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APRIL 1984-March 1985 

J. F. Martin 

ABSTMCT 

Progress  i n  the  development of Thermal Energy Storage 
(TES) technology under the  Oak Ridge National Laboratory Ther- 
m a l  Energy Storage Program f o r  t he  period Apr i l  1984-March 1985 
i s  reported.  The program goa l s  and p r o j e c t  s t r u c t u r e  are pre- 
sented.  Each of t he  areas of TES r e sea rch  a c t i v e  i n  the  pro- 
gram is d i scussed ,  and a d i scuss ion  of technology t r a n s f e r  ef- 
f o r t s  i s  included. 

1. PROGRAM OVERVIEW 

This r e p o r t  is on the  progress  made during the  1-year period Apri l  

1984-March 1985 by the Oak Ridge National Laboratory (ORNL) i n  the devel- 

opment of thermal energy s to rage  (TES) technologies.  Since 1976 ORNL has 

had r e s p o n s i b i l i t y  f o r  f i e l d  management of va r ious  p a r t s  of t he  n a t i o n a l  

program i n  TES. P r e s e n t l y ,  i t  has lead l a b o r a t o r y  cognizance over bui ld-  

ing and i n d u s t r i a l  TES development. The ORNL program is conducted i n  

c o n s u l t a t i o n  with,  and with the concurrence of , t he  Department of Energy 

(DOE), Division of Energy Storage. 

The o v e r a l l  program goal  i s  t o  (1) develop the technology base re- 

quired f o r  e f f i c i e n t ,  cos t - e f f ec t ive  TES concepts i n  the areas of d i u r n a l  

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  and ( 2 )  work with indus- 

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  o rgan iza t ions  t o  t r ans -  

fer the technologies  t o  the p r i v a t e  s e c t o r .  

S p e c i f i c  o b j e c t i v e s  have been developed f o r  s e l e c t e d  c r i t i ca l ,  high- 

r i s k  technology areas so t h a t  s p e c i f i c  t e c h n i c a l  problems may be i d e n t i -  

f i e d  and program resources  a l l o c a t e d  in  the  most e f f i c i e n t  manner. The 

o b j e c t i v e s  of the p r i n c i p a l  program elements and the  a s soc ia t ed  b e n e f i t s  

follow. Economic and t e c h n i c a l  t a r g e t s  t h a t  have been e s t a b l i s h e d  i n  

each program area are a l so  shown. 
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1. Develop TES concepts f o r  cap tu re ,  s t o r a g e ,  and reuse of high-tempera- 

t u r e  energy,  which s i g n i f i c a n t l y  inc reases  the  u t i l i z a t i o n  of indus- 

t r i a l  reject  heat .  

Bene f i t :  Make economically f e a s i b l e  the  conservat ion of t he  s i g n i f i -  

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

economic - $7500/106 B t u  i n s t a l l e d  c o s t  (1982 d o l l a r s ) .  

t e c h n i c a l  - Storage temperatures of 177 t o  1093°C (350 t o  

2000°F).  

Round-trip e f f i c i e n c y  of 85%. 

Targets :  

2. Develop TES concepts  t h a t  a l low hea t  pump thermal s to rage  without  

degrada t ion  of o v e r a l l  hea t  pump performance. 

Benef i t :  Improved hea t  pump a p p l i c a b i l i t y  t o  u t i l i t y  load con t ro l  

a p p l i c a t i o n s  through performance t h a t  equals  or exceeds 

nonstorage hea t  pump performance. 

economic - $6000/106 Btu i n s t a l l e d  cos t  (1982 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 -  

age. 

Storage temperature of 4 t o  10°C (40  t o  50°F) cool  s to rage ,  

32 t o  35°C (90 t o  95°F) hot  s torage .  

Targe ts :  

3 .  Develop TES with i d e a l  thermal response f o r  pass ive  s o l a r  bu i ld ing  

heat ing.  

Renef i t  : Improved e x i s t i n g  pass ive  s o l a r  s to rage  systems t h a t  do not 

provide bui ld ing  temperatures  i n  the  i d e a l  thermal comf art 

range 

economic - $330O/ 106 Btu i n s t a l l e d  cos t  (1982 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  e x i s t i n g  s t o r -  

age techno log  y. 

Targe ts  : 

4 .  Research t o  advance the  understanding of new TES materials and pro- 

cesses. 

Benef i t :  Maintain perspec t ive  on p o s s i b i l i t i e s  f o r  advanced systems. 

Targets :  economic -- Assess pro jec ted  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 

conceptual  system desc r ip t ions .  
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5 .  Interact with p r i v a t e  s e c t o r  through t echn ica l  s o c i e t i e s ,  i ndus t ry ,  

and t r a d e  a s s o c i a t i o n s  t o  eva lua te  research  needs and e f f e c t i v e l y  

t r a n s f e r  t h e  technologies  developed. 

Benef i t :  The TES program j u s t i f i c a t i o n  is  by t r a n s f e r  of developed 

technologies  t o  indus t ry  f o r  implementation. 

Targe ts :  Wider recogni t ion  by the  p r i v a t e  s e c t o r  of the value of 

thermal s torage .  

To meet t hese  f i v e  o b j e c t i v e s ,  a program t h a t  addresses  the  techni-  

cal i s s u e s  t h a t  impede the  development of success fu l  s torage  systems has  

been implemented by ORNL. The t o t a l  program has been organized i n t o  work 

packages according t o  the  work breakdown s t r u c t u r e  (WBS) shown i n  Fig. 1. 

As i n  previous years ,  not a l l  of the  ca t egor i e s  of research  were ad- 

dressed i n  t h i s  year's p r o j e c t  a c t i v i t y .  Avai lable  resources  were a l l o -  

ca t ed  t o  p r o j e c t s  t h a t ,  because of t h e i r  promise of t echn ica l  and eco- 

nomic v i a b i l i t y ,  were deemed h igh  p r i o r i t y .  Summaries of the year ' s  

a c t i v i t i e s  i n  those p ro jec t s  t h a t  were supported are provided i n  Sects.  

1.1 and 1.2. These summaries are o r g a d z e d  according t o  areas of appl i -  

c a t i o n  - i n d u s t r i a l  uses  or bui ld ing  hea t ing /cool ing  - and include a l l  

WBS ca t egor i e s  i n  these  two app l i ca t ion  areas 

1.1 I n d u s t r i a l  TES Systems 

1.1.1 Composite high-temperature s to rage  ma te r i a l s  
( Pro j ect 2.6.1 ) 

Under t h i s  p r o j e c t ,  techniques f o r  f a b r i c a t i n g  hea t  s torage  pellets 

f o r  d i r ec t - con tac t ,  heat-exchange charging/discharging i n  a packed bed 

have been developed. Research has centered on carbonate  salts (Na2m3 

and Na2C03-BaC03) supported and immobilized within the  submicron-sized 

c a p i l l a r y  s t r u c t u r e  of a s i n t e r e d  ceramic (MgO) matrix. 

A low-cost, commercial-production-compatible p e l l e t  f a b r i c a t i o n  

process  has been developed and confirmed with production equipment. The 

components i n  f i n e  powder form are mixed by dry  v t b r a t o r y  mi l l i ng .  The 

a d d i t i o n  of water t o  the  mixed powder i n  a one pa r t  water t o  two p a r t s  

powder by weight using a paddle mixer w a s  found to improve p e l l e t  c rack  

r e s i s t a n c e  upon s i n t e r i n g .  The moist powder is dr ied  a t  150°C f o r  20 h, 
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reducing water content  t o  -17%. Crack-free pellets pressed from t h i s  

material and s i n t e r e d  at 1100°C f o r  1 h have been produced. 

An appl icat ions/economic a n a l y s i s  of the use of t h i s  composite s t o r -  

age material i n  a p e r i o d i c  b r i c k  k i l n  ope ra t ion  is  being conducted by an 

independent o rgan iza t ion .  

may be recovered f o r  r euse  i n  a one kilrt-one d rye r  operat ion.  This rep- 

r e s e n t s  30 x lo9 Btu/year ,  and a simple payback period of 3 years  has 

been ca lcu la t ed .  

Prel iminary r e s u l t s  show 300 x 106 Btu/cycle 

1.1.2 Encapsulated metallic s t o r a g e  media 
( P r o j e c t  2.5.1 ) 

Metallic e u t e c t i c  a l l o y s  are p o t e n t i a l l y  d e s i r a b l e  TES media because 

t h e i r  high thermal conduc t iv i ty  ensures  rapid s t o r a g e  charge/discharge 

c h a r a c t e r i s t i c s .  However, s u c c e s s f u l l y  containing these  systems has been 

a major o b s t a c l e  t o  t h e i r  use .  To overcome t h i s  drawback, s e v e r a l  meth- 

ods of producing an i n t e g r a l  s h e l l  of the high melting temperature com- 

ponent are under i n v e s t i g a t i o n .  The material chosen f o r  t h i s  i n i t i a l  

s tudy is a silicon-aluminum e u t e c t i c ,  t he  s h e l l  sought i n  t h i s  case being 

s i l i c o n  t h a t  has both a high m e l t  temperature and r e s i s t a n c e  to  co r ros ion  

a t  high temperatures.  The program has m e t  with l i m i t e d  success  i n  the  

i n i t i a l  scheme of producing a self-encapsulat ing s h e l l  by c o n t r o l l e d  

cool ing of a l i q u i d  hyper ( r i c h  i n  s i l i c o n )  e u t e c t i c .  

1.2 Building TES Applicat ions 

1.2.1 Dual-temperature c l a t h r a t e s  ( P r o j e c t  1.3.1) 

The p o s s i b i l i t y  of u t i l i z i n g  materials t h a t  form c l a t h r a t e s  at two 

temperatures  w a s  s tud ied  a n a l y t i c a l l y  and experimentally.  The economic 

b e n e f i t s  of s t o r a g e  for heat  pumps are s i g n i f i c a n t l y  increased i f  both 

hot  (w in te r )  and cool  (summer) s t o r a g e  can be obtained with a single 

s t o r a g e  system and a s i n g l e  s t o r a g e  medium. An e x i s t i n g  c r y s t a l l o g r a p h i c  

computer program w a s  u t i l i z e d  t o  i d e n t i f y  compounds t h a t  are s t a b l e  i n  

t h e  c o r r e c t  temperature ranges for hot and cool s to rage .  A bench-scale 

hea t  pump/storage loop w a s  cons t ruc t ed  t o  s tudy the  behavior of any prom- 

i s i n g  systems under a c t u a l  heat  pump ope ra t ing  condi t ions.  N o  v i a b l e  



systems were found, and the pro jec ted  e f f o r t  i n  bas i c  ma te r i a l  behavior 

was judged t o  be beyond the resources  of t he  TES program. Therefore ,  

t h i s  pro j  ect  was  concluded without follow-up research  being def ined.  

1.2.2 Dual-temperature --- ammoniates (P ro jec t  1.3.2) -- 

A number of inorganic  sa l t s  undergo ammoniation r eac t ions  wfth gas- 

eous or l i q u i d  ammonia (Nw3) t h a t  are analogous t o  hydrat ion r eac t ions .  

These ammoniation r eac t ions  may be s u i t a b l e  f o r  l a t e n t  heat  s torage  at  

temperatures  and pressures  a t  which the ammoniate of the  s a l t  can be 

formed and decomposed. Two concepts were s tudied  t h e o r e t i c a l l y  and ex- 

per imental ly .  The f i r s t ,  found t o  be unfeasibl.e,  i s  a m e t a l l i c  s a l t  

(NaC1)-NH3 system undergoing a pressure-sens i t ive  l i q u i d f s o l i d  t r a n s i -  

t i on .  The second i s  similar t o  the c l a t h r a t e  system i n  t h a t  the r e f r i g -  

e r a n t  gas (ammonia) s t o r e s  l a t e n t  heat  through s i n g l y  o r  m u l t i p l e  com- 

plexing m o n l a t e s  i n  a c r y s t a l l i z e r .  The most promising metallic salt  

ammoniate, NaC1.n N H 3 ,  was examined, and i t s  phase diagram a t  pressures  

above the  WI3 l i q u i d u s  l i n e  was found t o  preclude obta in ing  s a t i s f a c t o r y  

s to rage  t empera tu res .  A system based upon complexing of sodium bromide 

(NaBr) with ammonia was chosen as the most promising f o r  f u r t h e r  study i n  

a prototype storage. experiment. 

1.2.3 I F e a s i b i l i t y  study of b inary  s o l u t i o n s  
( P r o j e c t  1 . 3 . 3 )  

Conjugating binary (CB) s o l u t i o n  i s  an a t t r a c t i v e  TES concept be- 

cause only the l i q u i d  phase is involved. Several  concepts are being 

s tud ied :  (1) a system with both an upper and lower c r i t i c a l  s o l u t i o n  

temperature,  ( 2 )  a s y s t e m  t h a t  forms a c l a t h r a t e  at  a lower temperature 

and a so lu t ion  a t  a higher  temperature,  and ( 3 )  a CB p a i r  i n  which one of 

t he  f l u i d s  becomes s u p e r c r i t i c a l  when heated. Several  promising systems 

have been i d e n t i f i e d  Experimental determinat ion of the  s torage  charac- 

ter is t ics  of such systems, however, remains t o  be implemented. One com- 

pound, propylene carbonate ,  was  i nves t iga t ed  a n a l y t i c a l l y .  Heat o f  mix- 

ing of propylene carbonate  and water was est imated from e x i s t i n g  mutual 

l i qu id - l iqu id  s o l u b i l i t y  data and a n a l y t i c a l  r ep resen ta t ions  of t he  com- 

p o s i t i o n  and temperature v a r i a t i o n  of the  a c t i v i t y  c o e f f i c i e n t s  of t he  
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two components. 

t e m  was determined and found t o  be promising. 

Thus, an estimate of the  s to rage  c a p a b i l i t y  of t h i s  sys- 

1.2.4 Ice/ c l a t h r a t e  systems fo r  seasonal  a p p l i c a t i o n s  
( P r o j e c t  3 . 1  e 1) 

A prototype seasonal  ice s to rage  sys t em under i n v e s t i g a t i o n  at 

Argonne Nat ional  Laboratory (ANL) is based upon a hea t  pipe using r e f r i g -  

e r a n t  R-12 t o  make ice throughout the win ter  season f o r  summer a i r  con- 

d i t i o n i n g .  The f e a s i b i l i t y  of an I c e / c l a t h r a t e  hybrid system was  inves- 

t i g a t e d .  The economics of such a system, however, were found t o  be less 

favorable  than t h a t  of a pure ice s to rage  system. 

1.2.5 G a s  c l a t h r a t e s  f o r  heat  pump cool s to rage  
( Pro jec t  2.1.1) 

Ice-like gas c l a t h r a t e s  have been shown t o  have p o t e n t i a l l y  supe r io r  

performance over ice as a cool  s to rage  medium. The higher  f r eez ing  t e m -  

pe ra tu re s  a v a i l a b l e  with c l a t h r a t e s  of t he  conunon f luorocarbon r e f r i g e r -  

an ts  are favorable  t o  hea t  pump capac i ty ,  as w e l l  as t o  the  c o e f f i c i e n t  

of performance (COP). These materials have l a t e n t  hea ts  of fus ion  t h a t  

are comparable t o  t h a t  of ice,  thus maintaining the low s to rage  volume 

advantage of l a t e n t  hea t  s torage.  Use of the heat  pump r e f r i g e r a n t  as a 

component of t he  s to rage  medium allows the  p o s s i b i l i t y  of d i r ec t - con tac t  

hea t  t r a n s f e r  i n t o  storage, which r e s u l t s  in  t h e  increased e f f i c i e n c y  of 

the  hea t  pump cyc le .  The cont inuing i n v e s t i g a t i o n  of t hese  materials fo- 

cused on c l a t h r a t e s  of mixed r e f r i g e r a n t s .  By proper combination of re- 

f r i g e r a n t  R-11 and R-12, both the  pressure  and temperature a t  which the  

c l a t h r a t e  f o r m  have been optimized f o r  the  most e f f i c i e n t  and economical 

s to rage  systems. 

1 . 2 . 6  Form-stable, high-density polyethylene 
( P r o j e c t  2.7.1) 

Fie ld  s t u d i e s  of s o l a r  heat  s to rage  i n  cross- l inked polyethylene,  a 

material prev ious ly  developed under the  TES program, showed d e f i c i e n c i e s  

i n  material characteristics. The r a d i a t i o n  cross- l inking of polyethylene 

p e l l e t s  r e s u l t s  in  a semisol id  s ta te  of the "melted" p e l l e t ,  thus  render- 

ing  the  material s u i t a b l e  f o r  u s e  i n  a packed bed heat  s to rage  v e s s e l  



t h a t  allows d i rec t -contac t  beat: exchange i n t o  and out of s torage .  The 

degree o f  cross- l ink ing  t h a t  is r e l a t e d  t o  t h e  s t a r t i n g  material and ra- 

d i a t i o n  dose can be ad jus ted  t o  increase  the  form s t a b i l i t y  of the  melted 

phase of the  material. S tudies  were conducted t o  optimize the r a d i a t i o n  

condi t ion  v a r i a b l e s ,  as w e l l  as t o  compare e l e c t r o n  beam wltb g a m a  r a y  

r a d i a t i o n  on the  processed p e l l e t s '  thermal performance. 

1.2.7 Mathematical modeling of a PCM packed bed system 
(P ro jec t  5.2,1) 

An a n a l y t i e a l  d e s c r i p t i o n  of two-phase flow i n  a packed bed hea t  ex- 

changer w a s  developed i n  a previous program year.  The system c o n s i s t s  of 

d i r ec t - con tac t  hea t  exchange between an evaporating/condensing heat-  

exchange f l u i d  ( r e f r i g e r a n t )  and l a t e n t  hea t  s fo rage  material t h a t  i s  

p e l l e t i z e d  and encapsulated to  accommodate the  packed bed environment a 

An experimental  program, which u t i l i z e s  the  phase change material (PCM) 

pe l l e t s  developed under a previous ORNL TES program subcontract  ( i n  con- 

j unc t ion  with the  a n a l y t i c a l  e f f o r t ) ,  w a s  completed. Data obtained were 

used t o  v a l i d a t e  the accuracy of the model. 

1.2.8 Passive s o l a r  bu i ld ing  modeling ( P r o j e c t  5.1.1) 

A computer s imula t ion  code PCMSOL-1, f o r  a d i r ec t -ga in ,  passive 

solar  s t r u c t u r e  incorpora t ing  l a t e n t  hea t  s to rage  components has been de- 

veloped by ORNX,. It simulates  i n  small t i m e  s t eps  the  temperature and 

phase state of each s to rage  component of a bui ld ing .  It s u b s t a n t i a l l y  

extends the  s imula t ion  c a p a b i l i t i e s  of previous codes and incorpora tes  

PCM s to rage  and hea t  exchange with the  sun ( v i a  d i r e c t  'and d i f f u s e  g a i n ) ,  

t h e  sky ( v i a  sky r a d i a t i o n ) ,  and the  surrounding ambient air ( v i a  convec- 

t i o n )  and among i t s  own elements ( v i a  r a d i a t i o n  between wal l s ,  conduction 

hea t  t r a n s f e r  wi th in  the  s t r u c t u r e ,  and heat  exchange between i n t e r i o r  

a i r  and su r faces ) .  Experiments i n  a pass ive  s o l a r  test chamber are being 

conduccled to  provide v a l i d a t i n g  d a t a  for  t h i s  code. In add i t ion ,  t he  da ta  

are being used as i n d i e a t o r s  of improvements t h a t  can be incorporated 

i n t o  PCMSOL-1 t o  provide a more real is t ic  s imula t ion  o f  passive hea t ing  

from s torage ,  



1 .2 .9  Advanced pass ive  s o l a r  bu i ld ing  materials 
( P r o j e c t  3.1.2) 

. 

The concept of i nco rpora t ion  of PCM i n t o  bui ld ing  materials has re- 

ceived inc reas ing  a t t e n t i o n  because i t  provides an a t t r a c t i v e  a l t e r n a t i v e  

t o  the  use of aggregate  cons t ruc t ion  f o r  t he  a d d i t i o n  of thermal mass. 

The PCM concept lends  i t s e l f  t o  l igh tweight ,  lowvolume cons t ruc t ion  

techniques t h a t  a r e  more c l o s e l y  r e l a t e d  t o  s tandard bui ld ing  p rac t i ces .  

P a s t  r e sea rch  has revea led ,  however, s e v e r a l  problems t h a t  must be ad- 

dressed before  inco rpora t ion  of PCM i n t o  bui ld ing  materials is success- 

f u l :  (1)  incongruent mel t ing of PCM, (2) nuc lea t ion  requirements ,  

(3 )  vapor t ransmiss ion  through con ta ine r ,  and ( 4 )  corros iveness  of PCM. 

These problems were addressed i n  the  experimental  program completed t h i s  

year ,  A f e a s i b l e  system of pass ive  s to rage  based upon the  concept of re- 

p lac ing  t h e  i n t e r i o r  su r face  material ( i . e . ,  wallboard) of a pass ive  

solar room with panels  f i l l e d  with a l a t e n t  hea t  s to rage  medium has been 

demonstrated. Addit ional  improvements i n  the l a t e n t  heat  material are 

requi red  before  the  concept can be considered f o r  commercialization, how- 

ever .  

1.2.10 Sol id  s e n s i b l e  heat s to rage  (P ro jec t  4 * 3 . 1 )  

A p r o j e c t  of development of c a s t a b l e  o l i v i n e  TES br icks  f o r  res iden-  

t i a l  s to rage  furnaces  w a s  completed. Reductions i n  media c o s t s  because of 

t h e  use of domest ica l ly  a v a i l a b l e  r a w  materials, a less energy-intensive 

manufacturing process ,  and the  product ion of a media wi th  increased  ther -  

m a l  c apac i ty  and increased  l i f e t i m e  were sought.  

Ol iv ine  e a s t a b l e s  w e r e  developed w i t h  calcium al-uminate cement and 

wi th  sodium polyphosphate binders .  T e s t s  were conducted on s to rage  

b r i cks  containing millscale (magnet i te)  as a densi ty-  and heat-capacity- 

i nc reas ing  material. A monoli thic  cement-bonded s e c t i o n  conta in ing  a 

cast- in-place bea t ing  element w a s  t e s t ed ,  

It was shown t h a t  inexpensive,  r e l a t i v e l y  simple technology involv- 

i ng  o l i v i n e  concre tes  i s  f e a s i b l e  and provides oppor tuni ty  f o r  s m a l l  

bus iness  t o  p a r t i c i p a t e  i n  t h e  TES indus t ry  through u t i l i z a t i o n  of t h i s  

techno logy 
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2. TECHNICAL PROGRESS - RESEARCH 
AND DEVELOPMENT PROJECTS 

The major emphasis dur ing  t h i s  r epor t ing  year was on the  development 

of TES materials t h a t  could be adapted t o  systems t h a t  w i l l  provide supe- 

r i o r  hea t  t r a n s f e r  performance and a l s o  materials t h a t  explo i t  p rev ious ly  

undeveloped phase t r a n s i t i o n s  io achieve g r e a t e r  s to rage  e f f i c i e n c y  and 

d ua 1 - t e it1 p e r a t u re s t o rage cap ab  i 1 i- t y . 
2 e 1 Generic Assessments 

A thorough search  of phase change systems t h a t  might f ind  use as 

s to rage  media was conducted. Two areas w e s e  covered: hea t s  of hydra t ion  

and hea t s  of mixing. The approach w a s  t o  examine a l a r g e  range of pos- 

s i b l e  systems, using an understanding of t h e  fundamental phase change 

p r o p e r t i e s  of the  materials. As a r e s u l t ,  t h e  systems found promising 

probably sepresent  those a v a i l a b l e  f o r  s e r ious  cons ide ra t ion  as s t o r a g e  

men ia a 

2.1.1 Dual-temperature c l a t h r a t e s  (Pro jec t  1 . 3 . 1 )  

Pre l iminary  experiments1 w e r e  conducted t o  determine the e f f e c t s  of 

a d d i t i v e s  t o  wa te r l r e f  rigerant R-12 systems on the  upper i n v a r i a n t  quad- 

r u p l e  poin t  Q2 of c l a t h r a t e  formation. There are hydra te  systems, s i m i -  

lar t o  the  f r e o d w a t e r  systems, known fo r  var ious  a l k y l  ammonium salts 

i n  which the  anion is bound i n t o  t h e  water cage and t h e  a l k y l  ammonium 

c a t i o n  i s  encapsulated e 

It w a s  p ro jec ted  t h a t  combining a l k y l  ammonium salts with R-12 would 

provide a d d i t i o n a l  s t a b i l i z a t i o n  of t he  hydra te  c l a t h r a t e  because of both 

t h e  s a l t  binding i n t o  the  framework of t he  c l a t h r a t e  and t h e  e f f e c t  of 

a l k y l  cha ins  holding i t  toge ther  by in t e r tw in ing  the  c a v i t i e s  of the hy- 

d r a t e  framework. 

S tud ie s  of the e€€ect of chain l eng th  of the  salt  with t h e  anion 

kept  cons tan t  were c a r r i e d  out. Varying the l eng th  of the  cha in  w a s  ac- 

complished by add i t ions  i n  tu rn  of tetramethyl.  ammonium, t e t r a e t h y l  am- 

monium, and tetra-i l-butyl ammonium while keeping the  anion cons tan t  as 
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iodine. The progressively higher chain lengths showed the desired ef f ect 

on both Q1 and Q2, the tetra-q-butyl ammonium giving Q1 of 8.5"C and Q2 

of 16.5OC. 

Substitution of F- for I- as the anion accomplished the expected in- 

crease in Q2. 

over I-. 
however, tetra-n-butyl ammoniate gave an increase of Q2 from 16.5 to 

22°C. 

tems, however. 

This is due to the increase in H-bonding strength of F- 

The results using tetramethyl ammoniate were not consistent; 

Fluoride is not a practical material for commercial heat pump sys- 

Additional experiments with sulphonates as the anion were con- 

ducted. 

p-toluenesulphonate was substituted for I in tetraethyl ammoniate, 

although the sulphonate might be expected to deform and, thus, weaken the 

hydrate lattice. The use of sulphonates would be desirable because of 

their low toxicity and availability as surfactants. 

There was no change in the temperature of the Q2 point when 

A final study compared trimethylphenol ammoniate bromide with the 

previous tetramethyl ammoniate Iodide system. The result was a signifi- 

cant increase in Q2 from 13 to 17OC. 

None of the results with R-12 gave a 42 temperature high enough for 

heat storage. Much additional work remains before the success of the 

useful modification of the clathrate characteristic with additives can be 

judged 

2.1.2 Dual-temperature ammoniates (Project 1 . 3 . 2 )  

Complex compounds under investigation for dual-temperature energy 

storage consist of a metal-inorganic salt as the central atom and a 

ligand - such as MI3,  H20, or methanol - that is coordinated around the 
salt atom. The most common complexes are hydrates and ammoniates with 

water and ammonia as the ligand( s ) .  The thermochemical reaction between 

the solid salt and the gaseous ligand cycles from an endothermic phase to 

an exothermic phase. Exothermically, the heat evolution during the ad- 

sorption of the ligand gas is used for heating purposes. The endothermic 

desorption reaction yields the refrigeration cycle. 

Because of different vapor pressures for different complexes and li- 

gands, the reaction between two paired complexes or one complex and the 
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p l a i n  l igand proceeds without an e x t e r n a l  d r iv ing  force .  

a c t i o n ,  the  charging process ,  is performed with a gas  compressor during 

off-peak power periods.  Since both processes ,  charging and d ischarg ing ,  

are explo i ted  f o r  cool ing or hea t ing ,  t he  system can be operated as a 

monovalent heat  pump 

The reverse  re- 

The main advantage of complex compounds over conventional working 

f l u i d s  such as f reons  or  a l coho l s  is the supe r io r  r eac t ion  energy gen- 

e ra t ed  compared with t h a t  produced by the  mere condensation or evapora- 

t i o n  process .  The hea t  evolu t ion  and d i s s o c i a t i o n  energ ies  i n  the  air- 

condi t ion ing  temperature range are 70 t o  90% higher  than the  r e spec t ive  

phase change of the  pure l igand.  

Two concepts have been evaluated.  Concept A, u t i l i z i n g  a s i n g l y  

complexing ammoniate, i s  i l l u s t r a t e d  i n  F ig .  2. Storage temperature 

l e v e l s  are determined by the  opera t ing  pressure  i n  the  cy l inde r ,  and 

phase behavior is t h a t  occurr ing across  the  complexing li.ne above the  NNQ 

l i q u i d u s  l i n e  so t h a t  a so l id - l iqu id  r e a c t i o n  is obtained. Data i n  the  

ORNL---DWG 84-5626 ET0  Jt w 

CYLINDER 

- SUMMER CHARGING 
--- WINTER CHARGING 

Fig. 2. Concept A - dual-temperature s to rage  system. 
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d e s i r e d  r eg ion  were obtained for NaC1-n NH3,  t h e  only compound t h a t  has a 

coord ina t ion  s t e p  i n  the  l i q u i d  phase at  a temperature of i n t e r e s t  f o r  

heat  pump s to rage .  The equ i l ib r ium l i n e ,  determined as shown i n  Fig. 3, 

has  the  wrong s l o p e ,  and complexing above a temperature of -9.6"C cannot 

b e  achieved. 

Concept B, i l l u s t r a t e d  i n  Fig. 4, r e q u i r e s  mul t ip l e  complexing am- 

moniates with s u i t a b l e  t r a n s i t i o n  temperatures ob ta inab le  by v a r i a t i o n  of 

s t o r a g e  pressure.  One hundred seventy-nine a m i n e  complexes were evalu- 

a t e d  f o r  t h e i r  a p p l i c a b i l i t y  t o  a s t o r a g e  system based upon t h i s  concept. 

Five were s e l e c t e d  f o r  experimental  study: 

L i C l  3-4 NH3 

NaBr  0-5 NH3 

CaC12 4-8 NH3 

'BaC12 0-8 NH3 

CaF2 H 2 0  1-5 NH3 

10.0 

5.0 

L 
PD n 2.0 

111 
- 

1.0 

0.5 

ORNL-DWG 86C-4@62 EfD 

I 1 . 

a 
.i \ 

\ \ 
\ 
\ *\ 

\ 

I I I I I I I \ 
J 

300 290 280 270 260 250 240 230 220 

TEMPERATURE (K) 

Fig. 3. Vapor p re s su re  of NaC1.n NH3. 
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ORNL-DVIG 04-5628 ETD 

COMPR ESSO R 

DEVICE 

- SUMMER CHARGING 

WINTER CHARGING 

Fig. 4 .  Concept 8 - dual-temperature s to rage  system. 

These materials were s tudied  t o  determine, as requi red ,  energy dens i ty ,  

chemical s t a b i l i t y ,  and appropr ia te  ammoniation s t e p s .  In  a d d i t i o n ,  

t o x i c i t y  w a s  a cons idera t ion  f o r  f u r t h e r  s e l ec t ion .  

Figure 5 d e p i c t s  a system with opt ions  f o r  hea t ing  or cool ing during 

both charging and d ischarg ing  of s torage .  During the  hea t ing  season,  

off-peak charging of s torage  is by desorp t ion  of NHg through opera t ion  of 

t he  compressor. The bui ld ing  is heated by the  condenser c o i l  as i n  a 

conventtonal hea t  pump system. On-peak hea t ing  is through the hea t  

evolved by complex formation. NH3 flows from the  s torage  vesse l  through 

the  evaporator  c o i l  t o  the  s a l t  s torage  vesse l .  

Suamer off-peak charging i s  sitnllar t o  bui ld ing  cool ing by the  de- 

so rp t ion  process and heat r e j e c t i o n  by the condenser c o i l .  On-peak cool- 

ing is  by the  d ischarge  of s to rage  through the  evaporator  c o i l .  

The add i t ion  of a ground hea t  exchanger w i l l  improve the  o v e r a l l  ef- 

f i c i e n c y  o f  the  system. Figure 6 shows the u s e  of the  r e l a t i v e l y  con- 

s t a n t  temperature present  i n  the  ground on the  s e v e r a l  opera t ing  modes of 

t he  system. A v a i l a b i l i t y  of a s u i t a b l e  area f o r  a ground hea t  exchanger, 

as w e l l  as the economic trade-off between increased performance and in- 

creased c o s t ,  must be considered. 
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OUNL-DWG 85-4953 ETD 
OUTDOOR COIL (SI 
INDOOR COIL (W) 

OUTDOORHEAT 
EXCHANGER 

S =SUMMER COOLING 
W = WINTER HEATING 

I EVAPORATOR COMPLEX 
COMPOUND 

INDOOR COIL ( S )  

OUTDOOR COIL (W) 
OUTDOOR COIL (SI 
INDOOR COIL (W) 

DURING DISCHARGE 

(1) -+ (2) DISCHARGING = HEATING WITH COMPLEX COMPOUND AND COOLING WITH LIGAND 
13) + (4) OFF-PEAK CHARGING 

Fig. 5. Monovalent s to rage  system. 

Severa l  conceptual designs are poss ib le  f o r  the  a p p l i c a t i o n  of t he  

substances inves t iga t ed  under concept B. The valence of the  system i s  

one of the  major criteria for the  s e l e c t i o n  of the  concept. A monovalent 

hea t  pump is  a stand-alone system; a b iva len t  hea t  pump, however, re- 

q u i r e s  a supplemental  heat source under c e r t a i n  ambient condi t ions .  

~ .. . . . 
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0 R N L .--OWG 85 --4954 

GHOUND HEAT 
EXCHANGER 

COMPOUND 

E T 0  

SUMMER COOLING _____ WlNrER HEATING ~ __I_..-. 
DISCHARGE CHAR G E D I S C H A R G E  CHARGE I 

NH3 TANK GROUND HEAT GROUND HEAT 

CONDENSER GROlJND HEAT 

EXCHANGER EXCHANGER 

- INDOOR COIL 
EXCHANGER 

GROUND HEAT - EVAPORATOR INDOOR COIL 

COMPLEX CONTAINFR GROUND HEAT INDOOR COIL INDOOR COIL GROUND HEAT 
EXCHANGER 

EXCHANGER EXCHANGER 

Fig. 6 .  Monovalent s torage  system with ground hea t  exchanger. 

If the  hea t  pump/storage system i s  t o  be operated as a b iva len t  sys- 

tern toge ther  with a conventional hea te r  QII a i r  cond i t ione r ,  t he  t echn ica l  

requirements are l o w  compared with those of monovalent operat ion.  On t h e  

o the r  hand, s ince  the  heat pump elements such as the compressor, evapora- 

t o r ,  condenser, expansion va lve ,  r eac t ion  con ta ine r ,  and l igand con ta ine r  

are necessary f o r  both ope ra t iona l  modes, t he  capi ta l  investment f o r  a 

monovalent hea t  pump/ s to rage  system ~v- i .11  be considerably lower than f o r  a 

b iva len t  system. 

The thermodynamic requirements of the working f l u i d  a r e  e a s i e r  t o  

f u l f i l l  with the  b iva l en t  system. The e f f i c i e n c y  of the  hea t  pump i s  ap- 

proximately the  same f o r  monovalent and b iva len t  opera t ion  at  moderate 

temperature condi t ions .  I n  extreme weather condi t ions ,  when the b iva len t  

system switches to  the  convent ional  hea t e r  or cooler ,  the COP of the  
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monovalent sys t em decreases ,  but  i t  s t i l l  remains i n  t h e  heat pump mode 

wi th  a COP >l. 

Although the  requirements f o r  the  working f l u i d  are more d i f f i c u l t  

t o  f u l f i l l ,  t he  program f i r s t  concentrated on a monovalent des ign  s i n c e  

in t he  research  and development of t he  las t  5 t o  10 yea r s ,  numerous bi-  

v a l e n t  systems t h a t  never en te red  the  market because of the  requi red  high 

capi ta l  investment have been developed. 

1. 

2. 
3 .  

4 .  

and 

The fol lowing requirements were assumed: 

opera t ion  of the  machine i n  hea t ing  and cool ing mode, 

ope ra t ion  from -25 t o  +45'C ambient temperature ,  

off-peak s to rage  c a p a b i l i t y  from 7 t o  37°C or b e t t e r  ambient tempera- 

t u r e ,  and 

off-peak cool ing and hea t ing  c a p a b i l i t y  i n  the  t empera tu re  range of 

NO. 3 .  

I n  some a p p l i c a t i o n s ,  however , t he  c a p a b i l i t y  of off-peak hear ing 

cool ing is not  necessary.  Design changes f o r  such a p p l i c a t i o n s  

should not  cause major hardware recons t ruc t ion .  The sys t em must be e a s y  

t o  adapt ,  and the  COP should i n c r e a s e  wi th  decreasing hea t ing  or  cool ing 

loads.  

I f  groundwater, a l ake ,  o r  a r i v e r  is a v a i l a b l e ,  the  outdoor heat  

exchanger should be connected t o  these  sources.  Ground hea t  exchangers 

are a l s o  poss ib l e  i f  t h e r e  is no water ava i l ab le .  The c a p i t a l  investment 

f o r  t h i s  type of hea t  exchanger,  however, I s  very high. Figure 6 d e p i c t s  

a concept of a monovalent system with a ground heat  exchanger. The 

ground temperature is assumed t o  be 15°C f 2°C. The disadvantage of a 

c o s t l y  ground hea t  exchanger is o f f s e t  by the  advantage of a moderate 

temperature l i f t .  The des ign  al lows f o r  off-peak hea t ing  and cool ing,  

The r egu la r  hea t  pump cycle guarantees  convent ional  opera t ion  and avoids  

shutdown per iods  necessary t o  reach the  new opera t ion  temperatures i n  t h e  

r e a c t i o n  and l igand  con ta ine r  a f t e r  t he  completion of t he  adsorp t ion  or  

desorp t ion .  Space hea t ing  systems, however, are usua l ly  s lugg i sh ,  and 

t h e i r  heat: capac i ty  can a l low a moderate shutdown period. A promising 

working f l u i d  f o r  t h i s  concept based on a ground hea t  exchanger i s  NaBr-n 

NH3 
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A concept t h a t  can opera te  without a ground heat exchanger is de- 

p ic ted  i n  Fig. 5. The thermodynamic requirements are much higher  than 

f o r  the  previous designs because an in te rmedia te  temperature of 15°C is 

not a v a i l a b l e .  Thus, the  hea t  pump must provide the  f u l l  temperature 

l i f t  between the  evaporator  and the condenser. Poss ib le  working f l u i d s  

f o r  t he  design as depic ted  in Fig. 5 a r e  CaClZmn N H 3 ,  N a X a  N H 3 ,  and 

BaC12.n NH3. Calcium ch lo r ide  (CaC1) and sodium iodide (NaI) have very 

good off-peak hea t ing  and cooling c h a r a c t e r i s t i c s .  The charging process  - 
desorp t ion  of t he  complex - however, r equ i r e s  a high-pressure l i f t  i f  the  

complex is  t o  be explo i ted  for cooling and hea t ing  purposes during t h i s  

phase. 

Figure 7 a e p l c t s  the  dichotomy of the pressure  l e v e l s  i n  a heat  

pump. For an off-peak opera t ion  a pressure  d i f f e r e n c e  of -0.7 t o  1 bar  

i s  needed between Plow 

t h e  r e spec t ive  substances (substance 1 and substance 2 )  are a p a r t ,  the  

b e t t e r  the  off-peak opera t ion  but the less eEf i c i en t  the  charging. There 

are two poss ib le  s o l u t i o n s  t o  t h i s  problem: 

and Phigh 1. The f u r t h e r  the vapor pressures  of 

1. optimize the p r e s s u r e  r e l a t i o n  by f ind ing  t h e  i d e a l  substance o r  

2. use the  conventional cycle  during the  charging and maintain a c e r t a i n  

temperature i n  the  r e a c t i o n  v e s s e l  by u t i l i z i n g  the  compressor heat .  

ORHL-OWG esc-4056 ETO 

Plow 1 

Phigh 2 

Plow 2 

SUBSTANCE 1: LIGAND 
SUBSTANCE 2 COMPLEX COMPOUND 

Fig. 7. Pressure  l e v e l s  of complex-compound heat  pump. 

--- 
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For the  opt imiza t ion  of the pressure  r e l a t i o n ,  substances with a 

h igher  vapor pressure  than CaC12-n NH3 and a lower vapor pressure  than 

NaBrOn NH3 have t o  be found. Therefore ,  NaI w a s  i nves t iga t ed .  Its vapor 

pressure  is s l i g h t l y  higher  than C a C 1 2 ,  but , unfor tuna te ly ,  t he  inc rease  

over CaC12 is not  as high as predic ted  by Nernst.2 

s u i t a b l e  substance is  cont inuing.  

A search  f o r  a more 

The concept chosen, however, does not r e q u i r e  any in te rmedia te  t e m -  

pe ra tu re  and, t h e r e f o r e ,  no ground hea t  exchanger. A modif ica t ion  of 

t h i s  concept,  depic ted  i n  Fig. 8 ,  allows the  compressor t o  be used f o r  

adsorp t ion  and desorp t ion  processes.  This f u r t h e r  a l lows f o r  an adsorp- 

t i o n  r e a c t i o n  with NaBr-n MI3 even a t  extreme t empera tu res .  

requirements of t he  d ischarge  process ,  however, w i l l  not be equal  t o  zero 

but w i l l  use some input .  

The power 

Figure 9 d e p i c t s  the  power requirements f o r  t h i s  concept and t h e  re- 

s u l t i n g  modif icat ion.  The h igher  v e r s a t i l i t y  of the modified concept ,  

which guarantees  an ope ra t ion  even at  extreme temperatures ,  w i l l  se rve  

t h e  load l e v e l i n g  at  a l l  weather condi t ions .  

when t o  m i t c h  t o  the  convent ional  NJ33 cycle  without s torage  c a p a b i l i t y  

can be based on the  process  e f f i c i e n c y  r a t h e r  than the  thermodynamic 

l i m i t s  of the  chemical r eac t ion .  

Therefore ,  the  dec i s ion  of 

ORNL-DWG 85-4956 ETD 

Fig. 8. Modified hea t  pump s to rage  concept. 
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Fig. 9 .  Power requirements.  

I n  add i t ion  t o  the  concepts using one complex and the  p l a in  l igand ,  

two paired complexes a l so  can he explo i ted  i n  a hea t  pump s to rage  concept 

(see Fig. lo ) .  The disadvantage of shutdown t i m e s  of -10 min between 

each adsorp t ion  and desorp t ion  can be overcome by two a l t e r n a t e l y  opera t -  

ing  conta iner  systems. 

Poss ib l e  working media p a i r s  can be composed with NaBren NH3 as the 

high-pressure substance and CaC12.n NH3 o r  NaX-n NK3 as the low-pressure 

subs t ance . 
This  system can a l s o  be operated with p l a i n  NH3 as the  high-pressure 

substance.  An a d d i t i o n a l  condenser/evaporator hea t  exchanger inc reases  

the  e f f i c i e n c y  because hea t  capac i ty  losses i n  the ammonia tank can be 

avoided. 

The e f f i c i e n c y  improvement of a ground heat exchanger, op t iona l  f o r  

a l l  systems, is being examined with a computer s imulat ion.  

2 . 1 . 3  F e a s i b i l i t y  s tudy of binary so lu t ions  (P ro jec t  1.3.3) 

Four ca t egor i e s  of CB so lu t ions  were inves t iga t ed  and assessed fo r  

p r a c t i c a l  dual-temperature heat  s to rage  systems. The ca t egor i e s  were 
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Fig. 10. Concept using two paired ammoniated salts. 

C B s  capable of c l a t h r a t i o n  and/or monotectic r e a c t i o n ,  closed-loop CBs,  

l i q u i d  or  s u p e r c r i t i c a l  gas  C B s ,  and high-temperature CBs.  

C B s  t h a t  undergo endothermic solution ( h i l l - t y p e  CB behavior) at the 

h igher  temperature c l a t h r a t e  and/or monotectic r e a c t i o n  at the  lower t e m -  

pe ra tu re  appear  most l i k e l y  t o  be adaptab le  t o  practical dual-temperature 

TES f o r  app l i ca t ions  such as bui ld ing  hea t ing  and cool ing.  An economic 

a n a l y s i s  of a r e p r e s e n t a t i v e  CB i n  t h i s  category f o r  load-level ing appl i -  

c a t i o n s  i n d i c a t e s  promise. In the high-temperature range, the CB- 

monotectic system Na-NaC1 compares favorably  economically wi th  systems 

based on s e n s i b l e  and l a t e n t  hea t  of Eusion systems. Enhanced hea t  

t r a n s f e r  rates because of avoidance of c r y s t a l  growth on hea t  t r a n s f e r  

su r f aces  dur ing  c l a th ra t e /mono tec t i c  o r  CB phase change should consider-  

ab ly  improve these  pre l iminary  economic p ro jec t ions  for CB systems. 
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The study also identified the CB-clathrate/monotectic systems of 

propylene carbonate plus water and sul fur  dioxide plus water that may be 

of eventual practical interest, 

Prior work on CBs has indicated that CBs are potentially very prorn- 

ising €or TES application~.~y5 

four categories with searches for practical CB systems and economic as- 

sessments of promising candidates: 

The present study concerned itself in 

1 .  

2. 

3. 

4 .  

CBs capable of clathration or monotectic reaction. Systems in this 

category would undergo clathration or monotectic reactions in the 5 

t o  10°C range and exhibit conjugation in the 30 to 50°C range. 

Closed-loop CBs with lower and upper critical solution temperatures 

(CSTs) in the 5 to 10°C and 30 to 5OoC ranges, respectively. 

CB systems utilizing either liquid or supercritical gases. Such sys- 

tems may possess exceptionally high heats of d x l n g  because of low 

molecular weights and unusual physical states. 

CBs for high-temperature applications. 

In a prior initial study of CB feasibility for  heat storagey4 the 

steps needed to calculate the amount of heat stored over a temperature 

interval were indicated. The tatal heat absorbed or liberated over a 

temperature interval from some temperature ‘E1 below the CST t o  some tem- 

perature Tp above the C S T  (Fig.  11)  consists o f  the following terms.” 

- (n4, + nO*) A H 0 )  -I- (n C + n C 1 (Tc - T 1 )  
a b MYT1 a pa ‘B 

where 

AHM = heat of mixing, 

Cp = heat capacity, 

na, nb = number of moles of components A and B, 

prfmes = values of the above as mole fractions X, XO, and X” (as 

shown in Pig. 1 1 ) .  
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Fig. 11.  Phase diagram fo r  h i l l - t y p e  CB. 

Equation 1 i n d i c a t e s  t h a t  t he  t o t a l  hea t  of mixing over a tempera- 

t u r e  i n t e r v a l  T 1  + T2 may be more o r  less than the  heat of mixing a t  Tc, 

depending on the  s igns  and magnitudes of the hea t s  of mixing and the  de- 

gree  of s epa ra t ion  a t  T1. 

are expected t o  be of minor s i g n i f i c a n c e  over small temperature i n t e r -  

va l s .  

The con t r ibu t ions  of the  heat  capac i ty  terms 

Heats of mixing a t  compositions g r e a t l y  removed from the  composition 

a t  the  CST are gene ra l ly  very small. Thus, the  necess i ty  of having a CB 

phase diagram (Fig. 12)  of Type 1 ,  as opposed t o  Type 2 ,  is reemphasized 

(Ref. 4) .  

Heat of mixing values  as a func t ion  of temperature can vary  i n  

s e v e r a l  ways, depending on the  p a r t i c u l a r  p a i r  and concent ra t ion  of com- 

ponents involved. Alcohols with water, f o r  example, show hea t s  of mixing 

t h a t  a c t u a l l y  change sign depending on concent ra t ion  (Fig. 13) .  Unfortu- 

n a t e l y ,  da t a  on hea t s  of mixing as a func t ton  of temperature and concen- 

t r a t i o n  are very scarce. 

An o v e r a l l  i dea  of the s to rage  behavior of a CB system can be gained 

from cons ide ra t ion  of t h e  Cp vs temperature  curve. 

t u r e  curves  f o r  some CBs have appeared i n  t h e  l i t e ra ture  (e.g., Refs. 6 

and 7) .  The form of the  curves is gene ra l ly  shown i n  Fig. 14. From a 

A few C vs ternpera- 
P 
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Fig.  12. Types of CB phase diagrams. 
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Fig .  13. Excess enthalpies of mixing of alcohols and water at 25’C. 
F. Franks, Physfco-C?zern~%?al Processes in Mixed Aqueous Solvents, Source: 

American Elsevler  Publishing Company, Inc., New York, 1967. 
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Fig. 14. Generalized C vs T curves €or  a CB. P 

t h  

as f o r  a l iquid-vapor cr i t ical  t ransformation.  

vapor case extends t o  i n f i n i t y .  Experimentally determined C curves  f o r  

CBs  g e n e r a l l y  show (Fig. 15) a merged o r  i n d e f i n i t e  l i n e  a t  T,. 

t he re fo re ,  t he  fol lowing procedure is c a l l e d  f o r :  

r e t i ca l  poin t  of view, the  form of the  curve is s a i d  t o  be the  s a m e  

The peak i n  t he  l i qu id -  

P 

To ob ta in  the  t o t a l  hea t  s to red  over the  t empera tu re  i n t e r v a l ,  

= iTc C dT + JT2 C dT + . 
AHs t ored P P 1 C 

ORNL-DWG 85-4963 ETD 
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Fig. 15. Experimental C v s  T curves €or  a CB. P 



26 

The A term rep resen t s  a l a t e n t  hea t ,  t h a t  i s ,  a hea t  s to red  or l i b e r a t e d  

a t  the  constant  temperatures near the Tc. 

formative about l i k e l y  magnitudes of l a t e n t  hea t s  assoc ia ted  with CB 

phase t ransformations.  CB systems with phase diagrams of Type 1 (Fig.  

12), however, would be expected t o  have a higher  l a t e n t  hea t  than those 

of Type 2 because of the  obvious g r e a t e r  ex ten t  of mixing or  unmixing 

near the  CST i n  the  case of Type 1 systems. 

The l i t e r a t u r e  is very unin- 

2.1.3.1 C la th ra t e  CB systems. Water and t e t rahydrofuran  (THF) form 

a c l a t h r a t e  hydra te ,  THF.17 H20, which has a Q2 i n v a r i a n t  temperature of 

4 . 4 O C  at -1 a t m  (Ref. 8). The Q2 i n v a r i a n t  temperature is the  tempera- 

t u r e  where s o l i d  c l a t h r a t e ,  two immiscible l i q u i d  phases,  and one gaseous 

phase coex i s t  i n  equi l ibr ium. The enthalpy change f o r  the  r e a c t i o n  

Hydrate -f Liquid 1 + Liquid 2 

is reported as 19.5 kcal/mol (215.8 J /g )  (Ref. 9). 

The conjugat ing behavior of t h e  water p lus  THF system is shown i n  

Fig.  16 a t  a pressure  s l i g h t l y  above atmospheric. The increased pressure 
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Fig. 1 6 .  Phase diagram fo r  water and te t rahydrofuran .  Source: 
D. W. Davidson, "C la th ra t e  Hydrates ," pp. 115-234 i n  Water: A Comprehen- 
s i v e  Treatise, Vol. 2 ,  Plenum Pres s ,  New York, 1973. 
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i s  requi red  because the  temperature region of immisc ib i l i t y  is above t h e  

b o i l i n g  temperatures  of the w a t e r / T H F  mixtures.  

The hea t  of mixing c h a r a c t e r i s t i c  of t he  water/THF system i n  the i m -  

m i s c i b i l i t y  region is not known but is probably on the  order  of -20 J /g .  

A t  25'C the  hea t  of mixing i s  -28 J /g  (Ref. 10). 

The CB c h a r a c t e r i s t i c s  of the  water /THF system appear marginal f o r  

p r a c t i c a l  a p p l i c a t i o n s  because the  lower CST is  somewhat too high (-7 1°C)  

and the  heat  of mixing not very high. However, t he  add i t ion  of a s u i t -  

a b l e  t h i r d  l i q u i d  t o  the  system may overcome the weaknesses of the  sys- 

t e m .  

Water p lus  s u l f u r  d ioxide  (SO21 forms a c l a t h r a t e  hydra te  wi th  a 42 

temperature of 12.loC a t  a pressure  of 2.33 a t m  (Ref. 11). At a pressure  

of 1 a t m ,  the  decomposition temperature of the  gas  hydrate  i s  6.8"C. The 

system a l s o  e x h i b i t s  CB behavior ,  as shown by the  phase diagram i n  Fig.  

17. 

ak in  t o  the  formation of a s o l i d ,  pure component and a l i q u i d  from two 

immiscible l i q u i d s  (monotect ic  phase change) d iscussed  i n  Sect. 2.1.3.2. 

The formation of the hydrate  from two immiscible l i q u i d s  is c l o s e l y  

Heats of c l a t h r a t e  hydrate  formation and cri t ical  mixing have not 

been loca ted .  These are expected t o  be l a r g e ,  however, because s u l f u r  

d ioxide  has a l a r g e  d ipo le  moment (1.61 debye). The CST of about 130'6 

i s  too high,  as is the required pressure  of 35 a t m ,  f o r  home hea t ing  ap- 

p l i c a t i o n s .  For commercial. app l i ca t ions ,  however, the  given temperature 

and pressure C h a r a c t e r i s t i c s  of CB behavior might prove very acceptab le  

f o r  c e r t a i n  cases. 

2.1.3.2 Monotectic CB systems. Systems t h a t  e x h i b i t  CB behavior 

o f t e n  a l so  show monotect ic  s o l i d i f i c a t i o n .  A genera l ized  phase diagram 

€or  t h i s  type of system is shown i n  Fig. 18. 

Cooling such a system a t  a cons tan t  rate from a s ing le - l iqu id  phase 

state (a t  a composition of 50% A + 50% B) would g ive  a temperature-time 

curve along the  l i n e s  shown i n  Fig. 19. 

The change i n  s lope  of t he  curves at  t he  ind ica t ed  po in t s  show the  

onse t  of t h e  s p e c i f i c  phase changes. The do t t ed  s t r a i g h t  l i n e  i n d i c a t e s  

t h e  temperature drop i f  no phase changes occurred. The monotectic phase 

change would g e n e r a l l y  be expected t o  be capable of s t o r i n g  a substan- 

t i a l l y  g r e a t e r  amount of heat than the CB phase t r a n s i t i o n .  
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Fig. 17. Phase diagram of the water plus SO2 system. 
E. Terres and I. G. Ruhl, "Untersuchungen uber das binary System 
Schwefeldioxyd-Wasser . Z w e i  Modifikationen des f esten SO2 ," Ang~u. Chem. 

Source: 
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Fig. 18. Typical phase diagram f o r  a monotectic CB. 



29 

O R N L  D W G 8 5  4961 ETD 

I \ 

E 
3 

W 

+- 
a 
u1 P 
5 

MONOTECTIC 
a PHASE CHANG€ \ 

\ 

\ 

TIME 

Fig. 19. Representa t ive  Cooling curve f o r  a monotectic CB. 

One system t h a t  appears  promising f o r  dual-temperature s torage  con- 

sists of propylene carbonate  and water (phase diagram shown in Fig. 20). 

Heats of mixing d a t a  f o r  the  system were not  found, but they are ex- 

pected t o  be s u b s t a n t i a l .  Ethylene carbonate has a heat  of mixing with 

water of 145 J/g a t  2T°C.10 

2.1.3.3 Closed-loop CBs. In t h i s  category,  none of the  systems re- 

viewed had lower and upper temperatures i n  the  r i g h t  range. Also, the 

materials involved g e n e r a l l y  were f a i r l y  e x o t i c  and, thus ,  un l ike ly  t o  

q u a l i f y  f o r  p r a c t i c a l  CB systems on the  bas i s  of e i t h e r  cost, s t a b i l i t y ,  

o r  nontoxic i ty .  

2.1.3.4 Higher pressure  CB systems. The recent  i n t e r e s t  i n  supe r -  

cr i t ical  f l u i d s  f o r  e x t r a c t i o n  purposes raises the  ques t ion  of whether 

unique,  p r a c t i c a l  CB systems might exist  i n  which one or  both of the  

f l u i d s  are e i t h e r  a condensed gas ( l i q u i d )  o r  a s u p e r c r i t i c a l  f l u i d .  A 

review of the  l i t e r a t u r e  revealed t h a t  the  fol lowing types of CB systems 

are poss ib le :  

L~ + L~ 2 L~ o r  S C F ~ ,  

L~ + S C F ~  t' L or S C F ~  , 
S 

SCFl $- SCF, 2 SCFs , 
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Fig. 20. Phase diagram f o r  propylene carbonate-water. Source: 
N. F. Ca the ra l l  and A. G. Williamson, “Mutual S o l u b i l i t i e s  o f  Propylene 
Carbonate and Water,” J .  &em. Eng. %&tu 16 (1971). 

where I, s tands  f o r  l i q u i d  phase, SCF f o r  s u p e r c r i t i c a l  f l u i d ,  and the  

s u b s c r i p t s  1, 2 ,  and s f o r ,  r e spec t ive ly ,  component 1, component 2, and 

so lu t ion .  In t he  cases of l i q u i d  mixing wllth s u p e r c r i t i c a l  f l u i d  or the  

mixing of two s u p e r c r i t i c a l  f l u i d s ,  the c r i t i ca l  temperatures are not  

c a l l e d  CSTs but j u s t  c r i t i ca l  temperatures ( C T s ) .  Some of the  common 

Eluids  t h a t  might be considered of i n t e r e s t  i n  t h i s  a r ea  are shown i n  

Table 1 .  

Most of the  da t a  found i n  t h i s  area are of no i n t e r e s t  t o  the  pres- 

e n t  study. The systems reported have been, fo r  the  most p a r t ,  those of 

t h e o r e t i c a l  i n t e r e s t  and those of i n t e r e s t  t o  t h e  petroleum indus t ry .  

The pressures  are, thus ,  too high or  the  hea t s  of mixing too low f o r  

present  purposes. For example, propane and methanol (50 w t  X of each) 

have a heat of mixing of 9.7 J /g  a t  298.15 K and 2985 kPa ( 3 0  a t m ,  433  

p s i )  (Ref. 12). 

2.1.3.5 High-temperature CBs.  Material ca t egor i e s  f o r  high t e m -  

pe ra tu re  s to rage  gene ra l ly  inc lude  the combinations metal plus  molten 

salt  plus  salt. The category of molten oxides ,  s i l i ca tes ,  phosphates,  
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Table 1. Some common f l u i d  candida tes  for 
higher  pressure  CBs 

Melting Boil ing Cr i t i ca l  Cri t ical  
Material poin t  po in t  pressure  temperature 

("a ( " C )  (atm) ("C) 

Carbon d ioxide  

Su l fu r  hexaf luor ide  

Ethane 

Propane 

Sulf u r  dioxide 

Ammonia 

Freon (CC1,F;I) 

Ethanol 

Water 

Butane 

I so bu t ane 

-78.5 

-56 a 0  

-172.0 

-189.89 

-75.46 

-77.74 

-155 * O  

-115 a 0  

0.0 

4 . 3 3  

-145 .O 

-78.56 

-63.8 

-88.28 

-44.50 

-10.02 

-33.35 

-30 .O 

78.32 

100 .o 
4 . 6  

-12.2 

72.9 

37.1 

48.3 

42 .O 

78.1 

112.3 

39.56 

63.0 

218 3 
37.47 

36.5 

31.3 

45.6 

32.9 

96.8 

157.6 

133 e 0  

111 e5 

243.0 

374.2 

152.0 

133.7 

etc., appears  unpromising because of high v i s c o s i t i e s  and s l o w  phase 

change k i n e t i c s .  The d e s i r a b i l i t y  of keeping the  molecular weights of 

t h e  c o n s t i t u e n t s  of a CB as l o w  as poss ib l e  t o  maximize the  hea t  of 

mixing n e c e s s a r i l y  restricts candida te  materials i n  t h i s  area t o  a l k a l i ,  

a l k a l i n e  e a r t h  metals, and t h e i r  molten salts. 

Most systems t h a t  appear a t  a l l  practical  d i sp l ay  monotect ic ,  as 

w e l l  as CB, phase change. Such systems should be a b l e  t o  s t o r e  much more 

hea t  than molten salt  systems t h a t  s t o r e  hea t  only by means of s e n s i b l e  

heat. I n  a d d i t i o n ,  high-temperature monotectic CB systems can o f f e r  an 

advantage over PCM systems because they can be designed t o  avoid c r y s t a l -  

l i z a t i o n  on hea t  t r a n s f e r  s u r f a c e s ,  a major problem i n  PCM systems. 

I n  summary, CB systems d i sp lay ing  the type of behavior depic ted  i n  

the  fol lowing equat ions  appear most l i k e l y  t o  be adaptab le  t o  p r a c t i c a l  

dual-temperature s to rage  systems fo r  app l i ca t ions  such as bui ld ing  heat- 

ing and cooling. 
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Bil l - type  CB behavior a t  higher  temperature t h a t  is, 

+4 
Liquid 1 + Liquid 2 C la th ra t e  I- Liquid , 

-7 

19 

Liquid 1 -+ Liquid 2 Sol id  1 +- Liquid 2 , 
'9 

where +q i n d i c a t e s  hea t ing  and -q, cooling. 

For lower temperature ranges the  system's  propylene carbonate  p lus  

water (upper CST -6Q"C, moiaotectic temperature approximately -5°C) and 

s u l f u r  dioxide and water (upper CST -13OOC and c l a t h r a t e  temperature 

-10°C) may eventua l ly  f ind  app l i ca t ions  i n  home o r  commercial hea t ing  and 

cooling. 

For  high-temperature a p p l i c a t i o n s  the  CB-mono tectic sys  tern sodium- 

sodium ch lo r ide  (Na-NaC1) appears promising. 

Closed-loop CB material systems appear t o  have too wide a tempera- 

t u r e  i n t e r v a l  between the  upper and lower cr i t ical  temperatures  t o  be of 

much value f o r  most practical  dual-temperature s to rage  app l i ca t ions .  

A l s o ,  the  materials involved are gene ra l ly  complex, expensive,  and tox ic .  

Data on CB systems of l i q u i d  o r  s u p e r c r i t i c a l  gases  are so scarce  

t h a t  a d e f i n l t e  conclusion on f e a s i b i l i t y  f o r  TES cannot be reached a t  

t h i s  time. The da ta  found, however, i n d i c a t e  i n t e r e s t i n g  p o s s i b i l l t i e s  

with e i t h e r  l i q u i d  or  s u p e r c r i t i c a l  po lar  gases  and some hydrocarbons, 

a l though containment a t  pressures  g r e a t e r  than c r i t i c a l  may be expensive. 

1. 

2. 

Prel iminary economic ana lyses  i n d i c a t e  t h a t  

CB-clathrate/monotec.tic sys t ems  are promising f o r  load-level ing ap- 

p l i c a t i o n s .  A payback period of 9 .3  years  i s  ca l cu la t ed  f o r  a repre- 

s e n t a t i v e ,  dual-temperature CB-clathrate/monotectic system coupled to  

a 3-ton hea t  pump. 

The CB-monotectic system sodium-sodium ch lo r ide  (Na-NaC1) compares 

favorably with a high-temperature s to rage  system based on s e n s i b l e  

hea t  s to rage  (sodium hydroxide) and l a t e n t  heat  of fus ion  s to rage  

(PCM pellet-packed bed). 
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It is expected t h a t  t h e  enhanced heat t r a n s f e r  rates t h a t  are real- 

i z a b l e  with CB-clathrate/monotectic systems because of avoidance of c rys -  

t a l  growth on hea t  t r a n s f e r  su r f aces  during the  c l a th ra t e lmono tec t i c  

phase change and because of the  t o t a l  l i q u i d  na tu re  of t h e  CB phase t ran-  

s i t i o n  should cons iderably  improve these  prel iminary economic pro j  ec- 

t i o n s .  

2.1.4 Liquid and s o l i d  s o l u t i o n s  (P ro jec t  1 . 3 . 4 )  

The propylene carbonate-water system was ident iEied  as having prop- 

erties matching t h e  requirements of dual-temperature s to rage ,  t h a t  i s ,  

s to rage  a t  two t empera tu res  appropr i a t e  for  both the  winter and summer 

seasons.  Data f o r  t he  hea t  of mixing of t he  system were not  a v a i l a b l e  

f o r  the  app l i cab le  temperature range. Therefore ,  values  of hea t s  of mix- 

ing were est imated f o r  propylene carbonate-water mixtures  i n  the  two l i q -  

u id  phase regions f o r  temperatures  t o  the  upper c r i t i c a l  s o l u t i o n  poin t  

(Tcs). 

sented by Ca the ra l l  and Wt l l i amsod3  and by Hong e t  a1.I4 

t h e  two sources  are not  i n  agreement, with Tcs reported as 61.1'C i n  Ref. 

13 and 71°C i n  Ref. 14. 

shown i n  Fig.  21 are considered t o  be more r e l i a b l e ,  but t h e r e  i s  some 

unce r t a in ty  concerning the  c o r r e c t  da ta .  

Mutual l i qu id - l iqu id  s o l u b i l i t y  d a t a  f o r  t h e  s y s t e m  were pre- 

The d a t a  from 

The va lues  from the  more recent  re ference  (14) 

The Van Laar equat ions  were u t i l i z e d  t o  r ep resen t  t h e  composition 

and temperature v a r i a t i o n  of t he  a c t i v i t y  c o e f f i c i e n t s  of the components 

f o r  t h i s  system. For t h i s  model, 

A1 2 
2 '  

Rn y1 = 

For l i qu id - l iqu id  equi l ibr ium,  
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X i  (MOLE FRACTION OF PROPYLENE CARBONATE) 

Fig. 21. Propylene carbonate-water material solubility. 

where xll and x12 are the mole fraction of propylene carbonate in liquid 

phases 1 and 2, respectively. 

The liquid-liquid phase data of Uong et a1.l4 were used to solve for 

values of 8 1 2  and A21 for temperatures from 30 to 72°C. The resulting 

values of A 1 2  and A 2 1  vary linearly with l / T  except for A12 in the vi -  

cinity of TcS, as shown in Figs. 22 and 23. 

The heat of mixing is determined from the temperature variations of 

the  activity coefficients as 

where R is the gas constant. 

Values of AHfrl at an overall composition XI = 0.2 (close to the 

critical composition) are presented below for temperatures between 30 and 

71°C. A t  Tcs I- 7loC, a value of AHbl = 33.7 Btu/ lb is calculated. The 
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corresponding d i f f e r e n c e s  i n  t h e  hea t  of mixing a t  T,, and a t  lower t e m -  

pe ra tu re s  i n  the  two l i q u i d  phase reg ions  range from 9.5 Btu / lb  a t  60°C 

t o  22.8 Btu/ lb  a t  30°C. This  d i f f e r e n c e  would r ep resen t  the  hea t  recov- 

ered on cool ing the  mixture  t o  the  lower temperature  and would be i n  ad- 

d i t i o n  t o  the  s e n s i b l e  heat: ga in  AH . The following a p p l i e s ,  assuming a 

hea t  capac i ty  of 0.5 Btu/lb"F for  propylene carbonate  : 
S 

60 0.088 0.435 22.15 28.5 24.2 9.5 

50 0.065 0.521 16.5 23.9 18.8 14.9 

40 0.051 0.599 12.3 19.7 14.4 19.3 

30 0.042 0.666 9.1 16.1 10.9 22.8 

71°C; x 1 = 0.2 ;  = 33.7 Btu/lb.  

The a n a l y s i s ,  however, i n d i c a t e s  t h a t  AH 

t o  40 Btu / lby  which would inc rease  the  d i f f e r e n c e s  i n  hea t s  of mixing 

presented i n  Table 1 by 2 t o  6 Btul lb .  

a t  T,, could be as high as 36 

The ind ica t ed  behavior i n  the  c r i t i c a l  region appears  t o  r e f l e c t  an 

inc rease  i n  the  hea t  capac i ty  of t he  mixture a t  t hese  condi t ions .  The 

hea t  capac i ty  i s  r e l a t e d  t o  t h e  en tha lpy  of the mixture as fo l lows:  

c =($) 
P 

PM 

Hildebrand and c o - w o r k e r ~ ~ ~  9 l6 measured heat  c a p a c i t i e s  i n  the  c r i t i ca l  

reg ion  f o r  s e v e r a l  mixtures  with upper and lower c r i t i c a l  s o l u t i o n  t e m -  

pera tures .  

f o r  higher  temperatures  , w a s  ind ica ted .  

exh ib i t ed  a smaller inc rease  i n  C f o r  a narrower temperature range i n  PM 
t h e  c r i t i c a l  region. In  the  la t ter  s t u d i e s ,  t h e  hea t  capac i ty  a t  t h e  

c r i t i ca l  composition was represented as 

A sharp  i n c r e a s e  i n  the heat  capac i ty  a t  Tcs, which p e r s i s t s  

More recent  experiments17, l8 

-a c = D + E &  y 

PM 



37 

where D and E are cons t an t s ,  E = ( T  - Tcs)/Tcss and 0.1 < 
phase equi l ibr ium d a t a  are not a v a i l a b l e  f o r  propylene carbonate/water  

mixtures  f o r  temperatures above TcS, hea t s  of mixing at higher  tempera- 

t u r e s  could no t  be est imated f o r  t h i s  system. 

< 0.2. Since 

A l i t e r a t u r e  search  was conducted f o r  phase e q u i l i b r i a  d a t a  f o r  t h e  

e thy lene  carbonate/water  system. Carbon et al. determined s e v e r a l  

p r o p e r t i e s  f o r  t h i s  s y s t e m  a t  4OoC, inc luding  d i e l e c t r i c  cons t an t s ,  v i s -  

c o s i t i e s ,  and d e n s i t i e s .  This system was reported to  be completely mis- 

c i b l e  a t  40°C and p a r t i a l l y  misc ib le  a t  room temperature.  The d a t a  were 

found t o  i n d i c a t e  an inc rease  i n  complexity of the  sys t em at  high concen- 

t r a t i o n s  of e thylene  carbonate.  Cunningham e t  determined phys ica l  

p r o p e r t i e s  fo r  t h i s  system at 25°C and f r eez ing  point  d a t a  ( s o l u b i l i t y  

l i m i t s )  f o r  -2 t o  36"C, the  f r eez ing  point  of e thylene  carbonate.  

Lakhanpal et a1 .2 

s u r e s ,  and hea t s  of s o l u t i o n  f o r  t h i s  sys tem.  

determined the  s o l u b i l i t y  l i m i t ,  equi l ib r ium pres- 

Zakirov22 measured d e n s i t i e s  and bo i l ing  po in t s  of s o l u t i o n s  of 

e thylene  carbonate  and water a t  25 and 4OoC. 

uns t ab le  hydra tes  were formed a t  high concent ra t ions  of e thylene  car- 

bonate. 

t e m  at  50°C, based on the  behavior of h i s  da t a  f o r  specif ic  hea t s  and 

hea t s  of so lu t ion .  

The r e s u l t s  suggested t h a t  

Celler23 a l s o  suggested the  formation of hydra tes  for this  sys- 

I n  Fig. 24 values  of the  s o l u b i l i t y  l i m i t s  f o r  t h i s  system from the  

d a t a  of Cunningham e t  al.*O are shown. 

conjunct ion  with the d a t a  f o r  hea t s  of s o l u t i o n  presented by Lakhanpal 

et a1.21 t o  estimate cool  s to rage  c a p a b i l f t i e s  f o r  t h i s  sys tem.  

i n i t i a l  condi t ion  was a sa tu ra t ed  s o l u t i o n  a t  1 5 ° C  (weight f r a c t i o n  of 

e thylene  carbonate  = 0.27) t h a t  i s  cooled t o  -2OC (weight Erac t ion  of 

e thy lene  carbonate  = 0.1). The hea t s  of mixing va lues  presented by 

Lakhanpal et a1.21 were cor rec ted  t o  account f o r  t he  hea t  of mel t ing of 

t he  s o l i d  component i n  the  so lu t ion .  The c a l c u l a t i o n s  i n d i c a t e  a s to rage  

capac i ty  of about 42 Btu / lb  of i n i t i a l  s o l u t i o n ,  compared t o  31 Btu / lb  

f o r  t he  s e n s i b l e  heat  of water. This value does not include any con t r l -  

but ion from the  formation of ice. It can be seen from Fig. 24 t h a t  t h i s  

system could provide e f f e c t i v e  hea t  s torage  c a p a b i l i t i e s  only at a high 

Thfs information was used i n  

The 
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Fig. 24. S o l u b i l i t y  l i m i t s  e thy lene  carbonate-water. 

concent ra t ion  of e thylene  carbonate.  For a combined heat  and cool s t o r -  

age system, the  l i q u i d  phase a t  the  lowest temperature i n  the  cool ing 

mode would have to  be separated from the  s o l i d  phase before use i n  the  

hea t ing  mode 

2.2 TES Media Development 

Several  s to rage  materials have survived the  i n v e s t i g a t i v e  assessment 

s t a g e  and remain as v i ab le  candida tes  f o r  development. P r o j e c t s  i n  t h i s  

category a re  aimed at def in ing  the  performance of TES media i n  a s p e c i f i c  

s to rage  system app l i ca t ion .  Three such p r o j e c t s  were pursued during t h e  

r epor t ing  period. Two are i n  the high-temperature, i n d u s t r i a l  waste hea t  

recovery area where major conservat ion gains  are t o  be poss ib le .  The 

t h i r d  p ro jec t  caddresses the cool s torage  requirement found i n  much of the  

summer a i r -condi t ion ing  regions of t h e  United S ta t e s .  

2.2.1 Gas c l a t h r a t e s  for heat  pump cool s to rage  
( P r o i e c t  2.1.1) 

Several  hea t  pump r e f r i g e r a n t s  form gas hydrates  ( 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 to rage  media f o r  hea t  pump 
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These i c e l i k e  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 torage .  

s t o r e s  energy as l a t e n t  hea t ,  thereby g iv ing  i t  an advantage of lower 

s to rage  volume over s e n s i b l e  hea t  s to rage  i n  c h i l l e d  water. Latent  hea t  

s t o r a g e  a l s o  p re sen t s  a much reduced temperature range t o  the evaporator  

c o i l .  Addi t iona l ly ,  f luorocarbon c l a t h r a t e s  f r e e z e  a t  h igher  tempera- 

t u r e s  (10 t o  12’C) than ice,  providing an advantage i n  heat  pump capac i ty  

over t h a t  achieved when f r eez ing  i c e  f o r  s torage .  

be ampl i f ied  by the  p o s s i b i l i t y  of d i r e c t  contac t  hea t  t r a n s f e r  i n t o  and 

o u t  of s to rage  because the  f luorocarbon is  both the r e f r i g e r a n t  and, wi th  

water, t he  s to rage  medium. Thus, t he  hea t - t r ans fe r  pena l ty  from hea t  ex- 

changer su r face  temperature drops may be avoided. F i n a l l y ,  s to rage  a t  

h igher  than ice t e m p e r a t u r e  can reduce hea t  ga in  of the s to rage  vesse l .  

The phase diagram f o r  R-12/H20 mixtures  i s  shown in Fig. 25. 

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  so luble  i n  water; thus ,  curve 

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

Like ice, a c l a t h r a t e  

These advantages may 

R-12, 
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Poin ts  Q1 and Q 2  are i n v a r i a n t  quadruple po in t s  where four  phase equi- 

l i b r i a  e x i s t ,  and the  l i n e  Q,-Q2 de f ines  a t r a n s i t i o n  from H 2 0 ( R )  and 

R-12(g) t o  the  R-12 gas  hydrate ,  r e l eas ing  a heat  of formation of 

76 kcal /kg of hydrate.  

A conceptual cool  s torage  sys t em based on the  R-12 gas  hydrate  is 

shown i n  Fig. 26. The system c o n s i s t s  of a vapor-compression r e f r i g e r a -  

t i o n  cycle  with the  conventional evaporator  replaced by a s to rage  tank 

c r y s t a l l i z e r  i n  which the gas hydrate  is formed and d isso lved .  A com- 

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

i n  equi l ibr ium,  as  shown a t  poin t  B i n  Fig. 25. At the  I n i t f a t i o n  of the 

charging per iod ,  the  compressor w i l l  reduce the pressure  i n  the  s to rage  

tank,  causing R-12(R)  t o  vaporize.  This ,  i n  t u r n ,  reduces the tempera- 

t u r e  i n  the s to rage  tank. The pressure  and t empera tu re  w i l l  cont inue t o  

decrease i n  such a manner u n t i l  Q1-Q2 curve i s  crossed and gas hydrate  

begins t o  form. The heat re leased  by the formation of the  gas hydrate  

vaporizes  the R - l 2 ( L ) .  When the  rate 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  maintain a constant  pressure  i n  the  s torage  tank,  

an equi l ibr ium (point  E) w i l l  be reached. The pos i t i on  of po in t  E de- 

pends on the thermal dr iv ing  fo rce  required t o  produce the. gas hydrate  

(TE, - TE,*) . Gas hydrate  cont inues t o  form u n t i l  a l l  t he  HZO(L) i n  the  

ORNL DWG82 5689R ETD 

4 COMPRESSOR 

EXPANSION 
DEVICE 

Fig. 26. Conceptual gas hydrate  cool s to rage  system. 
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storage tank is consumed, at which time the charging process is complete. 

The completely charged storage tank will consist of R-12(g), R-12(R), and 

R-12 gas hydrate in equilibrium, as shown at point F. A small amount of 

R-12(R) should remain in the storage tank to be used later to initiate 

discharge of the storage system via a pump, fan, and evaporator coil in 

the building supply duct. 

Experiments to study the gas hydrate formation process were com- 

pleted in the preceding year.27 * 2 8  These experiments were conducted in 

a manner that simulated the operation of a proposed storage system that 

uses a gas hydrate as the PCM. Accordingly, they verified the formation 

of gas hydrate under appropriate pressure and temperature conditions; 

defined the thermodynamic conditions under which the system operates t o  

form a gas hydrate; characterized the performance of the hydrate formation 

process as a function of several parameters; and using direct-contact, 

heat-exchange methodology, ascertained the discharge capacity of the 

storage sys tem. 

This year's investigation was of clathrates of mixed fluorocarbon 

refrigerants. 

449 kPa requires a pressure vessel to contain the clathrate, an economi- 

cally unattractive fact for commercialization. 

The R-l2/water phase diagram upper invariant point of 

The characteristics of three refrigerants - Trichloromonofluoromethane 
(R-11) ,  Dichlorodifluoromethane (R-121, and Dichloromonofluoromerhane 

(R-21) - that form clathrates at temperatures suitable for cool storage 
are shown in Table 2. These refrigerants combine with water to form a 

Table 2 .  Characteristics of r e € r i g e r a n t s  cons idered  i n  t h i s  s t u d y  

Latent  heat  

[ J/g ( B t u l l b )  I 

Molecular Water 
Temperature Pressure  we ight  (mol) 

Q2 

R e f r i g e r a n t  of fusion 

["C (OF)] IkPa ( p s i a > l  

16.6 281.7 (121.2)  

121 15.6 270.4 (116.6) 

R-11 (CC13F) 8.7 (47.6) 59 (8.6) 137 

R-12 (CC12Fz) 12.1 (53.8) 449 (65.4) 

8.6 (47.5) 101 (14.7) 103 16.9 276.6 (118.9) R-21 (CHCl2 F) 

R-114 ( C ~ C ~ ~ F L , )  No hydrate 17 I 



42 

c l a t h r a t e  according t o  the  r e a c t i o n  

The number of molecules of water n needed t o  form the  hydrate  per 

molecule of each of these r e f r i g e r a n t s  i s  given i n  Table 2. Also shown 

are the  heat  of formation h per un 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  point  (Q2) or  pressure  and t empera tu re  a t  which the  c l a t h r a t e  

forms e 

Refr igerant  R-21 forms a c l a t h r a t e  a t  atmospheric pressure ;  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 appropr i a t e  

f o r  a closed system, t h a t  i s ,  separated from the  heat pump r e f r i g e r a n t  by 

a hea t  exchanger. Ref r igerant  R-11 forms a c l a t h r a t e  a t  (1 a t m .  The 

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

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 hydrate ,  

cool  s to rage  system, the  gas hydrate  is formed a t  point  Q2 of the  phase 

diagram of the  r e f r ige ran t /wa te r  system (Fig.  25). The pressure and t e m -  

pe ra tu re  of t h i s  po in t  correspond t o  t h a t  shown i n  Table 2. In  a cool  

s to rage  system, gas hydrate  ( s o l i d )  w i l l  coex 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 po r t ion  conta in ing  the  re- 

f r i g e r a n t  s a tu ra t ed  with water vapor. This system has two components 

(water and r e f r i g e r a n t )  and four  phases ( l i q u i d  r e f r i g e r a n t ,  l i q u i d  

water, s o l i d  hydra te ,  and vapor).  According t o  t h e  phase r u l e , 2 9  

P + P = C + 2 .  

For the  cool s torage  system with a s i n g l e  r e f r i g e r a n t ,  the  phase rule 

y i e l d s  

Therefore ,  no degrees  of freedom are. a v a i l a b l e ,  and the  sys t em,  when i n  

equi l ibr ium,  has t o  opera te  at  the  i n v a r i a n t  po in t  Q2 (Fig. 25), where 

R - 1 2 ( & ) ,  R-12(g), H20(11), and gas hydrate  can coex i s t .  

I f  two completely misc ib le  r e f r i g e r a n t s  are used to  form a mixed 

c l a t h r a t e ,  t he  s i t u a t i o n  changes. Now, the  system has th ree  components 
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(water  and two r e f r i g e r a n t s )  but the  same four  phases as i n  the  previous 

case. The degrees  of freedom t h a t  are a v a i l a b l e  now are 

(1.3) F =  c +  2 - P =  3 +  2 - 4 =  1 .  

One degree of freedom i n d i c a t e s  t h a t  t h e  pressure-temperature rela- 

t i o n s h i p  f o r  the  mixed hydrate  i s  uniquely dependent on the  composition 

of the mixture of r e f r i g e r a n t s .  Mixed-hydrate formation should occur a t  

a poin t  between the  two Q2 po in t s  of t he  s i n g l e  r e f r i g e r a n t s  i n  the  mix- 

t u r e ,  a f a c t  confirmed by previous experiments.30 I f ,  however, only one 

r e f r i g e r a n t  i s  used, t he  hydrate  w i l l  form a t  the  end of t h i s  l i n e  corre-  

sponding t o  the Q2 poin t  of t he  r e f r i g e r a n t  used. 

I f  a mixture of two r e f r i g e r a n t s  - one t h a t  does not form a hydrate  

[ l i k e  Refrigerant-114 (R-11411 and the o the r  one en te r ing  i n t o  the  hy- 

d r a t e  - is used, t he  same s i t u a t i o n  as the  one given by Eq. (13) occurs.  

S t i l l ,  t h ree  components and four  phases w i l l  be p re sen t ,  and, t he re fo re ,  

one degree of freedom w i l l  be ava i l ab le .  Hydrate w i l l  be formed a t  d i f -  

f e r e n t  pressures  and temperatures ,  depending on the  composition of the  

mixture ,  with only the  hydrate-forming r e f r i g e r a n t  e n t e r i n g  i n t o  the  hy- 

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

and w i l l  remain as l i q u i d  coex i s t ing  with t h e  s o l i d  hydrate .  

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

Fig. 27, which is  a phase diagram showing the  locus of Q2 po in t s  f o r  

va r ious  r a t i o s  of r e f r i g e r a n t s .  The mixture composition of 0.88 mole 

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 hydrate  a t  

I-atm pressure  and a t  9.2"C (48.6OF). 

C l a t h r a t e s  of mixtures of R-11 and R-14 (dichlorotetrafluoromethane) 

w e r e  a l s o  formed. Only R-12 en te red  i n t o  the c l a t h r a t e .  By varying t h e  

composition of the  mixture ,  c l a t h r a t e s  over a range of temperatures and 

pressures  were obtained.  A l l  of the  hydrates  formed at  pressures  below 

atmospheric and temperatures  below 8.7"C (47.6OF). 

F i n a l l y ,  c l a t h r a t e s  from mixtures of R-12 and R-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  case of 

R-ll/R-114. For temperatures  above 0 ° C  (32"F), a l l  of t hese  c l a t h r a t e s  

were at  pressures  above atmospheric. 
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Tests t o  s imula te  hea t  pump s torage  w e r e  success fu l ly  completed i n  

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

i n  t h e  closed system, requi red  because of the d i f f e r e n t  vapor pressures  

of t h e  two r e f r i g e r a n t s ,  by cool ing the  re f r igerant -water  mixture.  

charge tests i n  which excess  r e f r i g e r a n t  was c i r c u l a t e d  through an ex ter -  

n a l  hea t  t r a n s f e r  loop were accomplished without problems. 

D i s -  

2.2.2 Encapsulated metall ic s to rage  media (P ro jec t  2.5.1) 

The goal  of t h i s  research  e f f o r t 3 1  is t o  develop the  means of encap- 

s u l a t i n g  metall ic PCMs so  t h a t  they can be used i n  d t r ec t - con tac t  hea t  

s to rage  beds. The materials of primary i n t e r e s t  are s i l icon-conta in ing  

b inary  o r  t e rna ry  a l l o y s ,  p r i n c i p a l l y  Al-Si and A1-Si-Mg a l loys .  Encap- 

s u l a t i o n  techniques being inves t iga t ed  inc lude  su r face  t reatments  t o  

achieve a pure s i l i c o n  or an oxide s h e l l  and modified shotmaking tech- 

niques i n  an e f f o r t  t o  achieve se l f -encapsula t ion  with a pure s i l i c o n  

s h e l l .  

To see how se l f -encapsula t ion  might be poss ib l e ,  consider  the  binary 

phase diagram of Fig.  28 f o r  the  A1-Si e u t e c t i c  sys tem,  a promising, in -  

expensive medium f o r  s to rage  of heat: a t  the  e u t e c t i c  temperature of 

577°C. Consider t h e  consequences of s e l e c t i n g  a gross  hype reu tec t i c  com- 

p o s i t i o n  of 27 w t  X S i ,  with a l i q u i d u s  temperature of 800°C, and cool ing 

such a l i q u i d  from 900°C by using j e t t i n g  or  shotmaking processes  so that 

a s p h e r i c a l  shot  of perhaps I-cm OD is produced. Shotmaking involves  the  

con t ro l l ed  pouring of t h e  l i q u i d  metal (perhaps through a screen)  i n t o  a 

t a l l  r e s e r v o i r  or  a warm quench f l u i d ,  such as a fused sa l t ,  s l a g ,  o i l ,  

or  organic  l i q u i d .  The quench f l u i d  and the  o the r  process  v a r i a b l e s  are 

chosen such t h a t  su r f ace  tens ion  fo rces  s t a b i l i z e  a s p h e r i c a l  d r o p l e t  

t h a t  is then s o l i d i f i e d  as shot  of t he  des i red  s i ze .  

Upon the  con t ro l l ed  cool ing of the Al-Si a l l o y  from 900°C i n  the  

shotmaking r e s e r v o i r ,  first a s o l i d  of nea r ly  pure s i l i c o n  should begin 

to form a t  800°C as a s p h e r i c a l  s h e l l  i n  contac t  with the quench medium. 

As heat  i s  f u r t h e r  withdrawn from the sphere around the l i q u i d  core ,  the  

c r u s t  of nea r ly  pure s o l i d  s i l i c o n  would thicken. F i n a l l y ,  according t o  

a quasi-equi l ibr ium f r eez ing  process ,  a t  5 7 7 ° C  the  l i q u i d  core  wi th  t h e  
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e u t e c t i c  composition wi th in  the  s o l i d  s i l i c o n  case would s o l i d i f y  iso- 

thermally and release a l a r g e  l a t e n t  hea t  of s o l i d i f i c a t i o n .  For t he  

s p e c i f i c  Al-27 S i  composition chosen f o r  t h i s  example, the  l e v e r  l a w  in- 

d i c a t e s  t h a t  a s o l i d  s i l i c o n  s h e l l  would form, accounting f o r  16.5 w t  % 

of the  shot  with the  balance being 83.5 w t  % for the  e u t e c t i c  core.  With 

the  use of room-temperature d e n s i t i e s  f o r  s i l i c o n  and aluminum ( a s  t h e  

€Lrst approximation),  these  proport ions correspond t o  a s i l i c o n  s h e l l  of 

6.6% of the  shot  r ad ius  ( r e g a r d l e s s  of t he  a c t u a l  r ad ius )  and 93.4% of 

t h e  shot  rad ius  for the  e u t e c t i c  core. Obviously, these  propor t ions  are 

r e a d i l y  changed i n  a p red ic t ab le  manner by choosing a d i f f e r e n t  gross 

composition f o r  t he  shot .  
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The research  work during t h i s  r epor t ing  period focused on th ree  

areas: encapsula t ing  techniques,  thermal and phys ica l  p r o p e r t i e s  mea- 

surements,  and performance modeling of a TES u n i t  using the  encapsulated 

media. 

Severa l  encapsula t ing  techniques were i n v e s t i g a t e d ,  including both 

se l f -encapsula t ing  and su r face  modi f ica t ion  modes. 

formed t o  a s c e r t a i n  the  f e a s i b i l i t y  of ob ta in ing  an i n t e g r a l  s i l i c o n  

s h e l l ,  as w e l l  as the  condi t ions  necessary t o  do so. I n  prel iminary ex- 

per iments ,  small amounts (e.g., 150 g )  of salt  mixtures were melted i n  

i r o n  c r u c i b l e s ,  and the  temperature of t he  fused s a l t  w a s  s t a b i l i z e d  a t  

600, 650, 700 ,  or 750°C. A1-30% S i  a l l o y s  were melted, and a s m a l l  quan- 

t i t y  of t he  a l l o y  w a s  poured i n t o  the sal t  melts. The s o l i d i f i e d  A1-Si 

a l l o y  samples were then removed from the  cooled s y s t e m  and examined. 

Based on these screening  t r ia ls  it  was found t h a t  

Experiments were per- 

1 .  a l l  of t he  shot  produced had s p h e r i c a l  or near  sphe r i ca l  form, 

2. none of t h e  shot  exh ib i t ed  an i n t e g r a l  ou te r  s i l i c o n  s h e l l ,  and 

3. a l l  produced shot  exhib i ted  l a r g e  primary s i l i c o n  platelets a t  the 

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

Following these  prel iminary r e s u l t s  , a d d i t i o n a l  experiments were con- 

ducted t o  sc reen  and s e l e c t  appropr i a t e  s a l t s  t o  inc rease  the nuc lea t ion  

d e n s i t y  for  the  primary s i l i c o n  a t  the su r face  of the  shot .  During this 

set of experiments,  d i f f e r e n t  combinations and propor t ions  of fused salts  - 
such as N a C l  (sodium c h l o r i d e ) ,  AlC13  (aluminum c h l o r i d e ) ,  KC1 (potas-  

sium c h l o r i d e ) ,  CaC12 (calcium c h l o r i d e ) ,  Na4P207*10H20 (sodium pyrophos- 

pha te ) ,  Na2S04 (sodium s u l f a t e ) ,  and NaAlF4 ( c r y o l i t e )  - were examined. 

I n  these  experiments a small  quan t i ty  of AL-30% S i  a l l o y  was placed i n  an 

alumina c r u c i b l e  and then covered wi th  the  appropr i a t e  salt and t h e  con- 

t e n t s  melted at 900°C for 45 min. Some samples were allowed to s o l i d i f y  

i n s i d e  the  furnace at a low cool ing  rate (2.2"C/min), while o t h e r s  were 

cooled ou t s ide  the  furnace a t  a high cool ing rate ( l 0 C / s ) .  The mor- 

phology of t h e  primary s i l i c o n  phase on the  su r face  of t he  sho t  va r i ed  

from l a r g e  p l a t e l e t s  t o  rounded modules, depending on the  sal t  composi- 

t ion .  The s i z e  and f r a c t i o n  of su r face  coverage by t h e  primary s i l i c o n  

w a s  quench-rate dependent, with f i n e r  primary s i l i c o n  and g r e a t e r  su r f ace  
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coverage occurr ing with increas ing  cool ing rate during s o l i d i f i c a t i o n .  

From these  experiments it w a s  concluded t h a t  N a C l  was  the  bes t  a l t e rna -  

t i v e  t o  Kolene S a l t  f o r  improving the  nuc lea t ion  of primary s i l i c o n  on 

the su r face  of the  N - S i  shot .  However, the  s i l i c o n  sur face  coverage was  

t y p i c a l l y  between 40 t o  70% and never exceeded 90%. 

Based on the  modi f ica t ion  by phosphorus of Al-Si a l l o y s ,  a new set 

of experiments w a s  performed using A1-30% Si a l l o y  containing 0.11% P. 

The sa l t s  used were N a C l  and KC1. These experiments generated both 

smaller primary s i l i c o n  c r y s t a l s  a t  the  su r face  of t he  shot  and, compared 

t o  the  previous shot  made without phosphorus, a b e t t e r  d i s t r i b u t i o n  of 

primary s i l i c o n  c r y s t a l s  i n  the  s t r u c t u r e  of t h e  shot .  

An experimental-scale shot  tower ( s e e  Fig. 29) w a s  designed and eon- 

s t r u c t e d .  The 6-in.-ID steel  pipe is 6 f t  t a l l  and is f i l l e d  with the  

s a l t  quenchant. H e a t  f o r  t he  tower i s  suppl ied by four  box heat ing  

u n i t s ,  each containing nichrome r e s i s t a n c e  hea t ing  wire r a t ed  a t  5000 W. 

The tower is capable of maintaining a temperature grad ien t  of 42'C/f t. 

Once the  s a l t  s e l e c t i o n  has been made, the  shot  tower w i l l  be used t o  

v e r i f y  t h a t  the  self-encapsulated shot  can be produced i n  a commercial 

f a c l l i t y .  

Experiments i n  which the  A1-30% Si  a l l o y  w a s  melted,  slowly cooled, 

and held f o r  10 min a t  a temperature 10' below the  a l l o y  l i q u i d u s  t e m -  

pe ra tu re  i n  a fused s i l i c o n  tube produced s i l icon-encapsula ted  p e l l e t s .  

The s h e l l  of primary s i l i c o n  w a s  r e l a t i v e l y  uniform with a th ickness  be- 

tween 0.06 and 0.0% m, Based on the  inve r se  l e v e r  r u l e ,  t h i s  s h e l l  

th ickness  i s  cons i s t en t  with the  pred ic ted  equi l ibr ium s h e l l  th ickness ,  

The s i l i c o n  l a y e r  t h a t  formed i n  these  experiments r e s u l t s  p r imar i ly  from 

t h e  displacement r eac t ion  between l i q u i d  aluminum and sil ica:  

To better con t ro l  and u t i l i z e  t h i s  approach f o r  t he  production of s i l i c o n -  

encased A1-Si all.oys, a series of experiments are under way t o  eva lua te  

t h e  k i n e t i c s  of the  reac t ion .  

Also evaluated were techniques i n  which p e l l e t s  with an incomplete 

s i l i c o n  s h e l l  as a r e s u l t  of the  s o l i d i f i c a t i o n  process  could be f u r t h e r  
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treated t o  ob ta in  the des i red  encapsulat ion.  Using a pack cementation 

s i l i c o n i z i n g  process ,  experiments were conducted t o  produce s i l i c o n -  

encased A1-Si a l l o y  shot .  I n  t h i s  process the  Al-Si shot  is thermally 

t r e a t e d  i n  a ha l ide-ac t iva ted  bed of s i l i c o n .  These experiments ind i -  

cated t h a t  using s i l i c o n  as the  pack matr ix  materials was p re fe rab le  t o  

using alumina. S p e c i f i c a l l y ,  the  pack had the  following composition: 

73% Si02, 25% Si, and 27 a c t i v a t o r  (NHkC1 and AlC3.3 i n  a r a t i o  of 2 : l ) .  

The pack w a s  p ro tec ted  by N2-5% H2 gas.  The Al-Si samples were t r e a t e d  

a t  600°C f o r  8 h and air-cooled. I n t e g r a l  s i l i c o n  s h e l l s  were obtained. 

Evaluat ion of thermal p r o p e r t i e s  of the  hea t  s to rage  shot  has been 

performed using D i f f e r e n t i a l  Thermal Analysis (DTA)/Differential  Scanning 

Calorimetry (DSC) and thermal cyc l ing  tests. The DTA/DSC analyses  are 

being c a r r i e d  out ustng a Perkin-Elmer DTA 1700 System. 

has been c a l i b r a t e d  using the  enthalpy of fus ion  of pure aluminum. The 

e n t h a l p i e s  and temperatures of t ransformation f o r  var ious AI-Si a l l o y s  

have been measured. Using scan rates between 0.5 and 20°C/min, DSC runs 

were conducted i n  the  temperature range of 500 t a  8OOOC on se l ec t ed  sam- 

p l e s  of the  Al-30% Si  a l loy .  The resul ts  of the  DSC experiments on the  

Al-30% S i  a l l o y  are summarized i n  Table 3. The va lues  obtained using the  

slowest scan rate (0.5"C/min) are assumed t o  be the  most r e p r e s e n t a t i v e  

of the  sample because undercooling may occur during the  cool ing cycle .  

Thus, the  hea t  of t ransformation f a r  t he  A1-30% S i  a l l o y  without t h e  

phosphorus add i t ion  is 79.8 c a l / g  . 

The DTA/DSC u n i t  

An apparatus  designed f o r  the  thermal cyc l ing  of AI-Si shot  c o n s i s t s  

of two tungsten-fi lament quar tz  lamps, each opera t ing  at 110 V ,  10 A ,  

connected t o  a t i m e r  and temperature c o n t r o l l e r .  The shot  is held by a 

thermocouple (TC) and is  pos i t ioned  a t  the  mutual focus between t h e  

lamps. During the  hea t ing  cyc le ,  the  lamps heat  t he  shot  t o  the required 

temperature (65OOC). 

per iod of the  hea t ing  cycle  (15 mln) by the temperature c o n t r o l l e r .  Dur- 

ing the cool ing cyc le ,  the  potent iometer  supp l i e s  a vo l t age  of 6.382 mV, 

which e q u a l s  the  d i r f e rence  i n  TC emfs between 650 and 5OOOC. Therefore ,  

the temperature of the  shot  f a l l s  t o  500°C and i s  maintained there  by t h e  

temperature c o n t r o l l e r  f o r  the  period of t he  cooling cyc le  (15 d n ) .  

Then t h e  shot  i s  maintained a t  650'C during the  
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Table 3. Thermal data f o r  Al-30% Si alloy 

Heat of Peak 
transformation temperature Scan rate 

( ' c/min) 
(calfg 1 ("0 

Condition 

AZ-30% Si 

He at ing 0 -5  79.79 572.8 

Cooling -20 .o -71 e90 540 5 

A L 3 0 %  Si +Cu-P 

Heating 0.5 81.89 570.7 

Cooling -0.5 4 7 . 2 0  561 e9 

Heating 2.0 87 e49 573.6 

Cooling -2 .o 432.39 559.7 

Heating 20 .o 73.11 589.2 

In the initial thermal cycling tests, exudation of liquid from the 

shot core was observed. Using the Clausius equation, accurate determina- 

tion indicated that the solidification shrinkage is 3.6%. The magnitude 

of this value explains why exudations appear. The Al-Si eutectic exist- 

ing near the surface of the shot undergoes sufficient expansion to  rup- 

ture the thin surface layer and Causes an exudation. This problem will 

be eliminated when thicker, more uniform silicon surface layers are 

achieved. 

To date, silicon-based binary alloys spanning the temperature range 

of 577 to 1400'C have been identified (see Table 4 ) .  

A computer model has been developed to model the thermal response 

for a packed bed filled with PCM shot. Results from this computer code 

have indicated that because of the high thermal conductivity of the shot, 

it is advantageous to charge and discharge the bed with flow in the same 

direction. T h i s  results in a relatively uniform bed temperature and a 

high bed utilization factor. 
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Table 4 .  S i l i c o n  e u t e c t i c s  f o r  heat  s to rage  

E u t e c t i c  m e l t  E u t e c t i c  Calculated hea t  

("0 (% S i )  ( kJ/ kg 1 
Alloy temperature  composition s t o r a g e  capac i ty  

V-Si 
Zr-Si 
Ti-Si 
Cr-Si  
Mn-Si 
Re-Si 
Ca-Si 
Ni-Si 
Mg-Si 
cu-si  
A1-Si 

1400 
1343 
1333 
1323 
1178 
1090 
1023 
9 60 
940 
802 
577 

95 
75 
78 
75 
51 
41 
61 
38 
57 
16 
12 

1921 
1485 
1570 
1515 
1090 
1812 
1111 
609 

1212 
422 
57 1 

2.2.3 Composite high-temperature s to rage  material 
( P r o j e c t  2.6.1) 

A high-temperature s to rage  medium t h a t  a l lows the  l a t e n t  hea t  fu s ion  

of a e u t e c t i c  s a l t  (sodium/barium carbonate)  t o  be u t i l i z e d  i n  a packed 

bed s to rage  system is under development. The concept,  which has been 

demonstrated i n  l abora to ry  scale,  immobilizes the  molten salt  i n  a s o l i d  

ceramic (magnesium oxide)  matr ix .  The r e s u l t i n g  material can be formed 

i n t o  convenient-size p e l l e t s  f o r  use i n  a packed bed, thus allowing both  

e f f i c i e n t  d i r ec t - con tac t  hea t  exchange between the s to rage  charge/ 

d i scharge  f l u i d  and t h e  use of n i t r a t e  s a l t s  without the need f o r  con- 

tainment of l i q u i d  i n  co r ros ion - re s i s t an t  vesse ls .  Direct-contact  hea t  

exchange is advantageous becaiise of both increased  e f f i c i e n c y  and circum- 

vent ion  of the heat-exchanger enc rus t a t ion  problem t h a t  is inhe ren t  i n  

l iqu i .d / so l id  s to rage  media systems r equ i r ing  hea t  exchangers. 

There are many congruent ly  melt ing carbonate  sa l t  mixtures  t h a t  

could be used f o r  l a t e n t  hea t  storage. The program has concentrated on 

t h e  i n v e s t i g a t i o n  of two: 47.8 Na2C03-52.2 ( w t  %) B a C 0 3  and Na2C03,  both 

combined with an MgO matrix.  

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  of t h i s  s to rage  concept because of i t s  good 

thermal s t a b i l i t y  and mechanical s t r eng th .  The Na2C03/MgQ composite w a s  

The Na2C03-BaC03/MgO composite medium w a s  
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i n v e s t i g a t e d  because of the material low cos t  and high energy-storage ca- 

p a c i t y  of Na2CO3. 

Two d e f i c i e n c i e s  i n  the sodium carbonate  composite remain to  be 

overcome. As much as 6% weight loss  i n  400 h at  a temperature of 900°C 

( N a 2 C 0 3  m e l t s  a t  858°C) has been a t t r i b u t e d  t o  formation,  and vaporiza- 

t i o n ,  of N2OH and is unacceptably high. Secondly, excess ive  MgO p a r t i c l e  

growth a t  900°C is observed. 

by the  a d d i t i o n  of NaA102 were unsuccessful .  

research  on the  sodium carbonate  composite has been postponed i n  favor  of 

completing the  development and c h a r a c t e r i z a t i o n  of the  sodium-barium car- 

bonate composite medium. 

A t t e m p t s  t o  s t a b i l i z e  the  MgO p a r t i c l e  s i z e  

For these  reasons ,  f u r t h e r  

P r e l i m i n a r y  economic s t u d i e s  of t he  value of TES i n  the  b r i ck  and 

t i l e  indus t ry  yielded a maximum al lowable i n s t a l l e d  cos t  of $24/kWh. 

An estimate of i n s t a l l e d  c a p i t a l  c o s t s  of systems u t i l i z i n g  the Na2C03- 

BaCOj /MgO medium yielded $19.78/kWh. T h i s  estimate was  based upon a 

pro jec ted  medium cos t  of $0.23/lb. I n  view of the s m a l l  d i f f e rences  

between al lowable and est imated i n s t a l l e d  c o s t ,  e f f o r t  was continued 

towards medium processing and f a b r i c a t i o n  cos t s .  

Attempts t o  s impl i fy  the  p e l l e t  processing and f a b r i c a t i o n  scheme by 

dry-blending the  component powders and forming pellets d i r e c t l y  from the  

powder blend were successfu l .  It w a s  observed t h a t  p e l l e t s  pressed from 

dry  blended powders were suscep t ib l e  to  cracking during hear t reatments .  

It w a s  f u r t h e r  observed that the  add i t ion  of binder  s o l u t i o n  t o  the  pow- 

der  r e s u l t e d  i n  r e l a t i v e l y  fewer cracks i n  the p e l l e t s .  Apparently,  

water of the binder  s o l u t i o n  reacts w i t h  t he  powder and modifies the  pow- 

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

A procedure t h a t  produced crack-free s i n t e r e d  p e l l e t s  has been es- 

This  proce- t ab l i shed  f o r  dry-blended Na2C03-BaC03/Mg0 powder mixture.  

dure involves  adding s u f f i c i e n t  water t o  the powder ( 1  par t  water t o  2.5 

p a r t s  powder by weight) ,  drying a t  150°C f o r  15 h, and die-pressing w i t h -  

ou t  a d d i t i v e  a t  5000 p s i .  The pellets are then s i n t e r e d  a t  1100°C fo r  

2 h t o  a d e n s i t y  of 3.05 g/cm3 or 90% of t h e o r e t i c a l .  

w i l l  be used t o  manufacture t h e  pe l le t s  required €or the  packed-bed sta- 

b i l i t y  test and t h e  samples f o r  thermal conduct iv i ty  measurements and i s  

expected to  y i e ld  a processing cos t  less than $0.25/lb. 

This procedure 
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Addit ional  thermal cycl ing t e s t s  of a 40-lb bed of sodium-barium 

composite p e l l e t s  were conducted t o  i n v e s t i g a t e  material physical  and 

chemical s t a b i l i t y .  I n  over 6000 h of t e s t i n g ,  200 me l t / f r eeze  cyc les  

were imposed. Resul t s  show an acceptab le  l o s s  of carbonate from the  bed 

(<1%). However, t he re  is a migrat ion and r e d i s t r i b u t i o n  of carbonate 

wi th in  the  bed, and the. mechanism of these  was  i nves t iga t ed .  

The most s i g n i f i c a n t  f a c t o r  leading t o  s a l t  migrat ion appears t o  be 

vapor iza t ion  of v o l a t i l e  components. If the  support  medium (MgO) i s  suf-  

f i c i e n t l y  f i l l e d  with molten s a l t ,  under appropr i a t e  temperature/flow- 

r a t e  condi t lons  s a l t  vapor iza t ion  may occur a t  the medium sur face .  The 

more-volat i le  component vapor izes ,  l eav ing  the  l e s s - v o l a t i l e  component on 

the  su r face  as a s o l i d  res idue .  

Tlius , as vapor iza t ion  cont inues,  the l o c a l  sur face  barium-to-sodium r a t i o  

would inc rease .  The poss ib le  Na2CQ3 t r anspor t  mechanisms from the  in-  

t e r i o r  to the  sur face  are viscous flow through the  c a p i l l a r i e s ,  vapor 

t r anspor t  through interconnected gores, and i o n i c  d i f f u s i o n  of Na' 

through the carbonate network. 

Na2C03 is more v o l a t i l e  than B a C 0 3 .  

I f  i o n i c  d i f f u s i o n  and/or vapor t r anspor t  are s w i f t  (i .e. , cont ro l -  

l i n g )  i n  the  sodium spec ie s  t r anspor t  scheme, then only sodium spec ie s  

are t ranspor ted  t o  the  sur face .  This scenar io  would r e s u l t  i n  no in- 

crease i n  the  barium-to-sodium r a t t o  because the  sodium spec ie s  would 

e i t h e r  accumulate or  e q u i l i b r a t e  as carbonate with water t o  NaOH and C O P .  

Therefore ,  barium salt  buildup would not occur on the medium surface.  

I€, on the  o the r  hand, l i q u i d  sal t  v iscous  flow is s i g n i f i c a n t ,  both 

N a 2 C 0 3  and BaC03 are t ranspor ted  to  the sur face .  In t h i s  case, Na2CQ3 

w i l l  be the  primary spec ies  vaporized,  r e s u l t i n g  i n  an inc rease  i n  the  

barium-to-sodium r a t i o  a t  t he  su r face  with an accumulation of barium sa l t  

a t  t he  pel.let surfac.e. This scenar io  w i l l  eventua l ly  r e s u l t  i n  p a r t i a l  

choking of the  su r face  c a p i l l a r y  pores by the  barium salt  r e s idue ,  thus 

diminishing with t i m e  the vapor iza t ion  rate. 

Analysis of p e l l e t s  a f t e r  thermal cyc l ing  tests shows higher  car- 

bonate content  and higher  barium-to-sodium r a t i o  a t  the surf  ace than the  

cen te r  of' the  p e l l e t s ,  thus  i n d i c a t i n g  tha t  v o l a t i l i z e d  carbonate  from 

t h e  su r face  is replenished by viscous flow of binary carbonate mixture 
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through the  c a p i l l a r y  s t r u c t u r e  of the  MgO. 

t he  s a l t - r i c h  l a y e r  a t  the  p e l l e t  su r f ace  is very th in .  

The a n a l y s i s  a l s o  shows t h a t  

P e l l e t  samples that underwent t h ree  phases of media performance 

tests were analyzed t o  confirm the  s a l t  migra t ion  t rends .  

w e r e  obtained from t h e  cen te r  of the  bed but a t  d i f f e r e n t  height  loca- 

t i o n s .  The Na2C03/Mg0 r a t i o s  i n d i c a t e  N a z C 0 3  dep le t ion  from the bed’s 

topmost p e l l e t s  but not from p e l l e t s  a t  o the r  l oca t ions .  

r a t i o  is higher f o r  t he  medium loca ted  above the  cen te r  and lower €or  the 

medium loca ted  below, a t rend suggest ing BaC03 migra t ion  from the bottom 

t o  the  top of the bed as previous ly  observed. The average composition of 

the  t e s t e d  pe l le t s  is i n  good agreement with t h a t  of the p r e t e s t  composi- 

t i o n  and i s  i n  l i n e  with the  s m a l l  o v e r a l l  weight l o s ses  of the medium. 

These r e s u l t s  i n d i c a t e  t h a t  Na2CO3-BaCO3/MgO medium operated a t  810°C o r  

higher  as the  top p e l l e t s  i n  t he  performance tests w e r e  sub jec t  t o  NazC03 

los s .  The BaC03 enrichment of the  top p e l l e t  medium i n d i c a t e s  t ha t  as 

NazC03 i s  l o s t  from the  top medium, it  is being replenished by the ad- 

vancing e u t e c t i c  salt  and not by the  NazCO3 component alone. 

These samples 

The Na2C03/Mg0 

The next phase of t h i s  program inc ludes  a d e t a i l e d  t echn ica l  and 

economic a n a l y s i s  of the  NazC03-BaC03/MgO composite material as a s to rage  

medium f o r  pe r iod ic  k i l n  app l i ca t ion  i n  the  br ick lceramic  industry.  This  

a n a l y s i s  w i l l  be undertaken by a subcont rac tor  who is f a m i l i a r  with the  

equipment used by the  indus t ry  and has experience i n  system design f o r  

t he  brick-making process .  Fur ther  development of the  material w i l l  be 

dependent upon the  outcome of this  assessment. 

2.2.4 Form s t a b i l i z a t i o n ,  high-density polyethylene 
(Pro i  e c t  2.7.1) 

In previous research  the  Universi ty  of Dayton Research I n s t i t u t e  

(UDRI)  developed cross- l inked,  high-density polyethylene (HDPE) as a 

thermal s torage  material.32 

r a d i a t i o n  t o  g ive  a thermally form-stable material t h a t  melted a t  -271°F 

and had a l a t e n t  hea t  of fu s ion  of 40 t o  50 ca l /g .  A t  i t s  melt ing po in t ,  

the  cross- l inked HDPE changes from a white ,  opaque s o l i d  t o  a t ranspar -  

e n t ,  v i s c o - e l a s t i c  l i q u i d .  Repeatedly cyc l ing  through the  melting poin t  

showed that the  material mel ts  and f r eezes  congruently and has the  bas i c  

The HDPE w a s  cross-l inked by e l e c t r o n  beam 
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and cool ing.  

The thermally form-stable property of HDPE is  dependent on the  ex- 

t e n t  of cross- l inking.  I n  t h e i r  uncross-linked condi t ion  polye thylene  

p e l l e t s  w i l l  m e l t  and fuse  toge ther  i n t o  one s i n g l e ,  s o l i d  mass. Afte r  

t h e  p e l l e t s  are cross- l inked,  they r e t a i n  t h e i r  shape when heated above 

t h e i r  mel t ing poin t  and do not fuse  toge ther .  

The hea t  of fu s ion  of polyethylene is dependent on the l i n e a r  carbon 

cha in  l eng th  and i t s  c r y s t a l l i n i t y  and molecular weight. The h ighes t  

hea t  of fu s ion  is  obtained f o r  high-densi ty ,  l i n e a r ,  h ighly  c r y s t a l l i n e  

polyethylenes t h a t  have medium molecular weights. Cross-links are branch 

poin ts  t h a t  decrease the  l i n e a r  carbon chain l eng th ,  t he  c r y s t a l l i n i t y ,  

and the  hea t  of fusion.  Therefore ,  cross- l inking must be kept t o  a mini- 

mum. Fo r tuna te ly ,  t h i s  problem is not  a s e r i o u s  one because one c ross -  

l i n k  per molecule of 2000 carbon atoms is s u f f i c i e n t  t o  e l imina te  melt 

flow. 

Polyethylene p e l l e t s  were i r r a d i a t e d  with t o t a l  doses of 2 t o  12 mrad 

wi th  an e l e c t r o n  beam. Tests of t hese  materials a t  va r ious  temperatures  

showed t h a t  t o t a l  doses of 6 t o  8 maad were s u f f i c i e n t  t o  ensure t h a t  t he  

polyethylene p e l l e t s  would r e t a i n  t h e i r  shape above t h e i r  mel t ing po in t ,  

A t  total doses of 6 t o  8 m a d ,  the  p e l l e t s  adhere but could be broken 

a p a r t ,  and the  m a s s  d id  not  h inder  t he  flow of heat-exchange f l u i d s .  A t  

h igher  doses of 12  mrad, t h e  p e l l e t s  d id  not adhere,  but t h e i r  hea t  of 

fu s ion  w a s  less than the  6-mrad material. Therefore ,  UDRI decided t h a t  a 

dose of 6 mrad would provide a material wi th  an adequate thermal form 

s t a b i l i t y  and have a h igher  hea t  of fu s ion  than t h e  12-mrad material, and 

15,000 lb of the  6-mrad material was prepared and de l ive red  t o  DOE. 

Subsequent tests by o the r  i n v e s t i g a t o r s  showed t h a t  the  material 

provided t o  DOE fused t o  a s ing le  mass t h a t  could not  be broken a p a r t  

and, thus ,  h inder  t h e  flow of t h e  thermal exchange f l u i d .  These i n v e s t i -  

g a t o r s  were using high-pressure steam as the  heat-exchange f l u i d ,  and t h e  

e f f e c t s  of steam and high pressure  on the  p e l l e t  bed were not  experi-  

mental  condi t ions  t e s t e d  by UDRI . 
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UDRI, t h e r e f o r e ,  reexamined t h e  processing cond i t ions  necessary t o  

o b t a i n  s a t i s f a c t o r y  form s t a b i l i t y  f o r  l a rge - sca l e  s t o r a g e  system operat-  

i n g  condi t ions.  Radiat ion dose w a s  t he  p r i n c i p a l  v a r i a b l e  t o  be i n v e s t i -  

gated.  However, con t r a ry  t o  estimates obtained previously of gamma (co- 

b a l t  60) r a d i a t i o n  cos t ing  considerably more than e l e c t r o n  beam radia-  

t i o n ,  the r eve r se  w a s  i n d i c a t e d  as t h i s  program w a s  f n i t i a t e d .  Since the  

end r e s u l t s  of e l e c t r o n  beam and gamma i r r a d i a t i o n  are known t o  be the 

same (c ross - l ink ing  by free r a d i c a l s ) ,  both procedures were included f o r  

a comparison of the r e s u l t i n g  material. 

Small-scale l abora to ry  screening tests were conducted t o  determine 

the  f i n a l  processing required.  Two commercial HDPEs were s e l e c t e d  f o r  

screening:  t h e  Alathon 7040, which was s e l e c t e d  i n  the previous research 

as t h e  f i n a l  material, and Marlex 6006, a material with higher  uncross- 

l i nked  hea t s  of fu s ion  and c r y s t a l l i z a t i o n .  I n i t i a l  tests uncovered an- 

o t h e r  important processing v a r i a b l e  f o r  t h e  gamma-irradiated material. 

The long exposure r e s u l t e d  i n  excess oxygen d i f f u s i o n  with a r e s u l t i n g  

high l e v e l  of p e l l e t - t o - p e l l e t  adhesion. Therefore ,  i r r a d i a t i o n  under an 

i n e r t  atmosphere N p  and under vacuum were added t o  the  program. 

Table 5 shows the complete series of processing cond i t ions  producing 

tes t  samples f o r  screening tests. 

T a b l e  5 .  S c h e d u l e  of c r o s s - l i n k i n g  
p r o c e s s i n g  of s a m p l e s  of 

p o l y e t h y l e n e  pel le ts  

G a m m a  E l e c t r o n  beam 
r a d i a t i o n  a i r  A i  r r a d i a t i o n  Vacuum 

(mrad) (mrad) a i r  NZ (mrad) 
(mad)  

4 
6 
8 

10 2 
6 10 b l a c k  3 
8 12 4 

10 14  5 
12 16 h 
14 18 8 

10 
12 

10 
12 
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The r e s u l t s  of the screening tests r e s u l t e d  i n  the s e l e c t i o n  of 

Warlex 6006 as the material f o r  f u r t h e r  t e s t i n g .  The optimum processing 

chosen w a s  a dose of 10 mrad of gamma r a d i a t i o n  under a n i t rogen  atmo- 

sphere.  Other r e s u l t s  of  t he  screening process are the  following: 

1. 

2. 

3. 

4 .  

5.  

6 .  

7. 

When processed by e l e c t r o n  beam or  g a m a  i r r a d i a t i o n ,  under otherwise 

i d e n t i c a l  cond i t ions ,  Marlex 6006 c o n s i s t e n t l y  provides b e t t e r  t he r -  

mal form s t a b i l i t y  than Alathon 7040. The reasons f o r  t h i s  d i f f e r -  

ence i n  the  response of t h e  two commercial HDPEs t o  i r r a d i a t i o n  

c ros s - l ink ing  are unknown a t  t h i s  t i m e  but m y  be due t o  d i f f e r e n c e s  

i n  the s t a b i l i z e r s ,  a n t i o x i d a n t s ,  o r  t he  amount of r e s i d u a l  v iny l  un- 

s a t u r a t i o n  i n  the two high-density polyethylenes.  Vinyl unsa tu ra t ion  

is known t o  be higher  i n  the Marlex HDPE, and t h i s  would tend t o  pro- 

mote b e t t e r  cross- l inking.  

Electron beam i r r a d i a t i o n  i n  a i r  t o  a t o t a l  dose of 10 mrad or  higher  

w i l l  provide p e l l e t s  of s i g n i f i c a n t l y  b e t t e r  thermal form s t a b i l i t y  

than  those processed i n  p r i o r  DOE-sponsored r e sea rch  at  6 mad.  

When t he  i r r a d i a t i o n  is done i n  an a i r  atmosphere, e l e c t r o n  beam is  

supe r io r  t o  gama .  I n  fact ,  s a t i s f a c t o r y  thermal form s t a b i l i t y  was 

not achieved by g a m a  i r r a d i a t i o n  at  any dose up t o  and inc lud ing  

18 mrad. 

Gainma i r r a d i a t i o n  i n  an N2 atmosphere, to  a dose of 6 t o  10 m a d ,  

produced cross-linked NnPE p e l l e t s  of  supe r io r  thermal form s t a b i l i t y  

and of b e t t e r  s t a b i l i t y  than those e l e c t r o n  beams i r r a d i a t e d  at  t h e  

same dosage. 

Gama i r r a d i a t i o n  i n  a “vacuum’9 atmosphere provided s l i g h t l y  less 

thermal form s t a b i l i t y  than i r r a d i a t i n g  i n  N2 but was supe r io r  t o  

e l e c t r o n  beam i r r a d i a t i o n  at comparable doses. 

The inco rpora t ion  of 4 w t  X of carbon black i n t o  Alathon 7040 and 

Marlex 6006 p e l l e t s  did nothing to  enhance the  thermal €orm s t a b i l i t y  

of p e l l e t s  i r r a d i a t e d  by gamma i n  air  t o  a t o t a l  dose of 10 mrad. 

Prel iminary,  but s t i l l  incomplete, d a t a  on the  TES of e l e c t r o n  beam 

and g a m a  i r r a d i a t e d  pe l le t s  of Alathon 7040 and Marlex 6006 showed 

the expected reduct ion i n  AHP and AHc values  for the  lowest doses 

t e s t e d  . However, i nc reas ing  the  dose t o  higher l e v e l s  produced 
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l i t t l e  o r  no f u r t h e r  change (decrease)  i n  AHf and AHC p rope r t i e s .  

T h i s  l a t t e r  f ind ing  was not expected,  and the  remaining experiments,  

when completed, should c l a r i fy  t h i s  po in t .  

A l a rge  sample of p e l l e t s  w i l l  be f u r t h e r  t e s t e d  i n  the  UDRI  thermal 

test u n i t .  A packed bed of 250 l b  of ma te r i a l  w i l l  be subjec ted  t o  ther -  

m a l  cyc l ing  (wi th  an ethylene-glycol-based heat  t r a n s f e r  f l u i d )  between 

140 and 40°C. Thus, t h e  material w i l l  be cycled through i t s  1 3 O O C  melt 

temperature .  If t he  tes ts  are, as i s  expected,  success fu l ,  t h i s  material 

w i l l  once aga in  be made a v a i l a b l e  f o r  sys t em tests t o  use r  agencies  and 

indiis t r y  . 
2.3 TES System Development 

Two p r o j e c t s  concentrated on the d e f i n i t i o n  of complete systems. I n  

these  cases, t h e  performance of TES material is so c l o s e l y  t i e d  t o  t h e  

complete system characterist ics that independent development of s torage  

is not  meaningful. Both p r o j e c t s  address  pass ive  s o l a r  hea t  s to rage ,  one 

seasonal  and the  o the r  d iu rna l .  To be meaningful,  the  dependence of 

s to rage  performance on the  s p e c i f i c  s o l a r  bu i ld ing  or  o the r  s t r u c t u r e  

conf igu ra t ion  r equ i r e s  development of an i n t e g r a t e d  system. Other re- 

search  has addressed the  ques t ion  of gene r i c  a p p l i c a t i o n  of these  sys tems 

t o  a range of pass ive  s o l a r  s i t u a t i o n s .  

2.3.1 I c e l c l a t h r a t e  sys t em for  seasonal  a p p l i c a t i o n  
( P r o j e c t  3.  I .  1) 

S tudies  by ANL33 have shown the  economic and t echn ica l  f e a s i b i l i t y  

of seasonal  i c e  s to rage  i n  the  co lder  regions of the United S t a t e s .  A 

unique sys t em t h a t  u t i l i z e s  heat  pipes  to  t r a n s f e r  seasonal  cold t o  

f r e e z e  ice i n  a s to rage  tank has been success fu l ly  t e s t e d  previously.  A 

s tudy  w a s  conducted t o  determine the  economics of extending the  period of 

cool  s to rage  through the  h igher  f r eez ing  temperature allowed by c l a t h r a t e  

r a t h e r  than ice s torage .  The concept is t o  s t o r e  cool i n  i c e  when the  

ambient temperature allows and i n  a c l a t h r a t e  when higher  ambient t e m -  

pe ra tu re s  p reva i l .  Thus, a hybrid system would be u t i l i z e d .  

. . . . .::: . - 
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The economic s tudy showed t h a t  c l a t h r a t e s  of f luorocarbon,  such as 

s tud ied  f o r  d i u r n a l  cool  s t o r a g e ,  are not  economical because of the  l a r g e  

inventory  of r e f r i g e r a n t  requi red  for  seasonal  s torage .  A search  f o r  a 

less expensive c l a t h r a t i o n  material i d e n t i f i e d  SO2 as the  lowest cos t  

c la thra te - former  t h a t  could be considered f o r  t h i s  se rv ice .  The o v e r a l l  

performance and cos t  a p p r a i s a l  s t i l l  d id  not  appear favorable  enough f o r  

f u r t h e r  research  e f f o r t  . 
2.3.2 Advanced pass ive  so l a r  bu i ld ing  materials 

( P r o j e c t  3.1.2) 

The search  f o r  e f f e c t i v e  a p p l i c a t i o n s  of l a t e n t  hea t  s to rage  t o  

s o l a  bui ld ing  requirements l e d  last  year  t o  the  hea t  s t o r a g e  wall-panel 

concept. A Phase I study34 looked a t  t h ree  d i f f e r e n t  s a l t  hydra tes  and 

t h r e e  d i f f e r e n t  p l a s t i c s  f o r  t h e  containment panels  and concluded t h a t  

t he  use of i n t e g r a l ,  PCM-filled wal l  panels  was a p r a c t i c a l ,  near- tern 

a l t e r n a t i v e  f o r  pas s ive ly  s t o r i n g  arid r e t r i e v i n g  s o l a r  energy. 

Thus, a Phase I1 program cons i s t ing  of a test  of f u l l - s c a l e  proto- 

type panels  i n  a solar di rec t -ga in  and convection test chamber w a s  i n i t i -  

a ted .  System-level tests of prototype panels  allowed measurement of sys- 

t e m  opera t ing  c h a r a c t e r i s t i c s  of realist ic conf igura t ions .  The tests,  

combined with subsystem tests, a l s o  will serve  t o  provide d a t a  f o r  v a l i -  

da t ion  of PCMSOL and o the r  d i rec t -ga in  computer s imula t ion  programs. 

Subsystem tests of small, 1.5-ft2 panels  sub jec t  to ambient insu la-  

t i o n  were completed. Tests were of t he  fol lowing PCMs and channel s i z e s :  

1. 1/4-in. channels f i l l e d  with TESC 81, 

2. 1/2-in. channels  f i l l e d  wi th  TESC 81, 

3 .  1-1/2-in. channels f i l l e d  with TESC 81, 

4 ,  1/2-in. channels  f i l l e d  wi th  L iN03  3H20,  

5. 1/4-in. channels f - l l led with n-Qctadecane 

6 .  1/2-in. channels  f i l l e d  wi th  n-Octadecane, 

7 .  1/2-in. channels f i l l e d  with Neopentylglycol,  and 

8. 1 /2- fn .  channels f i l l e d  with water. 

Representa t ive  d a t a  from these  tests,  shown i n  Figs.  30-32, are from the  

pane ls  wtth 1/2--in. channel width and he ight  and conta in  TESC 81, calcium 
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3 

ch lo r ide  hexahydrate with a d d i t i v e s ,  a coaunerclal product of Dow Chemi- 

cal. Figure 30 shows the  hea t  f l u x  t o  the  panel over a 36-h period. En- 

ergy is being l o s t  from t h e  back of the  panel over the  complete t i m e  pe- 

r iod .  The period of sun l igh t  is c l e a r l y  ind ica t ed  by the  h igher  p o s i t i v e  

f l u x  t o  the  panel  f r o n t .  Figure 31 is the  measured f r o n t  and back sur- 

f ace  temperatures  f o r  t h a t  panel over the  same test period. The PCM was 

i n i t i a l l y  melted,  and t h e  f r eez ing  period of l a t e n t  hea t  s to rage  is  seen 

between 5 and 1 2  h. A s h o r t  per iod of supercool ing is  seen a t  the  start 

of t he  f r e e z e  per iod ,  and the  occurrence of phase change over a tempera- 

t u r e  range as found i n  t h e  previous yea r ' s  work is r e a d i l y  apparent  from 

the  f a l l i n g  su r face  temperatures  over t he  f r eez ing  period. Figure 33 

shows the  e f f e c t  as measured i n  the  previous test program. The tempera- 

t u r e  a t  which the material rece ives  ( o r  l o s e s )  hea t  i s  shown t o  be spread 

over a range r a t h e r  than t o  be d i s c r e t e .  
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PCMSOL assumes the  phase change is at a d i s c r e t e  temperature.  The 

e f f e c t  of thi-s assumption is seen in Fig. 32, where the  ca l cu la t ed  re- 

sponse of the  panel t o  the  measured hea t  f l ux  is shown. No supercool ing 

is recognized by PCMSOL, and the  f reez ing/mel t ing  is shown t o  be i so the r -  

m a l .  Thus, t he  experimental  d a t a  have shown the need f o r  modi f ica t ions  

t o  the  modeling of t h i s  PCM, and such madi f ica t ions  are being incorpo- 

r a t ed  i n t o  PCMSOL. The a c t u a l  phase change temperature is seen i n  Fig.  

31 t o  be -30°C r a t h e r  than the  36°C input  t o  the  computer run. 

The computer s imula t ion  a l s o  f a i l s  t o  show cool ing of the PCM below 

t h e  t r a n s i t i o n  t e m p e r a t u r e ,  t h a t  i s ,  t h a t  a l l  of  the s o l a r  f l u x  w a s  ab- 

sorbed i n  f r eez ing  the  PCM. This f a i l u r e  i s  the  r e s u l t  of a f a u l t y  inpu t  

cons i s t ing  of too l a r g e  a va lue  f o r  heat of fus ion  f o r  t he  PGM. The sub- 

con t r ac to r  developed a computer model t h a t  d i f f e r s  from PCMSOL i n  s e v e r a l  

ways but p r i n c i p a l l y  is a thermal network model. 
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The thermal model of the  PCM assumed uniform melt ing across  t h e  

panel with no melting f r o n t .  This assumption has been s u b s t a n t i a t e d  in 

tests f o r  PCM up t o  1 / 2  in. th ick .  

I n  the thermal a n a l y s i s  used, the  energy s to red  must: be expressed as 

a product of a s p e c i f i c  hea t  and a temperature change. The gradual  phase 

change exhib i ted  by the  TESC-81 l ends  i t s e l f  t o  represent ing  the  hea t  of 

fu s ion  as a temperature-dependent, apparent  s p e c i f i c  heat. The p a r t i a l  

d e r i v a t i v e  of t he  energy s to red  obtained from test d a t a  (shown i n  Fig. 

33) w a s  ca l cu la t ed  as a func t ion  of temperature and is shown i n  Fig. 3 4 .  

A comparison by PCMSOL of (1) ca l cu la t ed  su r face  temperatures of a 

1/2-in. panel conta in ing  TESC-81 and (2 )  t h i s  thermal a n a l y s i s  (TA) i s  

shown by comparing Figs. 32 and 35. Again, t he  a c t u a l  PCM melt tempera- 

t u r e  is not 81°F as assumed i n  the  model bu t ,  r a t h e r ,  -74’F. Subcooling 
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occurred (Fig.  31) a t  the  start  of both f r e e z e  cyc les ;  mel t ing and freez-  
i ng  obviously occurred over a temperature range r a t h e r  than i so thermal ly .  - 

The thermal a n a l y s i s  s imula t ion ,  because i t  accommodates the  last  phe- 

nomenon, does show a drop of temperature over the  f r eez ing  per iod.  I f  

t h e  c o r r e c t  t r a n s i t i o n  temperature had been used i n  the  s imula t ion ,  the  

model r e s u l t s  would c l o s e l y  p red ic t  t he  test da ta .  Furthermore, incorpo- 

r a t i o n  of a temperature range f o r  mel t ing and f r eez ing  i n  PCMSOL w i l l  

bring toge ther  the  two s imula t ion  r e s u l t s .  

To perform any such 

d e t a i l e d  economic a n a l y s i s ,  two important f a c t o r s  m u s t  be accu ra t e ly  de- 

termined f o r  a new concept product:  

A pre l iminary  economic a n a l y s i s  was performed. 

( 1 )  manufac tured/ ins ta l led  cos t  of 

t he  product and ( 2 )  worth of the  product. 

development f o r  a product such as PCM-f i l l e d  panels  preclude accu ra t e  

However, e a r l y  stages of 

~- 

determina t ion  of e i t h e r  of t hese  f ac to r s .  

...... . . . __ . . . . . . 
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There are seve ra l  l i k e l y  manufacturers of a product such as the  PGM- 

f € l l e d  panel.  The most l i k e l y  inc lude  the  extruded p l a s t i c  panel manu- 

f a c t u r e r s ,  as w e l l  as manufacturers of PCM. I d e a l l y ,  one company would 

manufacture a l l  components t o  minimize product cos t  through the elimina- 

t i o n  of mul t ip le  p r o f i t s  and redundant cos ts .  Major components should be 

purchased as r a w  materials and manufactured a t  one s i t e  to  minimize t h e  

cos t .  I n  r e a l i t y ,  however, t h i s  i s  not l i k e l y  t o  be the case. For the  

purpose of t h i s  a n a l y s i s ,  it w a s  assumed t h a t  t he  manufacturer of t h e  

most expensive component (extruded p l a s t i c  panel)  would the re fo re ,  pur- 

chase. a l l  o the r  components i n  mass quan t i ty  and f a b r i c a t e  the  f i n a l  prod- 

u c t  at  the  p las t ic  ex t rus ion  f a c i l i t y .  Phone quota t ions  f o r  mass quan- 

t i t y  buys w e r e  obtained f o r  a l l  components. A p r o f i t  margin of 30% was 

assumed f o r  the p l a s t i c  panels and appl ied t o  the  f in i shed  panel cost .  

An e x t r a  10% w a s  assumed f o r  the  panel cos t  t o  a l low fo r  heat  s ea l ing  and 

adhering the  vapor b a r r i e r  material. 

t o  the  polypropylene panel cos t  t o  a l low f o r  a s u b s t r a t e  inaterial. It 

w a s  a l s o  assumed t h a t  i n s t a l l a t i o n  cos t  would be $0.05/f t*  f o r  t h i n  poly- 

propylene panels  and $0.10/ft2 f o r  t h i cke r  a c r y l i c  and polycarbonate 

panels.  A t o t a l  i n s t a l l e d  cos t  w a s  then ca l cu la t ed .  The panel w a s  

assumed t o  replace dry w a l l  i n  new cons t ruc t ion ,  which c o s t s  about 

$0.30/f t2  f in i shed  out ,  so  t h a t  a d i f f e r e n t i a l  cos t  could be obtained.  

This d i f f e r e n t i a l  cos t  must then be paid back i n  energy savings.  

Pm a d d i t i o n a l  $0.23/ft2 w a s  added 

Determination o f  energy savings or  annual worth of t he  panel was no t  

accu ra t e ly  obtained. The computer s imula t ions  were not f o r  an e n t i r e  

res idence or  commercial bu i ld ing  and not  r e a d i l y  comparable t o  conven- 

t i o n a l  s t r u c t u r e s .  More s p e c i f i c a l l y ,  the  energy savings are d i r e c t l y  a 

func t ion  of the number of cyc le s  the  PCM completes. Data f o r  a t y p i c a l  

bu i ld ing  geometry were not gene ra l ly  a v a i l a b l e ,  and the  da t a  a v a i l a b l e  

were not e a s i l y  used. It was known from experimental  d a t a ,  however, t h a t  

t he  panels w e r e  e a s i l y  charged on good s o l a r  days and discharged over- 

n igh t  by f r e e  o r  forced convection. It w a s  assumed f o r  t h i s  a n a l y s i s  

t h a t  the  amount and placement of the  PlcM guarantee t h a t  each pound of PCM 

is  cycled when the  s o l a r  energy is  a v a i l a b l e  to  charge it  d i r e c t l y .  For 

Albuquerque, New Mexico, 150 cyc le s lyea r  were assumed. This m y  seem 

high a t  f i r s t  glance but i n  r e a l i t y  may be conserva t ive  because hea t ing  
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i s  r equ i r ed  a t  least p a r t i a l l y  f o r  6 monthsjyear and good s o l a r  days are 

abundant. For TESC-81, the heat  of fu s ion  i s  82 B t u j l b ,  which equates  t o  

12,300 Btu/year-lb o r  $0 (. 12/year-lb a t  $lO/MBtu f u e l  replacement cost .  

It should be noted t h a t  no c r e d i t  has been taken f o r  load l e v e l i n g  i n  t h e  

summer, s p r i n g ,  and f a l l .  Though unknown at  t h i s  t i m e ,  t he  exact con t r i -  

but ion o r  worth because of t he  load l e v e l i n g  during t h i s  period is  be- 

l i e v e d  t o  be s u b s t a n t i a l .  

A summary of c o s t s ,  PCM worth, and payback i n  years is de l inea ted  i n  

A 1-1/2-in. acryl ic  panel i s  included i n  the a n a l y s i s  t o  i l l u s -  Table 6 .  

t r a t e  the v a r i a t i o n  ( r educ t ion )  i n  c o s t  with increased th i ckness .  It Is 

bel ieved t h a t  panels  up t o  1-1/2 in .  t h i c k  could be u t i l i z e d  i n  s p e c i f i c  

l o c a t i o n s  f o r  d i r ec t -ga in  a p p l i c a t i o n s .  Polycarbonate material is also 

included,  although it  is  more expensive than a c r y l i c  and appears t o  have 

no s i g n i f i c a n t  performance improvements above a c r y l i c .  The 1/4-in. 

panels  should not  be considered f o r  d i r e c t  g a i n  a p p l i c a t i o n s  because of 

p o t e n t i a l  overheat for t h i n  panels.  Direct-gain tests revealed t h a t  the 

1/4-in. panels  w i l l  e a s i l y  m e l t  i n  (1 h i n  good sun and, t h e r e f o r e ,  

should not be used as d i r ec t -ga in  panels.  I n  summary, the paybacks range 

from -3 yea r s  t o  6 years  (excluding polycarbonate) f o r  hea t ing  only.  

I f  PCM is added f o r  passive solar heat ing reasons,  then the  oppor- 

t u n i t y  f o r  f u r t h e r  b e n e f i c i a l  use of t he  PCM presen t s  i t s e l f  every day 

t h a t  t he  ambient temperature swings above and below the comfort zone. 

R e l a t i v e l y  s i m p l e  and inexpensive techniques are a v a i l a b l e  (e.g., vent  

and r e c i r c u l a t i o n  f ans )  t o  allow s t o r i n g  e i t h e r  hea t lng  o r  cool ing energy 

from the ambient a i r  during much of t h e  s p r i n g ,  f a l l ,  and summer. This  

s t o r a g e  can s i g n i f i c a n t l y  a f f e c t  t he  economics of the PCM d i r e c t l y  

through reduced hea t ing lcoo l ing  c o s t s  and i n d i r e c t l y  through b e t t e r  tem-  

p e r a t u r e  c o n t r o l  and improved comfort . 
Under cond i t ions  where t h e  d i u r n a l  temperature v a r i a t i o n s  do not 

permit s t o r i n g  "free" energy from ambfent a i r ,  the  PCM s t i l l  has a poten- 

t i a l  bene f i t .  Off-peak energy (at reduced r a t e s )  is p r e s e n t l y  not i n  

widespread a p p l i c a t i o n .  However, t he  use of computers f o r  monitoring 

power use could change t h i s  r e l a t i v e l y  soon. I f  t h i s  occurs ,  the use of 

P a s  t o  s t o r e  energy generated by hea t  pumps during off-peak t i m e s  can be 
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Table 6. Economic worth/payback analysis 

Component or 
cos t  factor 114-in. S/ &in. 51 8-in 1- 1 / 2-in. 

Polypropylene Acrylic Polycarbonate Acrylic 
I_ - 

Extruded p las t i c  0.19 1.48 2.2% 2.38 

Added cost to panel f o r  0.02 0.25 0.23 0.24 
sealing and adhering 
vapor barrier 

PCM TESC-81 0.10 0.29 0.29 0.80 

Vapor barrier Q l l O  0.05 0.05 0.05 

Substrate 0112 
'rata1 mtF?rial.P3 608C 0.53 1 .97 2.85 3.43  
30% Profit Q *  32 0.55 0 w79 0.97 

0.10 InsbsllAtion labor  

Total  inr;tallad 0.70 2.62 3.74 4.54 

Replaced materiala -0.30 -0.30 -0 .30 -9.30 

I__ 

0.10 - 0.10 - a *  15 
__c 

Goat 

_u_ P ___I 

Di f f e re I1 t ial. Ow40 2.32 3.44 4.24 
cast8 

Worth OS Pi34 panel, 0.12 0.36 0.36 0.98 
$ /ftz-year 

only) ,  year8 
Payback (heating 3. a 6.3 9 .2  4 . 3  

very cost-erfsctive, particularly rimen the effect of Increased COP (be- 

cause of anre favorable operating condltiona) is considered. 

Olivine hmt storage bricks fax electric gltorage furnaces are pres- 

ently imported from Europe. 'fwa recently completed material development 

project8 under t h i a  program have made technologies for praducing such 



br i cks  a v a i l a b l e  t o  U.S. indus t ry .35  s36 The f a b r i c a t i o n  methods t h a t  

have been developed circumvent t he  high equipment cos t  requi red  f o r  t he  

p r e s e n t l y  used ceramic br icks .  However, t o  r ep lace  the  e x i s t i n g  method, 

lower technology requirements and less energy-intensive methods have been 

developed i n  ram-pressed and cast b r i cks  u t i l i z i n g  var ious  cementing 

materials t h a t  do not  r equ i r e  high f i r i n g  temperatures  i n  the  f a b r i c a t i o n  

process.  Thus, t he  technology can be u t i l i z e d  by small i n d u s t r i a l  f irms. 

Large d e p o s i t s  of o l i v i n e  s u i t a b l e  f o r  these b r i cks  e x i s t  on both t h e  

east and west coas ts .  

The f a b r i c a t i o n  technology, prototype sample b r i cks ,  and, i n  one 

case, experimental  f a b r i c a t i o n  d i e s ,  along with r e s u l t s  of tests of t h e  

pro to type  b r i c k  performance i n  s to rage  h e a t e r s ,  have been made a v a i l a b l e  

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

Storage hea te r s  have r e s i s t i v e  hea t ing  elements t h a t  genera te  heat 

t o  be s t o r e d  i n  a ceramic r e f r a c t o r y  core ,  which is heated t o  tempera- 

t u r e s  up t o  about 800°C during off-peak per iods.  During peak per iods the  

heaters use forced convect ion t o  t r a n s f e r  the  s to red  hea t  t o  the  environ- 

ment. In t he  p a s t  the cores  have been cons t ruc ted  from convent iona l ly  

pressed and f i r e d  ( s i n t e r e d )  b r i cks  of magnesite (magnesium oxide) o r  

o l i v i n e  (magnesium s i l i c a t e )  compositions. Research completed t h i s  year 

has  shown t h a t  both f i r e d  b r i c k  based on North Carol ina o l i v i n e  and 

chemical ly  bonded, pressed b r i c k  based on Washington S t a t e  o l i v i n e  have 

p o t e n t i a l  use i n  s t o r a g e  hea te r  cores .  

I n  t h i s  p r o j e c t ,  chemically bonded concre tes  (i.e., s l u r r y  cast- 

ab le s )  based on North Caro l ina  o l i v i n e  aggrega tes  were developed fo r  use 

i n  r e f r a c t o r y  cores  of s to rage  hea ters .  Chemical binders  used were cal- 

cium aluminate  cements and sodium polyphosphate. Additions of high spe- 

c i f i c  g r a v i t y  minerals  such as magnetite (millscale) produced concre te  

components with d e n s i t i e s  equal ing those of convent iona l ly  f i r e d  br ick.  

This  r e s u l t  implies  t h a t  volumetr ic  heat  capacities of f i r e d  o l i v i n e  

b r i c k  and of o l i v i n e  c a s t a b l e s  may be t h e  same, depending on the concre te  

composition. 

I n  a 50-cycle tes t  program i n  a commercial, 15-kW, room-size s to rage  

h e a t e r ,  the  calcium aluminate ,  cement-bonded, o l i v i n e  c a s t a b l e  exh ib i t ed  
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no degradat ion because of the c y c l i c  thermal environment. Larger con- 

crete s e c t i o n s  cast about t he  r e s i s t i v e  hea t ing  elements showed no degra- 

da t ion ,  and the re  was  no d i f f e rence  i n  the  h e a t e r ' s  performance with 

cement-bonded components as compared with f i red-br ick  components. The 

cement-bonded components were l imi t ed  t o  l o c a l  s e r v i c e  temperatures below 

about 1200°C (about 2200'F). The phosphate-bonded c a s t a b l e s  can be used 

above 12OO0C, but they were found t o  be more suscep t ib l e  t o  thermal shock 

damage e 

This research  work has demonstrated t h a t  low-cost concre tes  based on 

domest ical ly  a v a i l a b l e  o l i v i n e  aggregates  can be used t o  cons t ruc t  hea t  

s to rage  cores ,  Re la t ive ly  simple concrete  cas t ing  and curing techniques 

can be used t o  produce those cores .  There i s  no s i g n i f i c a n t  c a p i t a l  in-  

vestment requirement,  stiggesting t h a t  small business  concerns could par- 

t i c i p a t e  in t he  f a b r i c a t i o n  of hea ter  cores .  The technologies  f o r  pro- 

ducing r e f r a c t o r y  o l i v i n e  concre tes  can be r ap id ly  commercialized f o r  

n ight  s torage  hea te r  and o ther  TES app l i ca t ions .  

2.5 System Modeling 

2.5.1 Passive s o l a r  bu i ld ing  modeling ( P r o j e c t  5.1.1) 

TES is an e s s e n t i a l  component of pass ive  s o l a r  bu i ld ings ,  allowing 

s o l a r  energy received during the  day t o  be converted t o  heat  and s t o r e d  

f o r  bu i ld ing  hea t ing  at n ight .  The hea t ,  whether s to red  i n  an in t en t ion -  

a l l y  added bui ld ing  component such as a Trombe w a l l  or t he  sum of heat 

s t o r e d  i n  the normal bui ld ing  elements,  i s ,  along with the c o l l e c t o r ,  the 

pass ive  s o l a r  hea t ing  sys tem.  Conventional s o l a r  technology has r e l i e d  

on s e n s i b l e  hea t  s to rage  i n  rocks,  masonry, etc. The advantage of l a t e n t  

hea t  s to rage  i n  compactness of the s to rage  media, as w e l l  as i n  poss ib l e  

increased room thermal comfort as a r e s u l t  of isothermal  s torage  of en- 

e rgy ,  i s  recognized and beginning t o  be exp lo i t ed  i n  commercial sys tems.  

The advantages seen from the  use of the l a t e n t  heat  of PCMs are 

1. s to rage  of l a r g e  aiuounts of heat  per u n i t  m a s s  or per  u n i t  volume as 

t h e  l a t e n t  hea t  H (kJ/kg) of phase change;37-43 

2. the  temperature range over which heat  i s  s to red  can be narrow, SO 

long as it  spans the  phase change temperature Tc, (°C);44-46 
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3. condi t ions  can be c rea ted  under which the  PCM temperature w i l l  be Tcr 

f o r  most t i m e ; 3 0 , 3 2  and 

4 .  PCM s to rage  can be "passive."33-35 

These advantages may, however, be of i l l u s o r y  value.  For example, 

i f  Tcr i s  too  high o r  too low, the  phase change w i l l  not  take  p lace ,  and 

l a t e n t  hea t  w i l l  not be s to red .  S imi l a r ly ,  i f  too l i t t l e  PCM i s  used, 

t h e  phase change process  may be i n e f f e c t i v e .  

PCM may not be cos t - e f f ec t ive  or  p r a c t i c a l .  Also, t he  phase change pro- 

cess must  be dr iven  by thermal f luxes  l a r g e  enough t o  provide heat of 

magnitude g r e a t e r  than the  l a t e n t  heat.35 

PCM is  placed are very s i g n i f i c a n t  i n  a pass ive  s to rage  mode. 

s i d e r a t i o n s  imply the  necess i ty  of opt imizing the  way i n  which PCM is 

used with r e spec t  t o  a number of v a r i a b l e s ,  inc luding  

On the o ther  hand, too much 

Therefore ,  where and how the 

These con- 

1 .  PCM choice,  

2. PCM placement,  

3. PCM geometry, and 

4 .  cos t .  

A t o o l  t h a t  can be used t o  address  th i s  need is a v a l i d  computer 

s imula t ion  program, app l i cab le  to  a s u f f i c i e n t l y  gene ra l  family of s t ruc -  

t u re s .  PCMSOL-1, a code t h a t  s i m u l a t e s  a one-room s t r u c t u r e  i n  which PCM 

may be incorpora ted  by w a l l  layers , w a s  developed previously under t h i s  

program.47 This year the  code w a s  va l ida t ed  a g a i n s t  s o l a r  test  cel l  d a t a  

(Sect .  2 . 3 . 2 ) .  The code was used i n  an a n a l y s i s  of the r e l a t i o n s h i p s  be- 

tween s to rage  performance and PCM thermophysieal parameters.  This w a s  a 

pre l iminary  s tudy i n  a program aimed a t  determining c r i te r ia  f o r  develop- 

ment of pass ive  s o l a r  s to rage  components t h a t  u t i l i z e  the  l a t e n t  heat  of 

s to rage  media. 

I n  t h i s  pre l iminary  a n a l y s i s ,  a PCMSOL s imula t ion  of a one-room pas- 

s i v e  solar bui ld ing  wi th  va r ious  PCM s to rage  conf igu ra t ions  was u t i l i z e d .  

I n  an e f f o r t  t o  bypass the  computing t i m e  requi red  f o r  ex tens ive  simula- 

t i o n s  of annual room performance, the  fol lowing method w a s  used. 

1. Peak-day supplemental hea t ing  was determined over a range of PCM pa- 

rameters and s to rage  l o c a t i o n s  i n  t he  room. 
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2. Annual supplemental heating was projected from an assumed daily sup- 

plemental energy requirement over the heating season related to the 

three peak-day requirements (Fig. 3 6 ) .  

3. Allowable PCM storage system costs were determined based upon these 

predictions. 

4 .  Preliminary criteria for development of latent heat storage elements 

were then determined. 

The peak daily heating requirement was expressed in terms of nm- 

dimeusionalized PCM properties as 

Peak-day heating required = Ag + A l p *  + A2H* 

i A3TA C AbK* + A5L* + 2nd order terms , (15)  

where 

p* (nondimensionalized density) 
p - 95 - - 

120 - 70 ’ 
H - 80 - - 

100 - 60 ’ H* (nondimensionalized latent heat) 
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T - 82 
90 - 75 ’ 

0.6 - 0.1 ’ 

T* (nondimensionalized melt temperature) = 

- K - 0.3 K* (nondimensionalized conductivity) - 

- L -  1.2 L* (nondimensionalized thickness) - 
2 - 0.25 

Sensitivity analysis of the peak-day simulation with variations in 

the above parameters gave optimum PGM properties for each location in the 

room simulated. Allowable costs can then be determined from assumptions 

of energy cost, escalation, and discount rate (Fig. 37) .  

This program will continue wlth a systematic evaluation of typical 

storage systems and media. 
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Fig. 37. Range of al.lowable cost for PCM storage system. 

2.5.2 Mathematical modeling of a PCM system 
(Project 5.2.1) 

An analytical study to develop a mathematical model of two-phase 

flow over a packed bed and an experlmental program for model verification 

was completed. 48 
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The previous yea r ’ s  experimental  work with PWC-89 p e l l e t s  of en- 

capsulated Glauber s a l t  sub jec t  t o  R-12 heat  t r a n s f e r  f l u i d  uncovered 

d e f i c i e n c i e s  t n  permeabi l i ty  of the pe l le t  skin.  Fur ther  tests of an 

improved p e l l e t ,  using a hea t  t r a n s f e r  f l u i d ,  R-113, with  a lower sa tu ra -  

t i o n  pressure ,  were only marginal ly  successfu l .  Thus, experiments were 

continued wPth g l a s s  spheres  s u b s t i t u t e d  f o r  p e l l e t s  of PCM, The r e s u l t s  

of the  experimental  runs provide hea t  t r a n s f e r  c o r r e l a t i o n s  f o r  l i q u i d  

R-113 flow and two-phase l iquid-vapor flow for  use i n  t he  developed com- 

p u t e r  codeo 

The mathematical model has been developed t o  s imula te  t r a n s i e n t  

thermal performance of a packed bed of encapsulated P a  p e l l e t s  using a 

r e f r i g e r a n t  as the  hea t  t r a n s f e r  f l u i d .  The governing equat ions were de- 

veloped f o r  t h ree  genera l  condi t ions  of progress ive ly  Increas ing  com- 

p l e x i t y :  

1. No phase change occurs i n  e i t h e r  t he  working f l u i d  o r  the PCM pel- 

l e t s .  This condi t ion  r ep resen t s  conventional TES s to rage  i n  a packed 

bed e 

2. Phase change occurs i n  the  p e l l e t i z e d  PCM but not i n  the  working 

f l u i d .  Th i s  condi t ion  represents  two very genera l  opera t ing  condi- 

t i ons .  The f i r s t  of t hese ,  an i n i t i a l l y  f rozen  PCM packed bed t h a t  

i s  at  an i n i t i a l  temperature below the  melt ing temperature of PCM 

(t,), is heated with a single-phase hea t  t r a n s f e r  f l u i d  en te r ing  the  

bed a t  a temperature above t,. In t h i s  genera l  hea t ing  case, the  PCM 

i n i t i a l l y  undergoes s e n s i b l e  hea t ing  of s o l i d ,  then melt ing,  and f i n -  

a l l y  s e n s i b l e  hea t ing  of l i q u i d  PCM. The second of t hese ,  a n  i n i t i -  

a l l y  l i q u i d  PCM i n  the  bed a t  a temperature above tm, is cooled with 

a single-phase hea t  t r a n s f e r  f l u i d  en te r ing  the  bed at  a temperature 

below tm. I n  t h i s  genera l  cooling case, the  PCM l i q u i d  i n i t i a l l y  un- 

dergoes s e n s i b l e  cool ing ,  then f r eez ing ,  and f i n a l l y  sensdble  cool ing  

of s o l i d  PCM. 

7. Phase change occurs both i n  the  working f l u i d  and the  p e l l e t i z e d  PCM. 

The hea t  t r a n s f e r  c o r r e l a t i o n  der ived from l i q u i d  R-113 f low runs i s  

a l s o  app l i cab le  t o  E 1 1 3  vapor flow, For the  hea t  t r a n s f e r  between the  
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heat  t r a n s f e r  f l u i d  (R-113) and the  bed w a l l ,  t he  c o r r e l a t i o n  of Yagi and 

K ~ n i i ~ ~  f o r  air  as the  working f l u i d  i s  modified f o r  use with R - 1 1 3 .  

The hea t  t r a n s f e r  f l u i d  used i n  the  single-phase working f l u i d  runs 

w a s  R - 1 1 3 .  The bed packing material used w a s  S/8-inn-diam, smooth, g l a s s  

spheres .  Both "heat ing" and "cooling" runs were made a t  flow rates rang- 

ing from 0.25 t o  4 gal/min. I n  the  "cooling" runs the glass spheres  were 

f i r s t  heated by running hot r e f r i g e r a n t  through the  packed bed a t  a flow 

rate of 4 gal/min f o r  1 h t o  achieve a uniform i n i t i a l  bed temperature.  

Then the  bed w a s  i s o l a t e d  by c los ing  the  so lenoid  valves  at  t h e  two ends 

of the  bed, and the  working f l u i d  w a s  then cooled t o  the des i red  bed in- 

l e t  t empera tu re  i n  a bypass loop p r i o r  t o  the  beginning of a tes t - run .  

In  a l l  of t h e  "cooling" runs ,  the  tube-and-shell heat-exchanger, coolant-  

water flow regu la t ing  valve w a s  set t o  the  full-open pos i t ion .  The power 

input  by e lectr ical  hea t ing  t o  the  working f l u i d  w a s  t y p i c a l l y  consider-  

ab ly  higher  than the  rate of energy absorp t ion  of t he  packed bed. The 

excess energy input  w a s  removed on the  tube-and-shell heat  exchanger. 

The purpose of t h i s  procedure w a s  t o  reduce the  time-dependent f luc tua-  

t i o n  i n  bed i n l e t  temperature.  In  most runs the  working f l u i d  flow d i r ec -  

t i o n  was downward through the packed bed. A t  low flow rates,  0.5 gal/min 

or less, n a t u r a l  convect ion effects were found t o  be important ,  and i t  

became necessary to  use upflow through the  packed bed t o  avoid working- 

f l u i d  flow r e v e r s a l s  in "cooling" runs and downflow through the  bed i n  

"heat ing" runs. P r i o r  t o  the  beginning of each hea t ing  run, the bed in- 

l e t  d i f f u s e r  was heated on the  ou t s ide  with a hea t  tape  u n t i l  t he  i n l e t  

temperature  of the  working f l u i d  reached the  des i r ed  value.  This was 

done t o  achieve a s t eepe r  s t e p  i n  the  bed in le t - tempera ture  curve. With 

t h e  except ion of the  d i f f u s e r  hea t ing ,  the  bas i c  procedure followed i n  

the  "heat ing" runs w a s  similar t o  t h a t  followed i n  the  "cooling" runs  

The hea t  t r a n s f e r  f l u i d  used i n  the  two-phase working f l u i d  runs was 

a l s o  R - 1 1 3 .  Five cases  of bed i n l e t  q u a l i t y  were used, ranging from 0.24 

t o  0.94. I n  a l l  of t he  two-phase working f l u i d  runs,  the flow d i r e c t i o n  

w a s  downward through the  bed. P r i o r  t o  beginning a two-phase run, t h e  

bed w a s  brought up t o  s teady  s ta te  by running two-phase r e f r i g e r a n t  of 

t he  des i r ed  i n l e t  q u a l i t y  through the bed. For each two-phase run, d a t a  
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were recorded at three different power levels of the heat flux probes t o  

determine the influence of the temperature difference between rod surf ace 

and working fluid on the heat transfer coefficient. Typically, data were 

recorded for 1 h at each power setting. 

Some comparisons of numerical predictions wlth experimental results 

are shown in Figs. 38 and 39. These results show excellent agreement and 

validate the first stage of the modeling effort. Data correlations f o r  

the more complex model, that is, w i t h  phase change i n  the storage mate- 

rial, must await development of a more reliable encapsulation process. 
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3. SIJMMARY AND CONCLUSIONS 

Technical  p r o g r e s s  i n  t h e  development of advanced TES systems f o r  

t h e  per iod of Aprtl  1983-March 1984 has been presented .  Each of t h e  

ORNLITES program a c t i v i t i e s  dur ing  t h i s  per iod  has  been summarized, and 

r e € 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 cont inued dur ing  t h i s  

seventh  year  of ORML 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. 

An economical method of f a b r i c a t i n g  a composite ceramic-salt mate- 

r ia l  f o r  high-temperature  l a t e n t  h e a t  s t o r a g e  i n  a packed bed has  been 

demonstrated.  This  class o f  s t o r a g e  media w i l l  a l l o w  the  l a t e n t  h e a t  of 

f u s i o n  of t h e  s a l t  t o  be u t i l i z e d  f o r  h e a t  s t o r a g e  wi thout  t h e  n e c e s s i t y  

of c o n t a i n i n g  t h e  s a l t  as a l i q u i d  i n  t h e  s t o r a g e  v e s s e l .  Some r e s e a r c h  

i n t o  t h e  mechanism of thermal ly  cyc led  salt  m i g r a t i o n  out of t h e  compos- 

t t e  material remains t o  be conducted. However, t h e  concept is shown t o  

be s u f f i c i e n t l y  s u c c e s s f u l  t h a t  a d e t a i l e d  economic s t u d y  of i t s  use i n  

i n d u s t r y  has been scheduled as t h e  follow-up phase of t h i s  p r o j e c t .  

S t u d i e s  of methods f o r  e n c a p s u l a t i n g  metallic e u t e c t i c  a l l o y s  i n  

n o n r e a c t i v e  meta l l ic  s h e l l s  were i n i t i a t e d .  Many of t h e s e  a l l o y s  t h a t  

have h igh  h e a t s  o f  f u s i o n  a t  h igh  temperatures  are e x c e l l e n t  c a n d i d a t e s  

f o r  s t o r a g e  of i n d u s t r i a l  reject h e a t .  The s u c c e s s f u l  development of an 

e n c a p s u l a t i o n  process  has  p o t e n t i a l  f o r  wide a p p l l c a t i o n .  Although t h i s  

y e a r ' s  e f f o r t s  have not  produced a s u c c e s s f u l  method, f u r t h e r  r e s e a r c h  

remains as p a r t  of t h e  TES program. 

S u c c e s s f u l  demonstrat ions of TES c y c l e s  f o r  use w i t h  h e a t  pumps have 

been achieved.  h c l a t h r a t e  of mixed f luorocarbons  t h a t  forms a t  n e a r  

ideal. s t o r a g e  temperature  and p r e s s u r e  f o r  a i r  c o n d i t i o n i n g  w a s  i d e n t i -  

f i e d  through in-house l a b o r a t o r y  s t u d i e s .  A subcont rac ted  e f f o r t  i n  pur- 

s u i t  of a dual-season s t o r a g e  medium f o r  t h e  h e a t  pump c i r c u i t  i s  achiev- 

i n g  some s u c c e s s ,  and f u r t h e r  l a b o r a t a r y  s t u d i e s  are recommended. 

Research atmed a t  e s t a b l i s h i n g  phase d a t a  f o r  s e l e c t e d  systems t h a t  

can s t o r e  energy i n  h e a t s  of s o l u t i o n  and mixing w i l l  cont inue .  One 

promising system has been i d e n t i f i e d  f o r  f u r t h e r  s tudy.  
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The ORNL passive solar computer code PCMSOL w a s  v a l i d a t e d  through 

comprehensive experiments conducted in solar test cells.  The code is  now 

being appl ied  t o  the probe of i d e n t i f i c a t i o n  of l a t e n t  hea t  storage con- 

c e p t s  t ha t  promise success .  T h i s  ongoing mathematical  modeling e f f o r t  

has proven very  h e l p f u l  i n  understanding the d i f f i c u l t  problem of captur-  

ing  and using solar heat  i n  a passive system. 
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