v e r a l l  weight changes were recorded as 

shown. 

However, t h e r e  Is a sa l t  r e d i s t r i b u t i o n  i n  the  bed. S a l t  migra t ion  

is continuous from t h e  bed zone, which ranged from above m e l t  t empera ture  

t o  the  zone t h a t  w a s  kept below m e l t  temperature.  The longe r  test t i m e  of 

run  4 produced a g r e a t e r  r e d i s t r i b u t i o n  than t h a t  of t h e  s h o r t e r  run 3. 

The former showed 33.84 g lost  from t he  v a p o r i z a t i o n  zone and 29.27 g 

gained by the  condensation zone; t he  la t ter  showed a corresponding 18.88-g 

l o s s  and 20.71-g gain .  Run 5 ,  a uniform-bed temperature test with no flow 

through t h e  bed, r e s u l t e d  i n  a slow r e d i s t r i b u t i o n  of the  salt  toward t h e  

i n 3  t l a l  uniform p e l l e t  coodl t ion .  Such a r e d i s t r i b u t i o n  would a l s o  be 

expected from an a c t u a l  bed designed for counterflow charge /d ischarge .  

Recognizing t h a t  more f l e x i b i l i t y  3n storage temperature range is 

d e s i r a b l e  whi Le r e t a i n i n g  the  advantage of t h e  l a t e n t  hea t  c o n t r l b u t i o n ,  

p re l imina ry  work toward a second lower-temperature series of composites 

w a s  i n i t i a t e d .  A lower temperature range (500°C) allows t h e  advantage of 

mfld steel ductwork over t h e  higher-temperature s t o r a g e  system. Table 3 

l is ts  t h e  c h a r a c t e r i s t i c s  of some cand ida te  salts t h a t  were cons idered  

Two, NapJO3 and NaOH, show mater ia l -cos t  and s to rage -dens i ty  advantages 

over t he  o the r s .  The n i t r a t e  w a s  s e l e c t e d  f o r  i n i t i a l  t e s t i n g  because it  

Table 3. S a l t s  f o r  low-temperature TES 

LiN03 

KEJo3 

EJaMO3 30 6 41 0.17 2.26 4- 10 92.7 

334 12 0.53 2.11 44 20 25 

LIOH 47 1 208 7.45 1.46 35.79 304 

NaOH 29 9& 43 0.82 2 - 1 3  18.96 91.6 

KOH 243& 28 1.04 2.04 36 e99 57 . 12 

323 40 

306 37 

&Solid phase $ r a n s i t i o n .  
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w a s  more s t a b l e  and had the lower cost. P e l l e t s  of NaNQQ/MgO were formed 

by lasing techniques developed for t he  carbonates .  T e s t s  of s t a b i l i t y  i n  

3 5 0  and 4 5 0 ° C  a i r  were conducted. The results  o f  t hese  pre l iminary  tests 

i n d i c a t e  good s t a b i l i t y  a t  35OOC ( F i g .  5 ) .  The wejght loss at 45O0C is  

suspected t o  r e s u l t  from conversion of n i t r a t e  CLLO n i t r i t e  with a l o s s  of 

weight i n  oxygen. The r e s u l t s ,  however, are promising, and f u r t h e r  

development and testing of thls material w i l l  be included i n  t h e  program. 

0 

--,-- 

250 500 750 
TEST PERIOD (h) 

1000 

Fig. 5. Weight l o s s  of NaNO3/MgC1I p e l l e t s .  

2.2.3 Encapsulat ion of metallic. e u t e c t i c s  (WPS 1.2.3.2) 

Energy storage i n  t h e  l a t e n t  heat of fusion of m e t a l s  would provide 

a favorab ly  high storage density i n  high-temperature a p p l i c a t i o n s .  ''-I3 

~ % e  heat storage d e n s i t y  of a eutectic a l loy  of si l icon/aluminum is 511 

kJ/kg. 

where sensible storage densities of high-temperature mter la l s  are on the 

S a l t s  have s t o r a g e  dens i t ies  based on l a t e n t  heat of -200 kJ/kg, 
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o r d e r  of 1 t o  2 kJ/kg-'C. Compositions, m e l t  t empera ture ,  and s t o r a g e  

d e n s i t y  of  s i l i c o n  e u t e c t i c  a l l o y s  are shown in Table 4. 

Containment of a molten metal, however, poses s e v e r e  requi rements  on 

t h e  s t r e n g t h  and co r ros ion  r e s i s t a n c e  of containment materials. This 

p r o j e c t  was aimed a t  a l l e v i a t i n g  most of t hose  requirements through en- 

c a p s u l a t i o n  of the  a l l o y  i n  a nonmelting s c o r r o s i o n - r e s i s t a n t  s h e l l .  

Such a s t o r a g e  medium would a l low a packed-bed, d i r e c t - c o n t a c t  heat 

exchange s t o r a g e  system. The aluminum-silicon a l l o y  w a s  chosen by t h e s e  

s t u d i e s .  

l7 

A pure s i l i c o n  shell encapsu la t ing  the  a l l o y  would provide an i d e a l  

s t o r a g e  medium because of t h e  h igh  mel t ing  tempera ture  atid c o r r o s i o n  

r e s i s t i v i t y  of  the si l fcon.  The i n i t i a l  e f f o r t  i n  producing such a s h e l l  

w a s  a scheme of "se l f -encapsula t fon ,"  X t  was hypothesized t h a t  a shot- 

making process ,  i n  which the  a l l o y  i n  t h e  i n i t i a l  molten s ta te  was sili- 

con rdeh, might r e s u l t  i n  t h e  r equ i r ed  product.  Cont ro l led  cool ing  of 

s p h e r i c a l  drops of the  h y p e r e u t e c t i c  i n  a salt column would a l low 

Table 4. P r o p e r t i e s  of some e u t e c t i c  systems 

E u t e c t i c  E u t e c t i c  Heat s t o r a g e  c a p a c i t y  
Eutectic tempera ture  composition (kJ/ kg 1 

("0 ( w t  % Si) ( c a l c u l a t e d )  
*'lo' r e a c t i o n  

v-Si 

Be-Si 

Zr-Si 

Ti -Si  

Cr-Si 

Mg-si 
Ca-Si 

Mn-Si 

Ni-Si 

cu-si 

Al-Si 

Z r S i 2 / S i  

T i  si2 /si 
CrSi2 /Si  

M g 2  si /si 
CaSi2/Si 

%Si2 /S i  

NiSi/NiSiZ 

c u 3 s i / s i  

1400 

1090 

1360 

1330 

1320 

950 

1023 

1142 

96 6 

80 2 

57 7 

95 

61 

75 

78 

75 

57 

61 e 4  

50.5 

38 

15.8 

12 

1921 

1812 

1685 

1570 

1515 

1212 

1111 

1090 

609 

422 

57 1 



p r e c i p i t a t i o n  of s i l i c o n  at t he  cool ing  drop su r face  as the a l l o y  com- 

p o s i t i o n  followed the aluminum-sil iron phase d i  agrm l i q u i d u s  1i ne. Work 

w i t h  t e r n a r y  a l l o y s  such .as the  alrarninu131-m~~anes~~i~~.-sil icon syst'cm, has 

demonstrated that  encapsu la t i  ng s h e l l s  OF o the r  primary products ,  such as 

mzSi can be achieved v i a  s o l i d i f i c a t i o n  proces~ing. 

Two o t h e r  methods f o r  producing s l  l icon-encapsulated aluminum- 

s i l i c o n  a l l o y  shot  W P W  considered and developed as p a r t  of t h i s  p r o j e c t :  

(1) alumlnothermic r e a c t i o n  coa t ing  and ( 2 )  packed-bed cementation si l i-  

coni  z i  ng .. In the alum1 nothermic reaction coat i  ng method, t he  l i q u i d  

aluminum-silicon a l l o y  is  reacted w l t h  s o l i d  s i l i c a  (SiO,) t o  form reac- 

tiQn prodac ts  consis t ic ig  of s o l i d  alumina ( I h l 2 O 3 )  and s i l i c o n .  This  

technfque h2s been used to produce s o l i d  s h e l l s  up to  3 m thicrk. 

Pack cementat ion s i l i c o n l z l n g  9s a d e p o s i t i o n  process*  sin ' l lar  t o  

pack cementaLion a s b u r j  z a t i u n ,  i n  which s i l i c o n  is t r a n s f e r r e d  v i a  vapor 

t r a n s p o r t  from the  bed components t o  t h e  product t o  be coated. Appropri- 

a te  pack composi tioils, reartion times, mi3 temperatures  have been defined 

f o r  t h e  pack cernentation s i l i c o n i  zing method t o  nbtarin encapsu la t ing  

s i l i c o n  s h e l l s  v i t h  i l i icknesses  up t o  0.1 mi on eutect ic  and hype reu tee t i c  

oluminum-silicon a l l o y s .  T h e  best: pack cementat ion s f l  i con iza t ion  prac- 

t ice  developed to  d a t e  u t i l i z e s  a paek c o n s i s t i n g  of  Si02 (73Z), Si  

(25x1, and a mixed c h l o r i d e  salt ( N H k C I / A l C 1 3  = 2 / 1 )  ( 2 % )  i n  a flowing 

stream of f ~ m i n g  gas (95% N2-5% 11,) at 600°C for 8 h %%tiin a r o t a t i n g  bed 

arrangement 

The thermal p r o p e r t i e s  ( i . e a ,  s p e c i f i c  k a t ;  la ten$  heat of fus ion;  

and a b i l i t y  to  withstand thermal  cyc l ing  about the eutectic temperature ,  

577OC) of shot  produced with the var ious  techniques descr ibed  above were 

i nves t iga t ed  e I n  g e n e r a l ,  t he  thermal p r o p e r t i e s  of the alumlnuira-si4.icon 

a l l o y s  prepared i n  the  program were i n  keeping w i t h  those presented i n  

t h e  t e c h n i c a l  l i t e r a t u r e  Most of t h e  si 11 con-cneapsulated sho t  t h a t  

were sub jec t ed  t o  therrnal cyc l ing  at about the eu tec- t le  temperature  

e x h i b i t e d  exudat ions  ( I  . e . ,  cracking  of t he  s i l i c o n  s h e l l  and b leeding  of 

the e u t e c t i c  l i q u i d )  dur ing  the f i r s t  several thermal cyc les .  Pack 

cementat ion si l l  conized shot produced du r ing  the la t ter  p a r t  of t h i s  

program withstood thermal cyc l ing  wlthuut exudat ions.  
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O f  t h e  techniques  eva lua ted  t o  produce s i l icon-encapsula ted  A1-Si 

s h o t  ( s o l i d i f i c a t i o n  i n  fused salts ,  aluminothermic reduct ion ,  and pack 

cementation s l  l i c o n i z a t i o n )  , pack cementation s i l i c o n i z a t i o n  holds  the  

most promise f o r  producing i n t e g r a l  si l i c o n  coa t ings  on these  bl nary 

a l l o y s .  Pack cementation siliconized-aluminum-30% s i l i c o n  sho t  have an 

expe r imen ta l ly  determined hea t  of f u s i o n  va lue  of 81 cal/g and an e f f e c -  

t i v e  s p e c i f i c  heat capac i ty  of 0.58 c a l / g  K,  which makes them a t t r a c t i v e  

phase-change h e a t  s t o r a g e  materials. Although t h e  pack cementation slli- 

conized shot  have f r a g i l e  s i l i c o n  s h e l l s ,  they  withstood several thermal 

c y c l e s  near t h e  e u t e c t i c  tempera ture  of 577OC without f r a c t u r i n g .  Model- 

dng of heat s t o r a g e  systems using such sho t  c l e a r l y  i n d i c a t e s  t h a t  such 

s y s t e m s  o f f e r  a combination of f a s t  thermal response and near i so the rma l  

h e a t  exchanger c a p a b i l i t y .  

Although the  concept oE a c o r r o s i o n - r e s i s t a n t  encapsula ted  shot  con- 

t a i n i n g  a l a r g e  energy s t o r a g e  meta l l ic  phase-change material continues 

t o  hold promise, f u r t h e r  work is requi red  t o  f u l l y  develop t h i s  tech- 

nology. 

2.3 Material P r o p e r t i e s  

2.3.1 Dual-temperature s t o r a g e  in complex compounds (WBS 1.3.1.1) 

Complex compounds, as w e l l  as dual-temperature hea t  and cool  

s t o r a g e ,  are being s t u d i e d  for cool  s t o r a g e .  l8 

of a meta l - inorganic  salt as t h e  c e n t r a l  atom and a l igand  - such a s  N H 3 ,  

H20, or methanol - t h a t  i s  coord ina ted  around the  salt atom. The mst 

common complexes are hydra t e s  and ammoniates wi th  water and ammonia as 

t h e  l l g a n d ( s ) .  The thermochemical r e a c t i o n  between t h e  s o l i d  salt and 

t h e  gaseous l igand  c y c l e s  from an endothermic phase t o  an exothermic 

phase. Exothermica l ly ,  t h e  hea t  e v o l u t i o n  du r ing  the  adso rp t ion  of t h e  

l i g a n d  gas is used for  hea t ing  purposes. The endothermic deso rp t ion  

r e a c t i o n  y i e l d s  t h e  hea t  r e j e c t i o n  means o r  coo l ing  cycle. 

These compounds c o n s i s t  

A computerized d a t a  base was generated t o  provide p re l imina ry  com- 

p lex  c h a r a c t e r i s t i c s  f o r  s e l e c t i o n  of systems f o r  d e t a i l e d  study. 

Seve ra l  promising salts s e l e c t e d  viere expe r imen ta l ly  i n v e s t i g a t e d  with 
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ammonia as the l igand.  Coordinat ion s t e p s  were cha rac t e r i zed  wfth tem- 

p e r a t u r e ,  vapor p r e s s u r e p  and reacti on rates; energy s t o r a g e  d e n s i t y ,  

chemical s t a b i l i t y ,  and the phys ica l  cond i t ion  of the  absorbent  %ere also 

de terrnined. 

2.3.2 Heats of s o l u t i o n  f o r  TES ( 

A two-phase program was i n i t i a t e d  t o  s tudy  the  a p p l i c a t i o n  of heats 

of mixing to dual- temperature  s to rage ,  l9 2 o  

a t  the  i d e n t i f  i c a t l o n  of p o t e n t i a l  l i qu id - l iqu id  arid l i qu fd - so l id  systems. 

Appropriate  systems are those  that  e x h i b i t  large d i f f e r e n c e s  in the heat 

of rnfxing over a narrow temperature  range. A second phase w P B l  conslst 

of C!Xpe?."fmental measurements of thermodynamic p r o p e r t i  @s o f  s e v e r a l  

s e l e c t e d  sys'bems and the  impsovemnt of a n a l y t i c a l  procedcrres developed 

i n  t h e  f i r s t  phase from the experfmental  r e s u l t s ,  

The f i r s t  phase w a s  aimed 

l i f€o r t s  have concent ra ted  on systems w S t h  upper crlitieal s o l u t i o n  

tempera tures  i n  the range o f  40 t o  70°@ f o r  hea t  s t o r a g e  wlth heat pump 

systems. Mixtures fo r  which both phase equ i l ib r ium and h e a t s  oF irplxing 

d a t a  are a v a i l a b l e  have been i n v e s t i g a t e d  to  e s t a b l i s h  procediares f o r  t h e  

estimation of heats of mixing and energy storage c a p a b i l i t i e s  of the 

systerns. A r e l i a b l e  a n a l y t i c a l  procedure t h a t  u t i l i z e s  the  van Laar 

m ~ d e l  for a c t i v i t y  coefficients t d t h  the temperature  dependence of the  

a c t i v i t y  c o e f f f c i e n t s  e s t a b l i s h e d  Zrom phase d a t a  al: temperattires removed 

from the c r i t i c a l  reg ion ,  has been developedo 

h i t  ial. aqueous systems cons idered ,  i ricluding propylene carbonate-  

water and succinoni  trile-water , i n d i c a t e  moderate changes i n  the  heat of 

mixing i n  the  c r i t i c a l  region.  Severa l  nonaqueous systems have been 

determined t h a t  have l a r g e  changes i n  the equ i l ib r ium phase composi t ions,  

and corresponding l a r g e  potenti a1 aqueous systems sad t h  these  pKOpt2rtirS a 

i nc lud ing  three-component rnixtlures are being i d e n t i f i e d  f o r  f u r t h e r  

experimental  s tudy.  Analyt i  cal  procedures are a l s o  bel  ng extended t o  

aqueous systems with components, such as mines and s u b s t i t u t e d  pyyri- 

d ines ,  wi th  lower c r i t i ca l  s o l u t i o n  temperatures  I n  t h e  requi red  range* 
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2.3.3 Silicon/aluminum-silicon d i f f u s i o n  s t u d i e s  (WBS 1.3.2.1) 

In  eva lua t ing  the  p o t e n t i a l  of s i l l  con encapsula ted  shot  of AI.-Si 

e u t e c t i c  f o r  use i n  d i r e c t - c o n t a c t  phase-change hea t  s t o r a g e ,  a key 

q u e s t i o n  is: " W i l l  an i n t e g r a l  s i l i c o n  s h e l l  remain s t r u c t u r a l l y  s t a b l e  

dur ing  repea ted  c y c l i n g  of t h e  sho t  through the  e u t e c t i c  tempera ture?"  

The A l - S I  phase diagram i n d i c a t e s  that, provlded the  upper temperature of 

t he  c y c l e  I s  s u f f i c j e n t l y  f a r  from t h e  l i q u i d u s  temperature,  t he  e q u i l i b -  

rium r a t i o  of s o l i d  s i l i c o n  t o  l i q u i d  alloy is h-igh enough SO t h a t  t h e  

average s h e l l  t h i c k n e s s  could r e t a i n  t h e  l i q u i d  a l loy .  However, t h e  

ques t ion  of s t a b i l i t y  arises from s e v e r a l  f a c t o r s .  One is  the mechanical 

s t r e n g t h  of the  s h e l l  sub jec t ed  t o  the stress imposed by volume expansion 

of the  alloy on mel t ing .  It m y  be possjlble t o  compensate f o r  t h i s  by 

i n c r e a s i n g  t h e  s h e l l  t h i ckness  o r  by inco rpora t ion  of t he  voids .  Perhaps 

a more fundamental f a c t o r  is the  s t a b i l i t y  of  t h e  s i l i c o n  shell to  r e d i s -  

t r i b u t i o n  du r ing  repea ted  melt-tng and c r y s t a l l i z a t i o n ,  which could lead 

t o  d i s i n t e g r a t i o n .  A number of mechanisms could provide the  d r i v i n g  

f o r c e  f a r  such r e d i s t r i b u t i o n :  

1. A temperature g r a d i e n t  In  8 f i x e d  d i r e c t i o n  across a s h o t ,  wtrich, 

even though s m a l l ,  could l ead  t o  p r e f e r e n t i a l  d e p o s i t t o n  of sild con 

c r y s t a l s  on the  cool  s i d e ,  wfth th inning  of t he  s h e l l  on t h e  hot 

s i d e .  

2. D e n d r i t i c  growth of primary s i l i c o n  crystals from supercooled l i q u i d ,  

which could l ead  t o  entrapment of al.loy and migra t ion  of aluminum 

from t h e  i n t e r i o r  of t h e  sho t  t o  t h e  su r face .  

3.  The r e l a t i v e l y  h igh  d i f f u s i o n  coefficient of s i l i c o n  i n  aluminum, 

which provides a path,  even i s o t h e r m a l l y  i n  the  s o l i d  s t a t e ,  f o r  

i n t e r d i f f u s i o n  of s i l i c o n  and aluminum, wi th  g radua l  r e d i s t r i b u t i o n .  

Thus, a l though t h e  equ i l ib r ium phase r e l a t i o n s h i p s  show the  possi- 

b i l i t y  of an i n t e g r a l  s i l i c o n  s h e l l ,  t h e  equ i l ib r ium is dynamic, n o t  

s t a t i c ,  and t h e  d i s t r i b u t i o n  of t he  s i l i c o n  and aluminum phases must be 

considered. 

An experiment has been i n i t i a t e d  t o  test the i n t e g r i t y  of s i l i c o n  

s h e l l s  as c o n t a i n e r s  f o r  A1-Si e u t e c t i c .  It is in tended  t o  be indepen- 

d e n t  of methods used t o  f a b r i c a t e  s e l f - encapsu la t ed  shot  and t o  provide  
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b a s i c  information on the  i n h e r e n t  s t a b i l i t y  o f  s i l i c o n  i n  contac t  with 

A1-Si e u t e c t i c  t o  m i g r a t i  on under condf t ions  o f  temperature c y c l i n g  

through t h e  eutectj: c temperature  brit below the  h y p e r e u t e c t i c  l i q u i d u s  

temperature  

P o l y c r y s t a l l i n e  shapes,  such as p l a t e s  and rods (or  cups) ,  will be 

i m c r s e d  i n  ( o r  f i l l e d  with) -41-Si e u t e c t i c ,  maintained a t  temperatures  

between 550 and 65OoC, and subjec ted  to  phys ica l  and m t a l l o g r a p h i c  ex- 

ami  nation for  dimensional s t a b i l i t y .  Two sets o f  c y c l i n g  condi t ions  are 

planned: one is the  temperature cyc l ing  of the samples  between 550 and 

650'C; i n  the second, t h e  samples will be maintained a t  var ious near ly  

constant temperatures  between the e u t e c t i c  temperature  ( 5 7 1  "C) and 650'C 

before  examination. The l a t t e r  i so thermal  experiments would measure the 

i n h e r e n t  rate of r e d i s t r i b u t i o n  of s i l i c o n  and a l l o y  r e s u l t i n g  from t h e  

dyrranni c equj  l ibririm even i n  the absence of a signlffcant temperature  

g r a d i e n t .  The former temperature  cyc l ing  experiments are inore complex 

because some of t h e  s o l i d  s i l i c o n  m u s t  dissolve i n  the  l i q u i d  a l l o y  

during t h e  heat ing past of the cycle  and then r e c r y s t a l l i z e  on the si l t -  

con s u r f a c e  dur ing  t h e  cool ing p a r t  of t h e  cycle .  These conditlions simu- 

l a t e  more c l o s e l y  the  behavior  of a silicon s1ael.l dur ing  cyc l ing  of 

encapsulated s h o t ,  althorngh t h e  stresses induced by volume expansion may 

be srual.ler than i n  s p h e r i c a l  shot .  

For a n a l y s i s ,  t he  cooled samples w i l l  be s e c t i o n e d ,  po l i shed ,  and 

cxaini ned o p t i c a l l y  and by energy-dispers ive X-ray f luorescence  i n  a 

scanning e l e c t r o n  micramcope (SEM-EDX). Elec t ron  do t  maps o f  a sectIon 

 ill be used t o  de te rmine  t h e  distrlbation of s i l l c o n  and aluminum 

c r y s t a l l i t e s  and the extent  o f  degrada t ion  t h a t  has occurred . 
Equfpment: and maeerials have been assembled and t h e  experimental. 

program has been inf t i a t e d  e 

2.4 Heat Pump Complex Compound Storage (WBS 2.1.1) 

From t h e  experimental  d a t a  generated under Igi3S 1.3.1.1, t h e  most 

promising c m p l e x i n g  r e a c t i o n  was chosen. f o r  c y c l e  s tudy.  The s torage /  

heat: pump system chosen f o r  f u r t h e r  development is a mmovalent sodium 

bromide-ammonia system. Its o p e r a t i o n  is  depic ted  in Fig.  6. During t h e  

h e a t i n g  season, off-peak charging of s t o r a g e  is by desorp t ion  of NH3 
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(1)  + (2) DISCHARGING = HEATING WITH COMPLEX COMPOUND A N D  COOLING WITH LIGAND 
(3) 3 (4) OFF-PEAK CHARGING 

Fig. 6 .  Monovalent storage systemn 
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through compressor opera t ion .  The bu i ld ing  is heated by the  condenser 

c o i l  as i n  a convent iona l  hea t  pump system. Ammonia flows from the s tor-  

age v e s s e l  through the  evapora tor  c o i l  t o  t he  sa l t  s to rage  v e s s e l .  Sum- 

mer off-peak charging is slmilar t o  bu i ld ing  cool ing  by the deso rp t ion  

process  wi th  hea t  r e j ec t io t i  by the  condenser c o i l .  On-peak. cool ing  I s  by 

t h e  d j scha rge  of s t o r a g e  through t h e  evapora tor  coil. 

The des ign  g o a l s  are an energy f low of 100 W/kg of sa l t  and a stor- 

age capac i ty  of 6 h a t  R t o  10 kW. Resul t s  show the deso rp t ion  process  

f u l - f i l l s  t h i s  requirement ,  and the  adso rp t ion  process  f u l f i l l s  80% of the 

requirement I Fur the r  op t imiza t ion  of the adsorption rates may be possl -  

b l e  with rate-enhancing a d d i t i v e s  i o  the  salt and/or more e f f i c i e n t  com- 

p lex  hea t  exchanger design.  

Amaonia s o r p t i o n  rates as a func t ion  of d i f f e r e n t i a l  p re s su re  

( l igand  p res su re  mi nus complex e q u l l i  b r i m  p res su re )  were determined €or 

salt l a y e r  t h i cknesses  of 1, 5 ,  and 8 mn. The deso rp t ion  temperature  w a s  

held between 2 and 3 O C ;  t he  adso rp t ion  temperature  w a s  held between 40 

and 41OC.  The t h i n n e s t  layer is h ighly  s e n s i t i v e  t o  pressure .  F igure  7 

shows ehe deso rp t ion  d a t a ,  and Pig. 8 shows the adso rp t ion  da ta .  These 

d a t a  were f i t  by the  Elovich equat ion:  

dO/dt -- a exp ( -bo)  , 
where 0 is the  degree of abso rp t ion  and a and b are constants, The 

r e s u l t i n g  express ions  were then a v a i l a b l e  t o  the computer f o r  s imula t ion  

of t h e  process .  

Desorpt ion rates were found t o  be s e n s i t i v e  t o  d i f f e r e n t i a l  p re s su re  

and adequate  €or  hea t  pump a p p l i c a t i o n s .  Absorption rates were shown t o  

be lower and not g r e a t l y  inf luenced  by d i f f e r e n t j a l  p ressure .  Two addi- 

t i v e s ,  L i N 0 3  and C a C 1 2 ,  which were expected t o  promote increased  d i f f u -  

s i o n  i n t o  the s a l t ,  were inves t iga t ed .  Both a d d i t i v e s  showed promise. 

Addit lon of 7 t o  10% m s s  f r a c t u r e  of LiN03 r e s u l t e d  i n  an inc rease  dn 

adso rp t ion  r e a c t i o n s  of 25% a f t e r  30 mlln. "The reduced deso rp t ton  rates 

found can bc compensated by inc reased  pressure .  P a r t i a l  l i q i i i  € a c t i o n  of 

t h e  complex compound w a s  observed,  and t h i s  must be addressed i n  hea t  

exchanger design.  

The a d d i t i o n  of C a C l 2 ,  which has  a high s w e l l  f a c t o r ,  pruduced a 

porous complex f avorab le  t o  high dlffusion rates. However, t he  salt  
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layer tested with th is  additive was too thin to show a s igni f icant  

improvement i n  performance. 

Laboratory tests of input/output heat and p o w e r  were made in the 

subscale prototype unit depicted jn F i g .  9 .  The so l id  salt is retained 
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on a tray-cype heat exchanger ( F i g .  10). A f i n a l  heat exchanger configu- 

r a t i o n  Included perforated p i p e s  into the s a l t  l a y e r  t o  Pmprovr! ammonia 

d i s t r i b u t i o n  i n t o  the salt and f i n s  t o  enhance hea% t r a n s f e r  i n  the  s o l i d  

s a l t .  

‘rests  were conducted at loads from 40 to 70 W/kg and with var ious  

salt layer th icknesses .  Although the  mod i f i ca t ions  of t he  hea t  exchanger 
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Fig. IO. Heat exchanger a r r ay .  

i nc reased  the  energy d e n s f t i e s  achieved i n  test by 50% over the  orig.lna8 

conf igu ra t ion ,  the des ign  goa l  for adso rp t ion  has not y e t  heen achieved. 

Fur the r  heat exchanger mod i f i ca t ions  w f l l  be requi red  t o  produce the  

requi red  adso rp t ion  performance. 

Three systems were modeled by means o f  computer s imula t ion :  (1) a 

convent iona l  compression hea t  pump ope ra t ing  w i t h  R-22, ( 2 )  a h e a t  

pump/storage system with one complex compound, and (3)  a system studied 

i n  t h e  l n l t l a l  phase of the program c o n s i s t i n g  of a dua l  complex compound 

h e a t  pump. 
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C a l c u l a t i o n s  were made f o r  sumer and winter  opera t ion .  Eight  out- 

door tempera tures  from 28 t o  42OC and an indoor  c o i l  temperature  of 5°C 

were assumed f o r  t he  s u m e r  cyc le .  The winter  cycle c a l c u l a t i o n s  were of 

e i g h t  outdoor tempera tures  ranging from 0 t o  14OC wi th  an indoor  coil 

temperature  of 42OC. The cool ing  and hea t ing  demands Were set a t  10 kW, 

and the mass f low w a s  c a l c u l a t e d  according t o  t h e  hea t  exchanger char- 

acterist ics s t h a t  fs, evapora t ion ,  condensat ion,  o r  r eac t ion .  A s ing le -  

s t a g e  compressor was used f o r  t h e  R-22 c y c l e  because Che compressfon 

r a t i o  did not exceed 4.5. The complex compound concepts  used a two-stage 

compressar. 

F igure  11 shows the  hea t  pump ope ra t ing  e f f i c i e n c y  of the NaBr-NH3 

system 3 m  Comparison wlth the  K-22 cycle fo r  the  hea t ing  cyc le ,  Summer 
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cooling results are shown i n  Fig. 12. Above 42'C, even the charging 

process i s  seen t o  be more efficient f o r  the  complexing s t o r a g e  system. 

The t e c h n i c a l  performance o f  the heat pump system d t t i  storage in a 

complex compound has been f o u n d  t o  be favorable compared wPth a conven- 

t i o n a l  heat p m p  wi thout  storage. Initial. economic s t u d i e s  are also 

f a v o r a b l e  e Several technical  issues, for exaaple ,  t he  requirement for an 

o i l - f r e e  compressor, need t o  be addressed* A 1O-kW proto type  system I s  

requi red  to f u r t h e r  study this concept and t o  develop the  necessary 

system components" 

Fig. 12. Comparison of e f f i e i e n c l e s  for NaBr and R-22 i n  the  
C~ooliIXg cycle. 



2.5 Appl ica t ion  of Composite La ten t  
Heat S torage  (W5S 2.2.3.1) 

The economics of a TES waste hea t  recovery system u t i l i z i n g  com- 

p o s i t e  s t o r a g e  media f o r  p e r i o d i c  k i l n  were i n v e s t i g a t e d .  The i n d u s t r y  

i n i t i a l l y  chosen under t h i s  program f o r  a p p l i c a t i o n  of TES t o  energy re- 

covery w a s  SIC-32, t h e  b r i c k  and ceramic indus t ry .  Therefore ,  t h e  pres- 

e n t  a n a l y s i s  was based on a r e p r e s e n t a t i v e  p e r i o d i c  k l l n  b r i c k  p l an t .  

The s tudy  was of a f i v e - k l l n ,  four-TES u n i t  o p e r a t i o n  wi th  a s t a r t u p  of 

one 72-h k i l n  every  24 h. Thus, quasi-continuous p l a n t  ope ra t ion  w a s  

s imula ted .  

The i n d i v i d u a l  k i l n  cyc le  is represented  by the  k i l n  gas o u t l e t  t e m -  

p e r a t u r e  v a r i a t i o n  wi th  t i m e  (F ig .  13) .  During heatup ( 2 8  h) and soak 

(28  h ) ,  t he  k i l n  exhaust is combustion gas t h a t  cannot be u t i l i z e d  

d i r e c t l y  but  must e i t h e r  y i e l d  i ts  energy t o  c l e a n  a i r  through a h e a t  ex- 

changer Eos on-line use or  to charging a hea t  s t o r a g e  u n i t  f o r  later d i s -  

charge by c l ean  air .  The cool ing  p a r t  of t h e  cyc le  ( 2 4  h) d i scha rges  

c l e a n  air t h a t  can be e i t h e r  s t o r e d  o r  used d i r e c t l y  f o r  dry ing .  Heat 

recovered from t h e  heatup and soak p a r t  a€ t h e  c y c l e  is used f o r  eornbus- 

t i o n  alr prehea t  with the  excess  used fo r  drying. 

The s tudy  was based OR the use of 200 x lo9 Btulyear -k i ln  and a f u e l  

c o s t  of $5/m3llion Btu. Composlte materials f o r  two salt m e l t  teinpera- 

t u r e s  are p r e s e n t l y  under development. Therefore ,  two each of t h e  TES 

u n i t s  i n  t h e  p l an t  s t u d i e d  are high- and low-temperature s t o r a g e  u n i t s  

S p e c i f i c a l l y ,  t h e  high-temperature u n i t s  are 830"C, and t h e  low-tempera- 

t u r e  u n i t s  are 6 3 O O C .  To g e n e r a l i z e  the r e s u l t s  of t h e  s tudy ,  a series 

of composite media wi th  d i f f e r e n t  mel t ing  tempera tures  w e r e  assumed. 

values used are shown i n  Table 5 .  

The 

Storage  i n  s e n s i b l e  hea t  only, r e p r e s e n t i n g  use of M g O ,  was a l s o  

modeled. Thus, t h e  advantage of s e n s i b l e  h e a t  s t o r a g e  can be determined 

s e p a r a t e l y  from the  a d d i t i o n a l  advantage of l a t e n t  hea t  s t o r a g e  media 

r ep resen ted  by t h e  composite material under development. 

Two TES u n i t  cyc le  t i m e s ,  20 and 60 min, were s imula ted .  The p lan t  

o p e r a t i o n  t i m e  s imula ted  w a s  24 h, t h e  heat load r e p e t i t i o n  rate. Heat 

supp l i ed  d i r e c t l y  from k i l n  cooldown, t h a t  i s ,  without  being s t o r e d  and 
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Table 5. Mul t ip l e  media mel t ing  temperatures 

Me 1 t i n g  temper a t  u r  e 
("C) TES u n i t  

Zone A Zone B Zone C 

High-temperature bed 815 704 576 

Lo w-t e m  p e r  a t  u re  bed 593 5 37 482 

through s t o r a g e  from k i l n  heatup and soak, w a s  c a l c u l a t e d  as a func t ion  

of s t o r a g e  system s i z e .  The e f f e c t i v e n e s s  of s t o r a g e ,  t he  r a t i o  of hea t  

d e l i v e r e d  through s t o r a g e  t o  t h a t  which is t h e o r e t i c a l l y  a v a j l a h l e ,  w a s  

determined, and a comparison of s t o r a g e  volume between MgO and a com- 

p o s i t e  w a s  made a t  99% e f f e c t i v e n e s s .  The r e s u l t s  f o r  fu l l -day  simula- 

t i o n ,  as well as the  final s t o r a g e  cyc le ,  are shown i n  Table 6 €or both 

TES cyc le  t i m e s  . 
The advantage of TES i n  hea t  recovery and r e p r e s e n t a t f v e  r e s u l t s  

from t h e  s tudy  are shown i n  Table 7. All of the drying  and combustion 

a i r  preheat requirements are suppl ied  by recovered kiln exhaust hea t  . 

Table 6 .  Reduction in material r equ i r ed  
by us ing  composite material at 99% 

s t o r a g e  e f f e c t i v e n e s s  

S torage  volume 
Cycle t i m e  ( ft3) Savings 

(min) ( % >  
Media 

F u l l  day Final cycle 

Mgo 20 
20 
60 
60 

Compos i t  e 20 
20 
60 
60 

66 3 

1320 
787 

2340 

586 11.6 
696 11.6 

1064 19 -4  
1260 46.2 
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Table 7.  S torage  material requi red  f o r  maximum hea t  recovery 
ful l -day performance, 20-min c y c l e  

Heat rreccPveretP m t u / x  S torage  va lue  To ta l  sav ings  
f m i n  s t o r a g e  ( f t 3 )  a i  $4/MBtu 

Media 
d i r e c t l y  

MgO 182 1/6%5 79.7/30 .4 2340 1047 

Compos i t e 1 82 ?. 1 / 69.5 79.9/ 30 . 5 lW0 1048 

"Heat requi red  262.0 EeRtu. 

The amounts d i r e c t l y  used fron cooldown and through s t o r a g e  atid reuse  are 

shown, A t  99% s t o r a g e  e f f e c t i v e n e s s ,  t he  advantage o f  the  composite over 

s e n s i b l e  media i s  seen  by the  40% reduct lon  I n  storage volume o r  s t o r a g e  

material 

2.6 Va l ida t ion  of CornDuter Code PCMSOL 

The development of a pass ive  s o l a r  "ES concept sf a hea t  s to rage  

wallboard was cont inued w i t h  t es t s  of r e p r e s e n t a t i v e  pane ls  and compari- 

son of test r e s u l t s  with coinputer modeling of the  P l a s t i c  wal l  

pane ls  f i l l e d  w P t h  l a ten t  h e a t  s t o r a g e  materjal can conceptua l ly  r e p l a c e  

convent iona l  wal lboard,  t h i s  spreading the hea t  s to rage  func t ion  over a 

l a r g e  area i n  a pass ive  s o l a r  room. P r e v i o u s  tests of s e v e r a l  p l a s t i c  

containment materials and several s t o r a g e  media ind ica t ed  the  f e a s i b i l i t y  

of t he  concept ,22 

chamber were conducted, and, t o  a l low e x t r a p o l a t i o n  o f  experimental  re- 

s u l t s  t o  a wide range o f  climates and a l low seasonal  performance determi-  

n a t i o n s ,  the ORNL computer code that s imula t e s  pass ive  solar l a t e n t  hea t  

s t o r a g e  w a s  va l ida t ed .  

ThereEore, tests of f u l l - s c a l e  pane ls  I n  a s o l a r  test 

Va l ida t ion  of P c M S O L ~ ~  w a s  accomplished ba th  by a n a l y t i c a l  and ex- 

per imenta l  means. The model was div ided  i n t o  the  fol.l.owing submodels f o r  

t h i s  purpose.. 

E x t e r i o r  f l u x  on bui ld ing .  This  is a computer code grouping t h a t  

c a l c u l a t e s  s o l a r  geometry, as w e l l  as beam and d i f f u s e  s o l a r  f l u x e s  i n c i -  

dent on the ou t s ide  of the  pass ive  s o l a r  bu i ld lng .  It p r e d i c t s  heam and 



d i f f u s e  f l u x  inc iden t  on the  window from the  s o l a r  azimuth and e l eva t ion .  

The e f f e c t  of ambient a i r  temperature  is a l s o  p a r t  of t h i s  grouping. 

Because the  code i s  t o  be used f o r  seasonal  s imula t ions ,  the  i n c i -  

dent  f l u x  model i s  designed t o  use e i t h e r  measured o r  t y p i c a l  meteorologi-  

cal year  ("MY) d a t a  con ta in ing  d i r e c t  and d i f f u s e  f l u x e s  on the  south- 

f ac ing  w a l l .  The ambient temperature  is a l s o  assumed t o  be measured o r  

a v a i l a b l e  from TMY da ta .  

F lux  i n c i d e n t  on i n t e r i o r  walls. This model p r e d i c t s  how much of 

t he  f l u x  on the window is t r ansmi t t ed ,  determines where i t  s t r i k e s  t h e  

i n t e r i o r  s u r f a c e s ,  and computes how much is absorbed o r  r e f l e c t e d .  

The t ransmiss ion  through the  window material is c a l c u l a t e d  by using 

t h e  c h a r a c t e r i s t i c  g l az ing  t ransmiss ion  the  t r a n s m i s s i v i t y  at  normal 

inc idence  and a f a c t o r  t h a t  accounts  f o r  t he  e f f e c t  of inc idence  angle .  

The t o t a l  d i rec t :  f l u x  e n t e r i n g  the  chamber is c a l c u l a t e d  from the  t o t a l  

d i r e c t  beam on t h e  south-facing w a l l ,  the  window t r a n s m i s s i v i t y ,  t h e  

window area, and the  azimuth and e l eva t ion .  Each i n t e r i o r  w a l l  of t he  

chamber i s  d iv ided  i n t o  smaller elements.  The d i r e c t  e n t e r i n g  f l u x  is  

a l l o c a t e d  between the  elements of each w a l l  upon which the  f l u x  impinges, 

assuming the  elements t o  be s m a l l  enough t h a t  t he  f l u x  a t  the  element 

c e n t e r  is cons t an t  over t he  e n t i r e  element. 

The t o t a l  d i f f u s e  f l u x  e n t e r i n g  the  chamber is c a l c u l a t e d  from t h e  

d i f f u s e  f l u x  i n c i d e n t  on the  south-facing w a l l ,  t he  window area, and the  

g l az ing  t ransmiss ion .  The t o t a l  d i f f u s e  flux e n t e r i n g  the  chamber also 

must be p a r t i t i o n e d  between each of t h e  w a l l  elements.  This  is done by 

assuming a uniform emi t t i ng  sky and no r e f l e c t i o n  from the  ground. 

Assuming no PCM or thermal mass s t o r a g e  i n  t h e  f l o o r ,  a r e f l e c t i v e  

f l o o r  is assumed. To account f o r  t h i s ,  the  f l o o r  is allowed t o  be 

r e f l e c t i v e  with the  degree of s p e c u l a r i t y  an input .  

The r e f l e c t i v e  d i f f u s e  f l u x  from the  w a l l  i s  d i s t r i b u t e d  t o  a l l  

o t h e r  i n t e r n a l  s u r f a c e s  i n  d i r e c t  p ropor t ion  t o  the  r a t i o  of su r face  area 

of each element t o  t h e  t o t a l  s u r f a c e  area of a l l  w a l l s ,  floor, or ceil- 

i n g ,  except  the s u r f a c e  where the r e f l e c t i o n  o r i g i n a t e d .  This  r e s u l t s  i n  

only a s i n g l e  d i f f u s e  r e f l e c t i o n  a f t e r  which all r e f l e c t e d  energy is  ab- 

sorbed. Any r e f l e c t e d  energy t h a t  s t r i k e s  t h e  window is assumed t o  pass 

through. 
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The total energy absorbed by each i n t e r i o r  s u r f a c e  element is t he  

sum of d i r e c t l y  impinging beam and d i fEuse  f l u x e s ,  t h e  s p e c u l ~ r l y  re- 

f l e c t e d  beam, the  d i f f u s e l y  r e f l e c t e d  beam and the  d i f f u s e  f l u x e s ,  and 

the  p o r t i o n  of s p e c u l a r l y  r e f l e c t e d  beam f l u x  not absorbed hy t h e  f i r s t  

wall it s t r i k e s .  

Comparisons of s o l a r  f l u x  measurements i n  a test chamber with the  

f l u x  model were used t o  v a l i d a t e  t h i s  submsdel hefirre i nco rpora t ion  i n  

t h e  coden Figure  14 i s  8 view of the test cel l  looking do 

f loo r .  X t  shows t he  locatian of c a l o r i m e t e r s  used i n  the f l u x  model 

v a l i d a t i o n  t e s t a .  A set of tests w a s  nun wfth d l  i n t e r i o r  s u r f a c e s  

coateel with 95X absorbing paint  t o  negate t h e  effects o f  r e f l e c t i o n .  

Thus, the  f l u x  at any point can Ize assumed t o  be froin t.kat passed by the 

g l az lng .  Typical clear-day d a t a  where d i r e c t  f l u x  dominates i s  shorn i n  

Fig. 15. Numbers above the d a t a  p i n t s  correspond t o  t h e  c a l o r i m e t e r s  at 

t h e  c e n t e r  of the elements of the? same number i n  Ffg. 14. Gaod agreement 

i s  seen between the  measured d a t a  and model genera ted  f l u x e s I  

T y p i c a l  cloudy-day da ta  where d i f f u s e  f l u x  dominates are stlorn i n  

F i g .  16. Again, t he  comparkson betweea p r e d i c t i o n  and tes t  data is good. 

ORNL-DWG 86-5102 ETD 

West Wall 

Fig .  14. In s t rumen ta t ion  mat r ix  f o r  i n t e r i o r  surfaces. 
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Resu l t s  of a second set of tests i n  which t h e  f l o o r  r e f l e c t i v i t y  w a s  

0.60 and its s p e c u l a r i t y  was 0.2 are a l s o  shown, These tests inc lude ,  

t h e r e f o r e ,  the  e f f e c t s  of r e f l e c t i o n  from the  f l o o r .  Clear-day r e s u l t s  

are shown i n  Fig.  17. The c o r r e l a t i o n s  between measured and c a l c u l a t e d  

f l u x e s  f o r  both d i r e c t  and d i f f u s e  r e f l e c t e d  s o l a r  € lux  are seen t o  be 

q u i t e  good. 

PCM model. This  code is s p e c i f i c a l l y  f o r  t he  a n a l y s i s  of d i r e c t  

g a i n  s o l a r  bu i ld ings  t h a t  employ PCM w a l l  pane ls  t o  moderate i n t e r i o r  

temperatures .  The response of the PCM is evalua ted  s e p a r a t e  of any o the r  

e f f e c t .  Experimental  d a t a  were taken  t o  v a l i d a t e  t h i s  p a r t  of t he  code. 

Two s t o r a g e  panel thermal models - PCMSOL and a thermal ana lyzer  model - 
were compared with d a t a  from s e v e r a l  PCM panel combinations.  

A test rack ,  capable  of exposing up t o  e i g h t  pane ls  t o  s o l a r  radla-  

t i o n  s imul taneous ly ,  w a s  used to  measure PCM s u r f a c e  temperature  and hea t  

f l u x  dur ing  realist ic f r eez ing /me l t ing  cyc le s .  Figure 18 is a photograph 

of the  test rack wtth e i g h t  panels  in place.  The panels  measured 2 by 

2 f t .  Openings a t  the  top  and bottom of the  rack allowed f r e e  convect ion 

coo l ing  of the  f r o n t  s i d e  of the  panel.  

The r e s u l t s  of tests of a 1/2-in.-thick panel con ta in ing  a 27OC 

mel t ing  s a l t  hydra te  are shown i n  Fig. 19. The measured f r o n t  and back 

tempera tures ,  a long with r e s u l t s  of the  two s imula t ions ,  are p l o t t e d .  

Both the  p r e d i c t i v e  models reasonably c h a r a c t e r i z e  the  PCM f o r  both m e l t -  

ing  and f r eez ing .  The phase change-temperature of t he  salt  is shown not 

t o  be the  27°C used i n  the  s imula t ion  bu t ,  r a t h e r ,  about 2 1 O C .  Neither  

computer s imula t ion  handles  supercool ing ,  which t h l s ,  as well as o t h e r  

sa l t  hydra t e s ,  e x h i b i t s .  

Non-PCM thermal in te rchange ,  Whereas the  s o l a r  f l u x  model and the 

PCM model were v a l i d a t e d  with experimental  d a t a ,  t he  convect ion and rad ia-  

t i o n  in te rchange  between i n t e r i o r  nodes and between e x t e r i o r  nodes and 

t h e  environment were v a l i d a t e d  by a n a l y s i s  only. 

System response Proper in t e rconnec t ion  of t he  submodels was v a l i -  

da ted  by comparison of PCMSOL r e s u l t s  f o r  t h e  test b u i l d i n g  with measured 

da ta .  The system test was to  determine i f  all t he  submodels were working 

t o g e t h e r  proper ly  and a l s o  to  e s t a b l i s h  confidence t h a t  t he  thermal  

in t e rchange  models were adequate.  
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The tests were conducted i n  the  d i r e c t  ga in  chamber i n  which the  

s o l a r  f l u x  v a l i d a t i o n  tests w e r e  run. 

t h i c k  con ta in ing  a 27OC melt ing temperature  PCM were a t t ached  to the  test 

cell  w a l l s  as shown i n  Fig. 20. In  a d d i t i o n  t o  the  temperature  and flux 

measurements on the  pane ls ,  s o l a r  f l uxes  were measured as beam and t o t a l  

(on hor%zonta l  s u r f a c e s  and t h e  p lane  of the  wlndow). Ambient a i r  

temperature ,  wind v e l o c i t y ,  i n t e r lo r  a i r  temperature, and iwan r a d i a n t  

temperature  w e r e  also measured. 

Eight  4- by 8-f t  pane ls  1 /2  in. 

Average room aJr arid m e a n  radiant: t e m p e r a t u r e  were s e l e c t e d  to com- 

pare PlX with the  test data.. The room air bs normally used as the  con-- 

trol parameter for hea t ing  and cooling equipment, atid the  t w o  tempera- 

tiares combined give  a good i n d i c a t P o n  of the comfort level i n  the room4 

T f  t hese  t w o  parameters match between TES md model, these is a high 

degree of eonfjdeaee t h a t  t he  araxiiiary eriergy use arid the predicted com- 

fort levels  are accurate, R e s u l t s  are shorn f o r  t w o  continuous l-week 

per iods  Jn Figs. 22 and 22. The  PCMSOL temperatures  track the exper i -  

mental d a t a  very w e l l ,  N o  long-term b3as is evident i n  e f ther  set of 

ORFJL-DWG B6--5107 ET13 

Non PCM W.311 -/ -. -- Non PCM Wall , 
Windtw 

2 '  
\ 

8 '  

\ 

F i g ,  20. Placement of pane ls  f i l l e d  with DOW TESC-81 on interior 
w a l l s  ( f r a c t i o n a l  inch numbers i n d i c a t e  i n s i d e  th i ckness  of panels.  
Thermocouples w e r e  attached t o  t h e  c e n t e r  backs ides  of all panels .  
Pane ls  1, 2, 5, and 6 also had thermocouples a t t ached  t o  the c e n t e r  
f r o n t s )  . 
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___ PCHSOL-1 Calculations 

0 Test Data Q 
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40 

F e b r u a r y  1985 

Pig.  21. Comparison of  PCMSOL-1 with pass ive  s o l a r  test  chamber 
with PCM on walls -Februa ry  test. 
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ORNL-DWG 86-5306 ETD 

PCMSOL-1 C a l c u l a t i o n s  

0 Test Data 

1 

I 
6 I 7 I 8 I 9 I 10 I 11 1 12 I 

March 1985 

f ig .  22. Comparison of PCMSOL-1 with passive solar t e s t  chamber 
with PCM on walls - March t e s t .  
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da ta .  The model does p red ic t  a greater d a i l y  temperature  v a r i a t i o n  than 

i s  observed i n  the  tes t  d a t a ,  probably because of the assumption i n  the  

s imula t ion  of a cons tan t  PCM m e l t  temperature  when, i n  f a c t ,  the s a l t  

hydrate used is known t o  e x h i b i t  melting (dehydra t ion)  over a s i g n i f i c a n t  

temperature  range. 

The program w a s  success fu l  in v a l i d a t i n g  the computer code PCMSOL. 

A computer model of 2 ComphX series of physical I n t e r a c t i o n s ,  such as 

the pass ive  solar room r e p r e s e n t s ,  cannot p r a c t i c a l l y  s fmula te  a l l  of the 

~ ~ Q C ~ S S ~ S  and i n t e r a c t 3  ons p e r f e c t l y .  It r e p r e s e n t s  therefore, a com- 

promise and must be sub jec t  t o  r e v i s i o n  and improvement as its use fu lness  

i s  v a l i d a t e d .  Thus, t h i s  program i n d i c a t e d  s e v e r a l  improvements t h a t  

w i l l  be incorpora ted  i n  PCMSOI, i n  f u t u r e  s t u d i e s .  
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3. SUMMARY AND CONCLUSIONS 

Progress  i n  t h e  development of advanced TES t echno log ie s  f o r  t h e  

per iod  of Apr i l  1984--Marcli 1985 has been presented .  Each of t he  ORNL/TES 

program a c t i v i t i e s  dur ing  t h i s  period has been summarized, and r e f e r e n c e s  

t o  d e t a i l e d  r e p o r t s  of s p e c i f i c  p r o j e c t s  have been given. I n  accordance 

wi th  DOE g u i d e l i n e s ,  t h e  program has continued dur ing  t h i s  e i g h t h  year of 

ORNL p a r t i c i p a t i o n  as long-range and g e n e r i c  technology development. 

I n v e s t i g a t i o n  of c l a t h r a t e s  of t he  commonly used hea t  pump ref r i g -  

e r a n t s  w a s  concluded. The concept of forming an icelike c r y s t a l  with a 

h ighe r  mel t ing  temperature than water was  demonstrated. Such a cool 

s t o r a g e  medi um has t h e  advantages of f r e e z i n g  tempera tures  t h a t  a l low 

more-ef f i c i e n t  hea t  pump o p e r a t i o n  and the p o s s i b i l i t y  of e l i m i n a t i n g  

hea t  t r a n s f e r  co l l s  by d i r e c t  con tac t  f r e e z i n g  and/or me l t ing ,  thereby  

a l so  i n c r e a s i n g  the  e f f i c i e n c y  of t he  a i r  cond i t ion ing  sys tem.  The phase 

behavior o r  t he  c l a t h r a t i o n  process  both  f o r  s i n g l e  r e f r i g e r a n t s  and mix- 

t u r e s  of r e f r i g e r a n t s ,  which g i v e s  an a d d i t i o n a l  degree  of freedom in 

t a i l o r i n g  t h e  tempera ture  and p res su re  of f r e e z i n g ,  w a s  determlned. The  

economics of commercialization of cool  s t o r a g e  based on c l a t h r a t e s  is 

c u r r e n t l y  under i n v e s t i g a t i o n .  No f u r t h e r  DOE-sponsored development i s  

r e q u i r e d  a t  t h i  s t i m e  

A p r o j e c t  t o  v e r i f y  enhanced energy t r a n s p o r t  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  wi th  so l5  d s  that  can undergo s o l i d - s o l i d  phase change was 1 n i -  

t l a t e d  i n  1983 and d e l e t e d  from the  program f o r  budgetary c o n s i d e r a t i o n s  

i n  1984. It w a s  t o  be resumed i n  t h i s  r e p o r t  per iod  but w a s  not a c t i v e  

because of the l a t e n e s s  of program funding. 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 -pr inc ip le  f o r  improved TES performance by com- 

b i n i n g  enhanced heat t r a n s p o r t  and la ten t  s t o r a g e  i n  a s i n g l e  system. 

Pre l iminary  concept and background development work has l n d i c a t e d  poten- 

t i a l  sav ings  i n  system hea t  t r a n s f e r  and pumping power. 

\ 

The techniques  f o r  produci ng pel le ts  of c ross - l inked  high-densf t y  

polye thylene  by electron-beam r a d i a t i o n  were reexamined because of less- 

than-predicted performance I n  a f i e l d  test of earlier produced material. 

The a l t e r n a t e  i r r a d i a t i o n  process  of g a m a  r a d i a t i o n  w a s  a l s o  t e s t e d .  A 

r ev i sed  r ad i  a t  ion  dose t h a t  produced improved s o l i d - s o l i d  storage media 
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was determl ned . However, t he  economics of process ing  large ba tches  a€ 

material were found t o  be h ighe r  than p red ic t ed  i n  the o r i g i n a l  develop- 

ment program. 

Development of one formulation of salt/ceramic composite s t o r a g e  

material has been e s s e n t i a l l y  completed e P e l l e t s  of sodium/barium 

carbonate-magnesium oxide have been cycled f o r  over 6000 h ,  and the  

material performance O V ~ K  m u l t i p l e  m e l t / f r e e z e  cyc le s  was determined. 

This same technology can now be appl ied  t o  the  development of several. 

o t h e r  s a l t s ,  thereby  allowing a range of t r a n s i t i o n  temperatures t o  be 

a v a i l a b l e  t o  s t o r e  high-temperature indus t  r i a l  waste heat , 
Modest progress  was  made i n  developing an encapsu la t ion  technique 

f o r  metal e u t e c t i c s .  A process of forming an i n e r t  s h e l l  c o n s l s t i n g  of 

s i l i c o n  over a sil icon/aluminum eu tec t i c .  a l l o y  by a se l f - encapsu la t ion  

process  was not completely success fu l .  Severa l  a l t e r n a t i v e  methods, 

w e l l  as exper imenta l  s t u d i e s  of the s t ab l  l i t y  o€ the  a l l o y / s h e l l  i n t e r -  

face, are under inves tdga t i an .  

A promlsing new s to rage  technology has been found i n  the  complexlng 

of metallic salts  wi th  ammonia, water, or  some o t h e r  s u i t a b l e  l i gand ,  

The adso rp t ion  of a l igand  gas i n  a s o l i d  salt  avoids many o f  t he  prob- 

lems found i n  e x i s t i n g  phase-change s t o r a g e  processes .  A wide number o f  

s o r p t i o n  systems were examined, and experimental  d a t a  on the  themo- 

dynamic p r o p e r t i e s  of several salt/ammania complexes were measured. A 

dual-temperature (wi liter hea t  and suimer cool) s t o r a g e  system of sodium 

bromide arid ammonia was def ined .  A prototype stage is under cons idera-  

t i o n  i f  s u f f i c i e n t  i n d u s t r i a l  i n t e r e s t  and support  are found. 

Universd t y  r e sea rch  i n  t h e  f i e l d  of l i q u i d - l i q u i d  and l€qu id - so l id  

systems f o r  TES w a s  supported.  The change i n  hea t  of mixing is the  

mechanism sought for s t o r i n g  thermal energy. If one or more promising 

systems are found, t he  p re sen t  t h e o r e t i c a l  s tudy  will be comblned with an 

exper imenta l  program t o  determine a c c u r a t e l y  the  phase diagrams and the 

v a l u e s  of h e a t s  of mixing. 

The ORNL computer code PCMSQL, which s i m u l a t e s  l a t e n t  heat s t o r a g e  

and i ts  e f f e c t  on a solar  room, was v a l i d a t e d  by experimental  d a t a .  

Seve ra l  modifications t o  the  program, which w l l l  i nc rease  i t s  u t i l i t y  f o r  

s o l a r  des ign ,  were suggested by t h i s  p r o j e c t .  



57 

A mix of completed p r o j e c t s  and expanding and ongoing p r o j e c t s  i s  t o  

be €ound i n  the  year's program. As i n  t h e  p a s t ,  t he  f u t u r e  r e s e a r c h  

d i r e c t i o n s  w l l l  be guided by t h e s e  results.  TES is i n c r e a s i n g l y  recog- 

nlzed as a n  engineer ing technique  f o r  energy management, e s p e c l a l y  in t h e  

a r e a  of cool  s to rage .  The ROE program provides t h e  long-range r e sea rch  

from which the  s t o r a g e  i n d u s t r y  can draw f o r  improvements i n  s t o r a g e  

technology. 
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