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Abst rac t  

Work performed a t  Brookhaven National  Laboratory on Union Carbide 

Nuclear Div is ion ,  ORNL c o n t r a c t  number 19Y-14279V, "Encapsulat ion of Phase 

Change Mate r i a l s  i n  Concrete Masonry Construction", i s  summarized i n  t h i s  

Third Progress  Report f o r  the  period of June 1978 - September '1978. Due to  

program te rmina t ion ,  t h i s  r e p o r t  a l s o  c o n s t i t u t e s  t he  f i n a l  r e p o r t  of t h e  

program. Thermal a n a l y s i s  of the  system Na2C03. 10H20 has shown t h a t  a f t e r  

s epa ra t ion  upon mel t ing ,  t he  hea t  of fus ion  i s  considerably higher  than  

Na2S04.10H20. The system NaC03-K2C03-H2Q has been found to be unsu i t ab l e  

f o r  PCM use. A " eu tec t i c "  i n  t he  MgC12-CaC12-H20 i s  under cons idera t ion .  

It e x h i b i t s  a  high hea t  of fus ion  and low t r a n s i t i o n  temperature range. ' 

Cyl ind r i ca l  s h e l l s  have been c a s t  using polymer concrete .  The s h e l l s  were 

subsequently f i l l e d  with PCM (phase change m a t e r i a l )  and thermally,  cycled. 

No leaking  of PCM occurred. Thermal measurements on PCM composite 

m a t e r i a l s  were continued. 
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" ,  Summary . . 

Work i n  t h e  a r e a  o f  s e l e c t i o n  of s u i t a b l e  phase change m a t e r i a l s  

(PCM) was cont inued.  Na2C03. 10H20, whi'C'h m e 1  ts  i n c o n g r u e n t l y  at  about  

32OC, was observed t o  have a h i g h e r  h e a t  of f u s i o n  t h a n  Na2S04.10H20 i f  re- 

combinat ion o f  water  and s a l t  does n o t  occur  upon s o l i d i f i c a t i o n  f o r  bo th  

PCM's. For Na2C03.10H20, t h e  h e a t  of f u s i o n  goes from 59 t o  44 c a l l g r a m  

w h i l e  Na2S04.10H20 goes  from 60 t o  3 3  ca l lg ram.  The d i s a d v a n t a g e s  of . . 
Na2C03. 10H20 compared w i t h  Na2S04. 10H20 a r e  h i g h e r  c o s t  ( abou t  5 d / l b  as 

opposed t o  2 h / l b )  and i t s  h i g h  a l k a l i n i t y  (pH= 11.7 w h i l e  Na2S04.10H20 i s  

n e u t r a l ) .  The system Na2C03-K2C03-H20 was found t o  be u n s u i t a b l e  f o r  use 

a s  a PCM s i n c e  i t  forms no e u t e c t i c s  i n  t h e  low tempera tu re  range  w i t h  h igh  

h e a t s  of f u s i o n .  A promising composi t ion i n  t h e  CaC12-MgC12-H20 system was 

found which e x h i b i t e d  a h e a t  of f u s i o n  of 42 c a l l g r a m  and a broad m e l t i n g  

range  which extended from 15O t o  26OC. This  system a p p e a r s  most promising 

and f u r t h e r  work i n  t h i s  a r e a  should be under taken.  

Macroencapsula t ion of PCM i n  hol low c y l i n d r i c a l  s h e l l s  of polymer 

c o n c r e t e  was s t a r t e d .  Th is  t a s k  is  much s imple r  than t h e  "microencapsula- 

t i o n "  work which we have p r e v i o u s l y  under taken.  The samples a r e  e a s i l y  

f a b r i c a t e d  and no l e a k i n g  of PCM has  occur red .  

Encapsu la t ion  of a PCM (phenyl  e t h e r )  i n  a ny lon  c a p s u l e  was performed 

v i a  a method developed and p a t e n t e d  by Pennwalt Corp. (US 3,577,515).  The 

method worked q u i t e  w e l l  b u t  c o s t s  w i l l  probably  o v e r r u l e  t h i s  t y p e  o f  

e n c a p s u l a t i o n  procedure.  I n  a d d i t i o n ,  t h e  c a p s u l e s  were too  s o f t  so t h a t  a 

ha rdener  o r  d i f f e r e n t  polymer sys tem might have t o  be employed. 

. Encapsu la t ion  of decano ic  a c i d  by 3M Corpora t ion  was performed and the  

sample analyzed by DSC. The c a p s u l e s  were too s m a l l  (10-38 microns)  and 



supercool ing ,  a problem not  he re to fo re  encountered wi th  decanoic a c i d ,  was 

noted. 

Thermal measurements v i a  t he  d i f f e r e n t i a l  scanning ca lor imeter  (DSC), 

thermal  comparator, and t h e  Seebeck envelope ca lo r ime te r  (SEC) have been 

continued. 



Encapsulat ion of Phase Change Ma te r i a l s  i n  
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~ n t r o d u c t i o n  

Space condi t ion ing  i s  the  major energy consuming func t ion  f o r  both 

commercial and r e s i d e n t i a l  bu i ld ings .  Low temperature thermal energy 

s t o r a g e  (LTTES) i n  t he  wa l l s ,  f l o o r s ,  and/or c e i l i n g s  ,of these  s t r u c t u r e s  

can l ead  t o  s u b s t a n t i a l  energy savings.  One way ' t o  i nc rease  thermal capac- 

i t y  i s  v i a  i nco rpo ra t i on  of phase change m a t e r i a l s  (PCM's) i n  the bu i ld ing  

m a t e r i a l s ,  t hus  i nc reas ing  t h e i r  average hea t  capac i ty .  The most l i k e l y  

PCM candida tes  a r e  substances which undergo a so l id - l i qu id  t ransformat ion  

a t  t h e  des i r ed  temperature of energy s torage .  Such m a t e r i a l s  should have a 

h igh  hea t  of fu s ion ,  s t a b i l i t y  wi th  r e s p e c t  t o  thermal cyc l ing ,  and 

chemical compa t ib i l i t y  wi th  t h e  encapsula t ing  medium. It is  r e a d i l y  

ca l cu l a t ed  t h a t  t he  i nco rpo ra t i on  of 20% of  an a c t i v e  PCM wi th  a hea t  of 

f u s i o n  of 35 ca lo r i e s lg ram and t r a n s i t i o n  temperature of  25OC w i l l  r a i s e  

t h e  s to red  hea t  from 2.2 ca lo r i e s /g ram to 9.0 ca lor ies /gram over the 

temperature i n t e r v a l  20°-30°C. A t  30% PCM loading ,  15.7 ca lo r i e s /g ram 

would be s tored .  .Thus s u b s t a n t i a l  i nc reases  i n  thermal energy s to rage  can 

be achieved with r e l a t i v e l y  small  amounts of PCM. 

The PCM t r a n s i t i o n  temperatures  f o r  thermal energy s to rage  a r e  de te r -  

mined, by t h e  d e s i r e d  a p p l i c a t i o n ;  hydrnnic hea t ing ,  75O-80%; hot water ,  

550-750C; h o t  a i r ,  35O-55OC; w a l l  panel ,  20°-35OC; co ld  s to rage ,  5O-20°c. 

For t he  presen t  s tudy ,  t h e  main concern w i l l  he t h e  encapsu la t i on  



of  PCM's which undergo phase . t r a n s i t i o n  i n  the  20°-35OC range and prefer-  

a b l y  i n  t h e  20°-24OC range. This 1 a t t e r . r a n g e  is  i d e a l  f o r  a completely 

pas s ive  thermal energy s t o r a g e  system which would r e q u i r e  minimal support- 

ing devices  f o r  energy de l ive ry .  

The encapsula t ion  of phase change m a t e r i a l  i n  o rd ina ry  concre te  o f f e r s  

a low c o s t  method f o r  energy s torage .  Since normal weight concre te  i s  

roughly 75-80% aggrega te ,  a p a r t i a l  replacement of t h i s  aggregate  wi th  

cement-compatible PCM w i l l  i nc rease  i t s  energy s to rage  capac i ty .  Since t h e  

cu r ing  of por t land  cement depends upon hydra t ion  r e a c t i o n s ,  it i s  impera- 

t i v e  t h a t  t h e  1'CM not  i n t e r f e r e  wi th  these reactions. The PCM must a loo  

n o t  r e a c t  wi th  the  aggregate  and must no t  i n t e r f e r e  wlth the  bonding 

between t h e  cement and aggregate .  Our s t u d i e s  thus  f a r  have ind ica t ed  t h a t  

a p r i o r  encapsula t ion  of the  PCM w i l l  be necessary  f o r  use i n  a concre te  

ma t r ix ,  probably through t h e  coa t ing  of porous aggregate  impregnated wi th  

PCM. 

Polymer-impregnated concre te  (PIC) c o n s i s t s  of pre-cast conc re t e  

impregnated with a s u i t a b l e  monomer and polymerized -- i n  s i t u .  S i g n i f i c a n t  

improvements i n  s t r e n g t h  and d u r a b i l i t y  a s  wel l  as an impermeable m a t e r i a l  

r e s u l t  from t h i s  procedure. In  order  t o  use PIC, a concre te  sample con- 

t a i n i n g  PCM must be developed. This sample may be only p a r t i a l l y  hydrated 

and of low s t r eng th .  It might then be poss ib l e  to  achieve both PCM con- 

f inement and adequate s t r e n g t h  v i a  polymer impregnation. 

Polymer concre te  (PC) c o n s i s t s  of aggregate  mixed with s u i t a b l e  

monomer in s t ead  of por t land  cement. Subsequent polymerizat ion y i e l d s  a 

h igh  s t r e n g t h ,  du rab le ,  and impervious ma te r i a l .  The methods t o r  mixing 

and placement a r e  comparable to  o rd ina ry  concrete .  High s t r e n g t h  PC 



(and PIC) can both be made from r e l a t i v e l y  low q u a l i t y ,  low s t r e n g t h  aggre- 

ga te .  A t  t h i s  time, PC seems , t o  o f f e r  t h e  bes t  prospect f o r  success.  

The o b j e c t i v e s  of t h i s  p r o j e c t  were t o  develop techniques f o r  the 

encapsula t ion  of phase change m a t e r i a l s  i n t o  concre te ,  polymer-impregnated 

conc re t e ,  polymer conc re t e ,  and/or  o the r  bu i ld ing  m a t e r i a l s  and t o  chara- 

c t e r i z e  t h e  phys ica l  and thermal p r o p e r t i e s  of t hese  ma te r i a l s .  Since t h e  

program was unexpectedly terminated,  much of the work is  i n  an incomplete 

s tage .  However, t he  program i s  such t h a t  the  e f f o r t  could be renewed i n  

s h o r t  o rder  i f  funding should again become ava i l ab l e .  

Task 1. I d e n t i f i c a t i o n  and S e l e c t i o n  of Phase Change Mate r i a l s  

The phase diagrams f o r  Na2S04.H20 and Na2C03.H20 (Figures  1 and 2 )  

show t h a t  both s a l t s  have roughly the  same s o l u b i l i t y  i n  water ,  bo th  

e x h i b i t  r e t rog rade  s o l u b i l i t y ,  and the decahydrates melt  incongruent ly.  

Na2C03.10H20 i s  63% water ,  37% anhydrous s a l t ,  while  Na2S04.10H20 i s  56% 

water ,  44% anhydrous s a l t .  However, s i n c e  both s a l t s  have comparable 

s o l u b i l i t i e s ,  t h e  carbonate  l eaves  behind l e s s  undissolved m a t e r i a l  (Q 5.3% 

Na2C03.H20) than the  s u l f a t e  (Q 16.4% Na2S04) a f t e r  melt ing a t  the common 

mel t ing  temperature of 32OC. Thus, i f  recombination of undissolved s o l i d  

and sa tu ra t ed  s o l u t i o n  does not  occur during c r y s t a l l i z a t i o n ,  then Na2C03 

s o l u t i o n s  should y i e l d  s i g n i f i c a n t l y  higher hea t s  of fus ion .  Second 

mel t ings  of Na2S04.10H20 have given hea t s  of fus ion  of about 33 cal lgram 

while  Na2C03.10H20 y i e lded  44 callgram. 

A DSC scan ( see  Figure 3 )  of a s a tu ra t ed  Na2S04 s o l u t i o n  d i sp l ays  two 

peaks, one a t  280C and t h e  o the r  a t  -6OC. The higher  temperature peak had 

a hea t  of fu s ion  of 32 callgram. S imi la r  r e s u l t s  were obtained f o r  a 

s a t u r a t e d  Na2C03 so lu t ion .  It i s  thus  apparent  t h a t  e i t h e r  s a l t  i s  
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p o t e n t i a l l y  u se fu l  a s  a PCM i n  the form of i t s  s a t u r a t e d  so lu t ion .  This 

might f i n d  a p p l i c a t i o n  i n  such systems a s  Sunteck's ~ h e r m o c r e t e l  o r  i n  our  

own porous aggregate  system, where it i s  d i f f i c u l t  o r  impossible t o  i n j e c t  

s l u r r i e s  i n t o  the  systems. 

The Dow Chemical c o e 2  r e p o r t  l i s t s  seve ra l  " eu tec t i c "  systems of 

Na2C03-K2C03-H20 a s  p o t e n t i a l l y  u se fu l  phase change ma te r i a l s .  The 

compositions and temperatures  of t r a n s i t i o n  a re :  

The e n t r i e s  a r e  i n  weight percent .  No phase change was observed f o r  t h e  

25OC and 30°c compositions over the range of 10°c to  30°c where the systems 

a r e  so lu t ions .  The 22OC system exhib i ted  two peaks on t h e  DSC, one below 

zero and the  o the r  a broad melt ing peak beginning a t  about 17OC. The hea t  

of fu s ion  was recorded a s  L9.7 cal lgram which is  f a r  too low t o  be usefu l .  

Work on these  systems w i l l  be discont inued.  

The Dow Report a l s o  l i s ts  seve ra l  " entec  t i c s "  of CaC12-MgC12-H20 a s  

p o t e n t i a l l y  u se fu l  PCM's. 

These systems a r c  not t r u e  e u t e e t i c s  hut ' t w u  ul: them ara,of  i n t c r e s t  s i n c e  

they  have reasonably h igh  hea t s  of fusion.  System I e x h i b i t s  two peaks i n  

t h e  DSC themogram, one a t  -23OC and t h e  o the r  a t  10°C. The higher  mel t ing  



2 

AH, = 18.8 %m 

A H = 4 2  
gram 

TEMPERATURE ( bC) TEMPERATURE ( 'C) 

Figure  3 -  DSC themogram s a t u r a t e d  Na2S04 F igure  4. DSC thermogram .522 CaC12-.034 
s o l u t i o n  MgC12-.444 H20 

SOLUTION + No,HPO, 

9 0  HUMOGENEOUS SOLUTION 

12 H,0(39.66 X) 7 H,0 (52.98 %) 2 H,O (79.78%) 

PERCENT Na, HPO, 

Figure  5. Phase diagram f o r  Na2HP04.H20 system 



peak i s  q u i t e  broad wi th  the  onse t  of melt ing occurr ing a t  O°C. The hea t  

of fu s ion  was measured a t  13.2 callgram. System I1 e x h i b i t s  two peaks i n  

the  thermogram, a l though two of f i v e  samples developed a t h i r d  peak a f t e r  

@ roughly four  o r  f i v e  thermal cyc les .  The higher  melt ing peak i s  broad wi th  

a melt ing onse t  temperature of -15OC.. The hea t  of fus ion  is  31.5 cal lgram. 

The most promising system i s  I11 which exhib i ted  a phase t r a n s i t i o n  begin- 

ning a t  about 24OC. The hea t  of fus ion  was determined by DSC ( s e e  Figure 

4) t o  be  42 callgram. This m a t e r i a l  i s  considered t o  be one of t h e  most 

promising candida tes  f o r  use a s  a PCM. The melt ing temperture is  i d e a l  f o r  

passive app l i ca t ions .  

Disodium phosphate dodecahydrate,  Na2HP04. 12H20, was b r i e f l y  con- 

s idered  a s  a p o t e n t i a l  phase change ma te r i a l .  Its b igges t  drawback is  i t s  

h igh  melt ing temperature of 35.4O~. The phase diagram is  shown i n  Figure 

5. The dodecahydrate i s  about  60% water ,  40% Na2HP04. Na2HP04 forms a 

number of hydra tes  inc luding  a d ihydra te  and a heptahydrate .  Upon hea t ing  

t h e  dodecahydrate t o  i t s  mel t ing  po in t ,  a two phase reg ion  of s o l u t i o n  p lus  

heptahydrate  i s  encountered ( incongruent  mel t ) .  A t  about 45OC, a s i n g l e  

s o l u t i o n  phase remains. It would thus  be poss ib le  t o  u t i l i z e  t h i s  m a t e r i a l  

wi th  a system such a s  t he  foamed g l a s s  aggregate  o r  the Sunteck system 

which a r e  d i f f i c u l t  t o  f i l l  wi th  incongruent ly mel t ing  m a t e r i a l s  such a s  

Na2S04. 10H20 o r  Na2C03.10H20 by hea t ing  Na2HP04.12H20 above 45OC before  

impregnation. The hea t  of fu s ion ,  a s  one would expect from the  number of 

water mo1ecule.s bound i n  the hydrate  s t r u c t u r e ,  i s  high,  about '60 

callgram. The m a t e r i a l  has a tendency to  supercool  a s  do a l l  t h e  inorganic  

s a l t  hydrates  and no nuc lea t ing  agent is  known. 



The i n v e s t i g a t i o n  of polyethylene g l y c o l s  a s  p o t e n t i a l  PCM's was con- 

t inued.  These m a t e r i a l s  a r e  low molecular weight polymers of e thy lene  

g l y c o l  and have a  broad melt ing range. They do not r equ i r e  nuc lea t ing  

agen t s  s i n c e  they do not  supercool  to  any apprec i ab le  ex t en t .  Their broad 

mel t ing  range al lows them t o  func t ion  cont inuously,  s t o r i n g  and r e l eas ing  

h e a t  over t h e  mel t ing  i n t e r n a l .  The h e a t s  of fu s ion  a r e  somewhat low, 30 

ca l lgram being a  r e p r e s e n t a t i v e  value. Their major drawback i s  a  low 

thermal. conduc t iv i ty  (% 0.19 wattslmeter-OC) which could make charging and 

d ischarg ing  a  problem. The DSC thermogram of a  50150 mixture of PEC 600 

and PEG 1000 i s  shown i n  F igure  6. The hea t  of fus ion  was determined t o  be 

31.5 callgram. 

It i s  c l e a r  from the  above d i scuss ion  and from our previous progress  

r e p o r t s 3  t h a t  t h e r e  i s  no s i n g l e  phase change ma te r i a l  which i s  c l e a r l y  

s u p e r i o r  t o  t he  o the r s .  The inorganic  s a l t  hydra tes  a r e  gene ra l ly  cheaper 

than  the organic PCM's. The l e a s t  expensive of the inorganics  a r e  

Na2S04.10H20, Na2C03.10H20, and CaC12.6H20. These range i n  p r i c e  from 2 t o  

f c e n t s  per pound. It would ~ h u s  appear t h a t  i f  an inorganic sysLe111 is 

chosen, i t  shnlild be one of these  three .  The decahydrates  both mel t  

incongruent ly which might pose a  problem f o r  some app l i ca t ions .  Sodium 

carbonate  i s  h ighly  b a s i c  (pH ~ 1 2 )  and might be chemical ly incompatible i n  

some systems while  sodium s u l f a t e  i s  n e u t r a l  i n  so lu t ion .  Calcium ch lo r ide  

has  t h e  advantage of mel t ing  congruently but  i s  hygroscopic.  On balance,  

we f e e l  t h a t  CaC12.6H20 i s  probably the  bes t  system o v e r a l l  and t h a t  

Na2S04.10H20 i s  a very  c l o s e  second. The system CaC12-MgC12-H20 (System 

- 111 above) should be examined more c a r e f u l l y  i f  a  melt ing temperature 

around 24OC i s  necessary. It i s  a l s o  recommended t h a t  f u r t h e r  work on the  

Na2CO3" 10H20 m a t e r i a l  be conducted. 
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The organic  PCM's have the major disadvantage of cos t ing  seve ra l  times 

more than  t h e  cheapes t  inorganic  systems. I n  genera l  they  a l s o  have lower 

h e a t s  of fu s ion  so t h a t  f o r  a  given hea t  s to rage  capac i ty ,  they a r e  f i v e  to 

t e n  times more expensive., The f a t t y  a c i d s  (decanoic,  oc tanoic ,  pa lmi t i c  

and t h e i r  e u t e c t i c s )  have the d i s t i n c t  advantage of not  supercooling. But 

t h i s  i s  somewhat o f f s e t  by t h e i r  poorer thermal ' c o n d u c t i v i t i e s  ( a  f a c t o r  of 

2-4 t imes  lower than the  s a l t  hydrates) .  On balance we f e e l  t h a t  these  

m a t e ~ i a l s  a r e  too expensive co see any a p p l l c a l i u ~ l  i i ~  t l ~ e  area of resi- 

d e n t i a l  thermal s torage .  

Task 2. Encapulat ion Techniques 

An a l t e r n a t i v e  t o  the  microencapsulat ion methods which had been 

p rev ious ly  attempted i n  t h i s  program i s  the  confinement of phase change 

m a t e r i a l s  i n  polymer concre te  s h e l l s  of var ious  geometries.  Ttle impetus 

f o r  t h i s  change of emphasis i s  t h e  r e a l i z a t i o n  t h a t  macroencapsulation 

would be more l i k e l y  t o  a t t a i n  near term success.  The s h e l l s  can f ind  

a p p l i c a t i o n  i n  both load bearing and non-load bearing wal l s .  The l a t t e r  

a p p l i c a t i o n  i s  i d e a l  f o r  r e t r o f i t t i n g  e x i s t i n g  s t r u c t u r e s  with thermal 

s t o r a g e  capac i ty .  I n  load bearing a p p l i c a t i o n s ,  the polymer concre te  would 

be fashioned a s  b r i cks  o r  blocks of s u f f i c i e n t  wal l  th ickness  with o r  

without  i n t e r n a l  webbing f o r  a d d i t i o n a l  s t r eng th .  A l t e rna t ive ly ,  f u r  

non-load bearing a p p l i c a t i o n s ,  the PC s h e l l s  would have a much lower 

s t r e n g t h  requirement.  The s h e l l s  could be b u i l t  i n t o  a decora t ive  €:.re- 

wa l l ,  a  s to rage  wal l  i n  the basement, o r  fashioned a s  wall  and c e i l i n g  

t i l e s .  

Standard concre te   block^ can be f ab r i ca t ed  with any des i red  nvmhct, 

shape, and d i s t r i b u t i o n  of ho les  i n t o  which pre-cast m a t e r i a l s  can be 

i n s e r t e d .  It i s  c l e a r l y  poss ib l e  t o  i nc rease  the heat  capac i ty  of these  
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blocks  by u s i n g  pre-cas t  polymer c o n c r e t e  s h e l l s  f i l l e d  w i t h  PCM as 

i n s e r t s .  

C y l i n d r i c a l  s h e l l s  have been c a s t  us ing  polymer c o n c r e t e .  The PC used 

a 111 r a t i o  o f  #30 and # l o 0  sand. The polymer comprised 12% of t h e  compos- 

i t e  weight .  The monomer c o n s i s t e d  of 85% methyl m e t h a c r y l a t e ,  15% TMPTMA, 

and 5% polymethyl m e t h a c r y l a t e  i n i t i a t e d  w i t h  2% benzoyl peroxide and pro- 

moted w i t h  1% dimethyl  a n i l i n e .  Glass molds coa ted  w i t h  a mold r e l e a s e  

a g e n t  ( F r e k o t e )  and equipped w i t h  a 1" diamete r  t e f l o n  rod were used t o  

c a s t  t h e  c y l i n d e r s .  The w a l l  t h i c k n e s s  was about  118". The c y l i n d e r s  were 

s e a l e d  w i t h  PC caps  which were he ld  i n  p l a c e  w i t h  epoxy o r  o t h e r  r e s i n s .  

About f i f t e e n  samples were made and f i l l e d  w i t h  v a r i o u s  PCM's f o r  subse- 

quent  the rmal  c y c l i n g .  

S i n c e  chemical  c o m p a t i b i l i t y  between t h e  s u p p o r t i n g  m a t r i x  and the  PCM 

i s  g e n e r a l l y  t h e  most d i f f i c u l t  problem, t h e  advantage of p r i o r  encapsula-  

t i o n  of phase change m a t e r i a l s  e i t h e r  a s  l i q u i d s  o r  s o l i d s  i s  obvious .  

Microcapsules  of phenyl e t h e r ,  a p o t e n t i a l  PCM which m e l t s  a t  27OC, were 

p repared  us ing  a nylon c o a t i n g .  Phenyl e t h e r  was chosen s o l e l y  on the  

b a s i s  of chemical  c o m p a t i b i l i t y  w i t h  t h e  e n c a p s u l a t i n g  m a t e r i a l  t o  demon- 

s t r a t e  f e a s i b i l i t y  of t h e  method. The procedure  was b a s i c a l l y  t h a t  of 

p a t e n t  example // 1 accord ing  t o  t h e  Pennwalt p a t e n t  (US 3,577,515) e x c e p t  

t h a t  d i e t h y l e n e  t r i a m i n e  was s u b s t i t u t e d  f o r  1 , 3 , 5  benzene t r i amine  tri- 

hydroch lor ide .  The procedure  c o n s i s t e d  of suspending an o r g a n i c  phase 

composed of PCM ( i n  t h i s  c a s e  piienyl ether),  sebacoy l  c h l o r i d e ,  and tri- 

mesoyl t r i c h l o r i d e  ( c r o s s l i n k i n g  a g e n t )  i n  d i s t i l l e d  wa te r  c o n t a i n i n g  1 /2% 

of a n  o i l  i n  water  e m u l s i f i e r  such a s  G e l v a t o l .  To t h i s  suspens ion  was 

added an aqueous s o l u t i o n  of e t h y l e n e  diamine,  d i e t h y l e n e  t r i a m i n e  ( c r o s s -  

l i n k i n g  agen t )  and hase (NaOH and Na2C03). The a d d i t i o n  of t h i s  l a t t e r  
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s o l u t i o n  was made wi th  a g i t a t i o n  so t h a t  a s  the  i n t e r f a c i a l  polycondensa- 

t i o n  of t h e  di-acid c h l o r i d e  and diamine proceeded, t h e  organic  phase (PCM) 

w a s  encapsulated wi th in  the  nylon w a l l .  The r e s u l t i n g  capsules  were well  

formed and ranged i n  s i z e  from about 0.1 t o  2 mm. However, the  s h e l l s  were 

too  s o f t  f o r  blending i n t o  concre te  o r  o ther  masonry ma te r i a l s .  A s t ronger  

polymer o r  an a d d i t i o n a l  coa t ing  would be requi red .  

A sample of decanoic ac id  was sen t  to 3M Corporation f o r  micro- 

encapsula t ion .  Their  procedure requi red  t h a t  t h e  i n t e r n a l  phase be wa L ~ L  

immisible. The capsules  which they prepared had a payload of 762 (percent  

1 
PCM) and were i n  t h e  range of 10-38 microns which was one order  of magni- 

t ude  below the  s i z e  reques ted  due t o  t echn ica l  problems. The encapsula t ing  

m a t e r i a l  i s  a nrea-formaldehyde r e s in .  A DSC scan of t h i s  m a t e r i a l  slowed 

t h a t ,  whi le  the mel t ing  temperature and heat capac i ty  had not beer1 

a f f e c t e d ,  t h e  PCM now disp layed  supercool ing,  a c h a r a c t e r i s t i c  not hereto- 

f o r e  observed wi th  decanoic acid'. It can be concluded t h a t  microencapsula- 

t i o n  a t  t h e s e  dimensions i s  de t r imen ta l  t o  the  f r eez ing  behavior of P m ' s .  

Fur ther  work i n  t h i s  a r e a  i s  d e f i n i t e l y  needed. 

Since microencapsulat ion i n  t h e  1-500 micron range w i l l  probably prove 

t o  be too expensive f o r  a p p l i c a t i o n  to  low temperature thermal energy 

s to rage  systems, t h e  b e s t  p rospec ts  f o r  immediate success  probably r e s i d e  

wi th  u t i l i z i n g  e x i s t i n g  technologies .  The rollowing work i s  thus prupused : 

1 )  Encapsulat ion of BCM's by a Suuthwest Research I n s t i t u t e  (SwRI) 

process .  The proc.ess c e n t e r s  on a high capac i ty  device f o r  microencapsula- 

t i on .  The device c o n s i s t s  of a nozzle of two concent r ic  tubes mounted 

a x i a l l y  i n  a tubular  duct .  The i n t e r n a l  pl~ase (I'm) i s  pumped through the 

c e n t e r  tube while t he  s h e l l  forming m a t e r i a l  flows through t h e  annular  



region.  The ou te r  duct  t r a n s p o r t s  a non-reactive immiscible c a r r i e r  f l u i d  

i n  t h e  d i r e c t i o n  of t h e  ex t rus ion .  It serves  t o  support  t h e  extruded 

m a t e r i a l  which tends  t o  break up i n t o  spheres  of i n t e r n a l  phase surrounded 

by s h e l l  ma te r i a l .  These sphe te s  a r e  swept away i n  t he  c a r r i e r  stream to a 

hardening ba th  where the  wa l l s  a r e  hardened by chemical r e a c t i o n ,  cool ing ,  

o r  so lven t  e i t r a c  t i o n  depending on t h e  wa l l  ma te r i a l .  SwRI recommended 

s h e l l  formulat ions c o n s i s t i n g  of mixtures  of paraf in  wax and hydrocarbon 

r e s i n s  and f e e l s  t h a t  PCM encapsula t ion  by t h e i r  process  is  f e a s i b l e .  

2 )  Encapsulat ion of PCM-impregnated porous aggregate  by Wurster pro- 

cess .  This process  i s  'used f o r  t h e  encapsula t ion  of s o l i d s .  It i s  a 

one-step process  which combines coa t ing ,  dry ing ,  and blending i n  one 

ves se l .  Sol id p a r t i c l e s  a r e  f l u i d i z e d  i n  an a i r  stream which produces a 

c y c l i c  flow. Each time the p a r t i c l e s  pass through the  coa t ing  zone, they 

r ece ive  a s m a l l  increment of coat ing.  The res idence  time is  of such dura- 

t i o n  t o  ensure the des i r ed  th ickness  of coat ing.  The prospec ts  f o r  the 

encapsula t ion  of the  impregnated foamed g l a s s  aggregate  from Teledyne v i a  

t h i s  $recess a r e  q u i t e  good. 

Task 3. Thermal and Phys i ca l  P r o p e r t i e s  Measurement 

Calorimetry on composite samples which a r e  gene ra l ly  f a r  too l a r g e  

f o r  DSC a n a l y s i s  was conducted wi th  a Seebeck Envelope Calorimeter (SEC) 

purchased' from Thermonetics Corporation of San Diego. The ca lor imeter  con- 

sists of a 2-114" cube enclosed i n  a jacke t  through which a cons tan t  tem- 

pe ra tu re  f l u i d  can be c i r c u l a t e d .  The ca lor imeter  walls c o n s i s t  of thermo- 

e l e c t r i c  t ransducers  t h a t  r e l a t e  thermal f l u x  to  a DC vol tage  ou tpu t  

s igna l .  (The thermal f l u x  is  propor t iona l  to  the small  temperature d i f -  

fe rence  ac ros s  t he  thermopile t ransducers . )  The genera t ion  of a p o t e n t i a l  

d i f f e r e n c e  i n  t h i s  manner i s  known as  the  Seebeck e f f e c t .  Thus, the  
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ca lo r ime te r  measures h e a t  flow through i t s  walls d i r e c t l y .  The t o t a l  hea t  

i s  obta ined  by c a l c u l a t i n g  t h e  a r ea  under t he  heat  f low versus  time curve. 

From t h i s  quan t i t y ,  t h e  s p e c i f i c  hea t  o r  hea t  of fu s ion  can be r e a d i l y  

determined. The ca lo r ime te r  cons tan t  was found t o  be  0.0272 ca l / ( sec-mv)  

which i s  equ iva l en t  t o  39.716 c a l / i n 2  a t  a c h a r t  speed of 20 cm/hr and 540 

mv ( m i l l i v o l t s )  f u l l  s c a l e  d e f l e c t i o n .  The peak a reas  were determined by 

means of an  e l e c t r o n i c  planimeter (Numonics Corp., Lansdale,  Pa.). Resu l t s  

obtained wi th  t h e  ca lo r ime te r  a r e  presented i n  Table 1. It i s  apparent  

t h a t  t he  PCM's a r e  undergoing phase t r a n s i t i o n  and exh ib i t i ng  the expected 

inc rease  i n  hea t  capac i ty .  .The ques t ion  of whether ur uul: acceptably  high 

h e a t  t r a n s f e r  r a t e s  through macroencapsulated phase change m a t e r i a l s  can be 

achieved i s  a s u b j e c t  r e q u i r i n g  f u r t h e r  i nves t iga t ion .  

Conclusions and Recommendations 

Since t h i s  r e p o r t  a l s o  r e p r e s e n t s  the  f i n a l  r epo r t  f o r  t h i s  program, 

i t  i s  appropr i a t e  a t  t h i s  po in t  t o  summarize the major conclusions and make 

recommendations f o r  f u t u r e  work. It must be remembered t h a t  the prqgram 

l i f e  was only one year with an unexpected and unforwarned demise so t h a t  

much of our  work was i n  an incompleted s tage .  

1 )  Ordinary por t land  cement concre te  and a l l  the phase change 

m a t e r i a l s  examined i n  the  program were incompatible.  The cement hydra t ion  

r e a c t i o n s  did not  proceed when the  m a t e r i a l s  were simply mixed and the 

m a t e r i a l  d id  not  s e t  up. The PCM's used were inorganic sa l t  hydra t e s  

(CaC12. 6H20, Na2S04. 10H20, Na2C03.10H20, Na2HP04. 12H20, ~ n ( ~ 0 3 ) ~ .  6H20, 

Na2S203.5H20) and organic  m a t e r i a l s  (decanoic ac id ,  PEG 600 and PEG 1000). 

Thus i f  PCM's a r e  t o  be used with ord inary  por t land  cement, p r i o r  encapsu- 

l a t i o n  of t he  PCM i s  requi red .  



Table 1 

Sample 
No. PCK 

Heat Capac i ty  of PCM's Encapsulated i n  Polymer Concrete  S h e l l s  

To t a l  W t  W t  W t  Cp ( a c t u a l )  Cp ( c a l c u l a t e d )  
Heata ( c a l l  --- Ti(OC) Tf(OC) T(OC) PCM, g s h e l l ,  g t o t a l b ,  g c a l  g-l O C - ~  c a l  g-l O C - ~  

a The ca lo r ime t e r  h e a t  c a p a c i t y  i s  roughly 13.57 ca l IoC and has  been accounted f o r .  

I n  samples 38 and 38A, t h e  s h e l l s  a l s o  inc lude  impregnated foamed g l a s s  aggrega te  so t h a t  wt PCM + w t  s h e l l  + 

w t  agg rega t e  = t o t a l  weight.  



2) D i r e c t  microencapsula t ion  of PCM i n t o  polymer concre te  wherein the  

PCM i s  d i spe r sed  throughout t h e  suppor t ing  PC mat r ix  w i l l  probably be unsuc- 

c e s s f u l  f o r  s e v e r a l  reasons .  The PCM i s  admixed a s  a s o l i d .  Upon melt ing 

t h e r e  i s  a volume i n c r e a s e  ranging from 8 t o  15% depending on PCM. Af te r  a 

number of thermal c y c l e s ,  t h e  i n t e r n a l  p ressure  generated is s u f f i c i e n t  f o r  

t h e  l i q u i d  t o  f i n d  i t s  way through the  polymer concre te  ma t r ix  t o  t h e  

s u r f a c e  r e s u l t i n g  i n  a l o s s  of hea t  c a p a c i t y  and p o t e n t i a l  damage to  the 

res idence .  I n  a d d i t i o n ,  polymer concre te  i s  more expensive than o rd ina ry  

conc re t e  and a t t empt s  t o  con f ine  the PCM by an a d d i t i o n a l  coa t ing  to  the , 

o u t s i d e  s u r f a c e  w i l l  f u r che r  increase cosrs .  A l l  samples uf yulymer 

conc re t e  made by simply s u b s t i t u t i n g  p a r t  of the  aggregate  wi th  PCM ulti- 

mate ly  leaked. Thus, a s  w i th  an o rd ina ry  concre te  suppor t  ma t r ix ,  p r i o r  

encapsu la t i on  is requi red .  

3 )  S ince  400,000 Btu 's  of s t o r ed  thermal energy is. requi red  f o r  

t y p i c a l  r e s i d e n t i a l  s t o r a g e ,  t h e  cos t  of the  phase change m a t e r i a l  per Btu 

i s  a prime cons ide ra t i on .  By f a r  t h e  l e a s t  expensive m a t e r i a l s  a r e .  

CaC12.6H20, Na2S04.10H20, and N ~ ~ C O ~ . ~ O H ~ O .  The f i r s t  is  hygroscopic and 

a c i d i c  (pH =3)  whi le  t h e  two l a t t e r  m a t e r i a l s  mel t  incongruent ly .  A l l  

t he se  m a t e r i a l s  have a tendency t o  supercool .  These a r e  the p re fe r r ed  . 

m a t e r i a l s  f o r  low. .temperature s to rage  arranged i n  order  of our prefe rence .  

It is  u n l i k e l y  t h a t  t he  organic  PCM's w i l l  be compet i t ive  s ince  they a r e  a t  

l e a s t  10 t imes more expensive. 

4 )  P r i o r  encapsu la t i on  of phase change m a t e r i a l  is a promising method 

f o r  so lv ing  the  problem of "microencapsulated" POI s torage .  It a l s o  l ends  

f l e x i b i l i t y  t o  t he  f i n a l  system s i n c e  the encapsulated PCM can be u t i l i z e d  

i n  a number of d i f f e r e n t  suppor t  ma t r i ce s  such a s  conc re t e  o r  gypsum wall-  

board. Firms such a s  3 M  o r  Pennwalt and l a b o r a t o r i e s  such a s  SwRI o r  



Wurster ( s ee  body of t h i s  r e p o r t )  should be cont rac ted  f o r  t h i s  task .  

5) Macroencapsulation of phase change m a t e r i a l  i n  polymer concre te  

s h e l l s  of var ious  geometric con f igu ra t ions  is  another  promising method. 

The PCM i s  added a s  a l i q u i d  *and the  problem of s u f f i c i e n t  room f o r  thermal  

cyc l ing  i s  thereby e l imina ted .  Since PC i s  very  s t rong  (compressive 

s t r e n g t h s  of 15,000-20,000 p s i  being t y p i c a l ) ,  the  wa l l s  can be f a i r l y  t h i n  

so t h a t  m a t e r i a l  c o s t s  can. be reduced. The ma te r i a l  has low water 

. p e r m e a b i l i t y  and would serve  a s  an e x c e l l e n t  conta iner  f o r  PCM. Samples 

made a t  t he  end of t he  program have not leaked t o  da te .  
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