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10H20 (1). During the past year data on Na2S203 ' 5H20 were also 
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(3) The two most promising candidates of over 160 potential inmiscible 
fluids were tested in a bench scale direct contact energy storage device. 
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creasing the storage container height did increase the storage effi- 
ciency (1). 
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Background: 

Thermal energy s torage  i s  c l e a r l y  an  e s s e n t i a l  component of a s o l a r  energy 
system. Indeed, optimizing t h e  o v e r a l l  performance of v i r t u a l l y  any conven- 
t i o n a l  o r  nonconventional energy system, t h e  s torage  of thermal energy is  re- 
quired. Heat of fus ion  systems c l e a r l y  o f f e r  a g rea t  p o t e n t i a l  f o r  high densi ty  
s torage  of thermal energy, .but t h i s  p o t e n t i a l  has been d i f f i c u l t  t o  r e a l i z e  
i n  p rac t i ce  due t o  phase segregation,  slow r a t e s  of energy t r anspor t ,  long term 
degradation, nuclea t ion problenis and t h e  corros ive  na tu re  of t h e  systems. Direct  
contact heat  t r a n s f e r  between the  aqueous c r y s t a l l i z i n g  so lu t ion ' and  an immiscible 
heat  t r a n s f e r  f l u i d  has been proposed a s  a so lu t ion  t o  these  d i f f i c u l t i e s  (2,3, 
4,5). A f e a s i b i l i t y  study of t h i s  technique has been i n  progress a t  Clemson 
s ince  1975. 

The essence of t h e  technique is  t h a t  a f l u i d ,  (lower i n  densi ty  and immi- 
s c i b l e  wtth t h e  aqueous s a l t  so lu t ion)  i s  introduced a t  t h e  bottom of t h e  
s torage  v e s s e l  a s  a dispersed phase. A s  bubbles of t h i s  f l u i d  r i s e  through 
the  vesse l ,  they t r a n s f e r  heat  t o  o r  from the  s a l t  so lu t ion,  and a l s o  a g i t a t e  
the  vesse l  contents .  The heat  t r a n s f e r  f l u i d  is  pumped through t h e  remainder 
of t h e  primary hea t  t r a n s f e r  loop (e.g., s o l a r  c o l l e c t o r s  o r  heat  pump exchanger 
and the  a i r  heating u n i t s  of a r e s i d e n t i a l  heating system.) Figure 1 is  a 
schematic of the  immiscible f luid-heat  of fus ion s torage  system. 

Results  and Discussion: 

1. Crysta l  Growth Velocity Studies 

This fundamental a r e a  of s tudy w a s  reported on a t  t h e  t h i r d  annual thermal 
energy s torage  con t rac to r ' s  information exchange meeting (-1). The same apparatus 
pr.evioo$ly d e t a i l e d  was used t o  c o l l e c t  c r y s t a l  growth da ta  f o r  Na2S203 
5H20. This growth da ta  i s  shown i n  Figure 2. For a given undercooling only 
Na2C03 . 10 Hz0 grew s i g n i f i c a n t l y  f a s t e r .  Na2S04 . HH20, Na2HP04 12H20 and 
Na2HP04 7H20 a l l  had slower growth r a t e s .  Commercially a v a i l a b l e  CaC12 was 
so  impure t h a t  . r e l i a b l e  growth d a t a  could not be obtained f o r  CaC12 6H20. 

2. Select ion of S a l t  Solutions: 

This study was completed i n  1978 and was previously reported (1) .  

3 .  Select ion of I m i s c i b l e  Fluids:  

A l is t  of over 160 p o t e n t i a l  immiscible f l u i d s  was compiled a t  t h e  beginning 
of t h i s  study. Excessively high cos t ,  t o x i c i t y  o r  high densi ty  ru led  out many 
f l u i d s .  Bench s c a l e  tests showed t h a t  f l u i d  v i s c o s i t i e s  g rea te r  than 4-5 cp 
resul ted  i n  excessive carry-over of s a l t  so lu t ion  during cycling of t h e  s torage  
system. Properly placed and s i zed  screens wi th in  the  immiscible f l u i d  extended 
the  v i scos i ty  range t o  about 10cp. Various separa tor  designs were inves t igated  
including Beads f l o a t i n g  a t  t h e  in te r face .  Two of these  f l u i d s ,  Marc01 72 and 
Therminol 60, were se lec ted  f o r  t e s t i n g  i n  t h e  bench s c a l e  apparatus. The f l u i d s  
were evaluated f o r  s o l u t i o n  carry-over, and f o r  system energy s to rage  e f f i c iency ,  
using disodium hydrogen phosphate a s  t h e  s torage  medium. 



Solution carry-over w a s  determined by measuring t h e  aqueous l i q u i d  
volume col lec ted  i n  a separa tor  downstream of t h e  s torage  vesse l  e x i t ,  and 
by monitoring t h e  salt concentrat ion i n  t h e  heat  t r a n s f e r  f l u i d  by means 
of atomic absorptfon spectroscopy. The system was cycled through a s e r i e s  
of consecutive runs C15 with Marcol, 13 with Therminol), and per iodic  mea- 
surements made. The t o t a l  aqueous volume col lec ted  was 20 mR i n  t h e  case 
of Marcol 72, and 7 mR f o r  Therminol 60, This represents  under 2% of t h e  
system volume i n  t h e  former case, and w e l l  under 1% i n  the  l a t t e r .  The 
s a l t  concentrat ion (as  dodecahydrate) i n  t h e  f l u i d  reached a maximum of 
120 pg/mR i n  t h e  case of Marcol, and 32 pg/mR with  Therminol, both w e l l  
under 0.01% by mass. 

The aqueous so lu t ion  entrained i n  t h e  heat  t r a n s f e r  f l u i d  was q u i t e  
f i n e l y  dispersed,  and it seems q u i t e  l i k e l y  t h a t  t h e  separa tor  d id  not 
c o l l e c t  a l l  of it .  Upon shutdown a f t e r  t h e  15  cycle  Marcol run, no ob- 
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servable  s a l t  deposi t ion  w a s  found i n  t h e  system, nor w e r e  deposi ts  ob- 
served i n  the  case of the  Therminol run. While t h i s  d id  not  represent  
conclusive proof of t h e  absence of carry-over problems i n  operat ion of 
t h e  d i r e c t  contact  system with these  f l u i d s ,  it c e r t a i n l y  w a s  promising. 

The system thermal e f f i c i ency  was a l s o  monitored during t h e  consecu- 
t i v e  cycles described above t o  a s c e r t a i n  any e f f e c t  of heat  t r a n s f e r  
f l u i d  on system thermal s torage  performance. The average s torage  e f f i c i -  
ency f o r  12 cycles of Marcol 72 was 77.6% and f o r  12 cycles of Therminol 
60 was 74.3%. Thus the  choice of f l u i d  d id  not appear t o  change t h e  
s torage  ef f ic iency.  

It was observed t h a t  the  average s torage  e f f i c i e n c i e s  obtained 
compare w e l l  with t h e  value  obtained e a r l i e r  f o r  disodium hydrogen phos- 
phate and Varsol (1). S ignif icant ly ,  there  was no t rend  of e f f i c i ency  
with extent  of cycling with Marcol 72. That is ,  no degradation of per- 
formance wasevident. With Therminol, only two cycles were monitored f o r  
ef f ic iency.  One aspect  of t h e  system operat ion t h a t  d id  improve s igni -  
f i c a n t l y  with time was the  degree of under-cooling, which decreased ap- 
preciably a s  operat ion of t h e  s torage  system continued. With Therminol 
60 t h e  undercooling (subcooling below t h e  ghase t r a n s i t i o n  temperature 
before t h e  onset of c r y s t a l l i z a t i o n )  w a s  8 on t h e  f i r s t  cycle,  and less 
then 1°c on the  e ighth  and subsequent cycles.  

Based on these  r e s u l t s ,  and considerat ion of t h e  physical  p roper t i e s  
of t h e  fluids,Therminol 44 a l s o  appeared t o  be a n  espec ia l ly  a t t r a c t i v e  
candidate f o r  use i n  d i r e c t  contact  s torage  u n i t s .  Its f l a s h  point  is 
higher than t h a t  of Marcol 72, y e t  i t s  v i s c o s i t y  i s  appreciably lower, 
implying lower carry-over. No opera t ional  da ta  a r e  a v a i l a b l e  a t  present ,  
however. 

4. Studies of Heat Transfer  and System Geometry: 

This study was completed i n  1978 and was previously reported (1) .  

5.. System Demonstration: 

Using t h e  r e s u l t s  of these  four  preliminary s t u d i e s  a p i l o t  s c a l e  
system was constructed and t e s t e d  over a one month period. An o v e r a l l  
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schematic diagram of the apparatus is shown in.Figure 3. The storage vessel 
was constructed from mild steel plate coated with epoxy paint to prevent cor- 
rosion. The tank was 80 cm high by 60.6 cm in diameter, flanged on top to 
allow insertion of the immiscible flufd feed manifold. The tank was insulated 
with 8.9 cm of fiberglass to reduce heat loss to the environment. 

The imiscible fluid diffusers used in this experiment were made from one 
inch (2.54 cm) plexiglass rod. The six diffusers were connected to a feed mani- 
fold which hung from the tank lid and was inserted into the tank as a unit. 

A phase separator was placed into the system below the immiscible fluid 
exit. The basket for the phase separator was constructed from one-quarter 
inch mesh screen. The basket had a depth of five inches (12.72 cm) and a 
width of fourteen inches (35.56 cm). The packing material for the phase sep- 
arator was approximately one inch thick fiberglass. In addition, a layer of 
polyethylene beads approximately 5 cm thick was floated at the solution-fluid 
interface. 

A separator tank was placed on the exit of the storage tank to collect 
any remaining salt solution carry-over by the immiscible fluid. 

In order to have approximately constant flow rates, a positive dis- 
placement gear pump was used. To prevent over-pressurization of the system 
during crystallization, a pressure switch was installed on the tank inlet. 
This switch, set at thirty-five psig, tripped an alarm input to the data- 
logging and control computer which switched the system to heating for a timed 
period to "defrost" the diffuser exit area. 

The tank temperature was monitored with several thermocouples and a three 
junction thermopile was used to determine the temperature difference between 
the inlet and outlet immiscible fluid temperatures. Imiscible fluid flow rates 
were continuously monitored. Further details on the apparatus and experi- 
mental procedure are given by Mills ( 6 ) .  

Calorimetric Studies 

Thermal storage efficiency was measured to detect any salt degradation 
with continuous cycling. Thermal storage efficiency is defined as the amount 
of energy added to or withdrawn from the salt solution divided by that which 
could be obtained if thermodynamic equilibrium was achieved. An efficiency 
of 100% would indicate that equilibrium has been reached. 

Several calorimetric runs were made with water as the storage medium 
in order to calibrate the apparatus. In these runs the "efficiency" should 
always be 100% with deviations from this value indicative of experimental 
error. The overall average efficiency for both heating and cooling was 
97.1%. Possible sources of error include inaccuracies in measuring the flow 
rate and the AT across the thermopile and an error in the overall heat trans- 
fer coefficient for the tank. The 2.9% error in closure was judged to be 
adequate to proceed with the salt studies, 

For the Marcol-disodiun phosphate system cycled for 22 days the average 
cooling and heating efficiencies were 72.0% and 66.4%, respectively. The 
cooling efficiency was lower than the average cooling efficiencies (77.3%) 
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obtained i n  e a r l i e r  bench s c a l e  wogk by Marra (7) ,  Coste l lo  (8), and Kizer (9).  
The e a r l i e r  r e sea rchers  used a n  -2 C (3.6'~) approach (between i n l e t  and out- 
l e t  streams t o  i n d i c a t e  when t h e  cycle  was complete, while i n  t h i s  work i t  
was f e l t  t h a t   OF (2.77O~) approach was the  c l o s e s t  approach t h e  system would 
problbly achieve i n  p r a c t i c a l  operation. Since a t  t h i s  point  some.c rys ta l l i -  
za t ion  was still  occurring i n  t h e  tank, extending t h e  cyc le  should g ive  in- 
c r e a ~ e d ~ e f f i c i e n c i e s .  A cooling run performed subsequently with a AT approach 
of 2.25 C ( 4 . 0 5 ~ ~ )  gave an e f f i c iency  76.0%, only 1.3% lower than t h e  average 
cooling e f f i c i e n c i e s  obtained by t h e  other researchers.  No undercooling was 
observed. 

E f f e c t s  of Carry-Over on System Performance 

The main t h r u s t  of t h i s  research was t o  t e s t  t h e  performance of t h e  
proposed d i r e c t  con tac t - l a t en t  energy s torage  system on a p i l o t  s c a l e .  The 
s i n g l e  most important ques t ion was t h e  e f f e c t  t h a t  carry-over of t h e  s a l t  
s o l u t i o n  by t h e  immiscible f l u i d  would have on t h e  performance of t h e  system. 

Polyethylene beads f l o a t i n g  a t  the  Marcol-salt s o l u t i o n  i n t e r f a c e  served 
a s  a primary phase separa to r .  A second phase separa tor  was then placed i n  
t h e  tank i n  t h e  immiscible f l u i d  above the  f l o a t i n g  bead l ayer .  This phase 
separa tor  w a s  made from f i b e r g l a s s  f i l t e r  ma te r i a l  at tached t o  a quar te r  inch 
screen mesh basket  below t h e  Zlarcol e x i t .  

To monitor t h e  apparent s a l t  concentrat ion buildup, atomic absorpt ion 
ana lys i s  ( t h e  a n a l y t i c a l  procedure is  given by Marra (7 ) )  was used. 

Table I shows t h e  r e s u l t s  of t h e  atomic absorption a n a l y s i s  f o r  days 
13 through 22 of t h e  extended cycle  tests. Note t h a t  t h e  cooling runs had 
a much lower s a l t  concentra t ion than t h e  heating runs,  thus ind ica t ing  t h a t  
s a l t  was depos i t ing  from t h e  Marcol somewhere i n  the  system. The o v e r a l l  
l e v e l  of s a l t  concentra t ion i n  t h e  Marcol rose  on successive runs,  thus  
ind ica t ing  g r e a t e r  p o t e n t i a l s  f o r  s a l t  deposit ion.  The amount of carry-  
over co l l ec ted  i n  t h e  separa t ion  tank a l s o  increased with time a s  can be 
seen i n  Table 11. On t h e  n ineteenth  day of the  extended cycle  tests, 2.85 
gal lons  (10.8 l i t e r s )  c a r r i e d  over i n t o  the  separa tor  tanks,  over a hundred 
times t h e  normal amount. Evidently the  separa tor  beads must have been ag- 
glomerated by c r y s t a l l i z i n g  salt. The Marcol would then c o l l e c t  below t h e  
bead l ayer ,  l i f t  t h e  beads t o  t h e  top of the  tank and pass l a r g e  q u a n t i t i e s  
of t h e  s a l t  so lu t ion .  Such behavior had been observed i n  t h e  bench s c a l e  
apparatus [Marra ( 7 ) l .  Table I1 a l s o  shows t h e  number of "defrost"  cyc les  
per cooling run f o r  t h i s  set of s a l t  runs. The number of "defrost"  cycles  
decreased s i g n i f i c a n t l y  a f t e r  t h e  2.85 gal lons  of s a l t  s o l u t i o n  w a s  c a r r i e d  
over on t h e  n ineteenth  day. Subsequently, t h e  number of cyc les  s t a r t e d  t o  
increase  again  wi th  each succeeding run. 

I n  h i s  s t u d i e s  of Marcol 72 and Therminol 60 Marra found t h a t  t h e  
concentra t ion of s a l t  hydra te  increased i n  t h e  immiscible f l u i d  wi th  time. 



The same behavior was found in this study and suggests that the salt hydrate 
concentration will build up to a level resulting in salt deposition from the 
immiscible fluPd frrespective of the immiscible fluid used. 

On day twenty-four of the run the inlet pressure during a cooling cycle 
failed to drop bel~w twenty-five psig after the "defrost" cycle. Since the 
system was evidently again getting plugged with salt deposits, the system was 
again cleaned out and Varsol used to replace the Marcol as the immiscible fluid 
to investigate the effect of flufd on the fouling problem. Unfortunately, after 
one day a mechanical failure of the pump forced shut-down. Upon opening the 
storage tank, it was found that the salt had backed up partially into the 
d%ffusers, and then crystallized. 

As no suitable replacement pump was available, the study was terminated 
to allow evaluation and redesign of the system before resumption of the in- 
vestigation. 

A simple experiment verified that the salt in the Marc01 was crystal- 
lizing onto cool heat exchange surfaces. Three gallons of hot Marcol that 
had been drained from the surge tank were placed in a bucket with a cooling 
coil immersed in it. Upon examination of the coil after two days salt cry- 
stallized from the Marcol was observable on the coil. 

CONCLUSIONS 

1. The thermal storage efficiencies obtained in this pilot scale study are 
consistent with efficiencies obtained in bench scale studies. 

2. The disodium phosphate showed no signs of degradation during the run. 

3. Salt solution carry-over presents a significant problem to system operability, 
with salt deposition from the immiscible fluid occurring in the heat exchanger 
during the cooling runs. 

4. Modifications to the system design to counteract the detrimental effects 
of salt carry-over and of diffuser plugging must be devised to achieve a 
viable direct contact phase change unit. 

RECOMMENDATIONS 

It is quite clear from this and previous studies that significant salt 
solution carry-over in the immiscible fluid is inevitable, and a successful 
system design must allow for the inevitable salt deposition. In this regard, 
three key principles are evident. First, the surge tank external to the 
storage vessel must be eliminated by allowing expansion volume in the storage 
vessel itself. Second, the heat exchanger design must allow for salt deposi- 
tion during cooling cycles. By using sufficiently large tubes an external 
forced convection heat exchanger system should be feasible. This clearly 
should be closely coupled to the storage tank, and located downstream of the 
pump. Finally, the immiscible fluid feed manifold should be designed to 
allow introduction of the fluid at various levels in the tank depending on 
pressure drop. Thus, as crystallization proceeds and blocks diffusers low 
in the tank, outlets higher in the tank would Become active. On heating 
cycles the tank would then be melted from the top down. 
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One scheme for dealing with the heat exchange problem, proposed by Barlow 
(10) and by Helshoj (ll), is to locate it within the heat transfer fluid layer 
at the top of the storage vessel. Both also proposed means for varying the 
point of flufd introduction with state of crystallization. However, the in- 
ternal heat exchanger, while very attractive from the point of view of mini- 
mizing the effect of deposition, may present severe heat transfer rate limita- 
tions due to the limited heat transfer area and the natural convection mechanism. 
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F i g u r e  3. Schematic o f  P i l o t  Sca le  Energy Storage Apparatus 

TABLE I. Atomic Absorption Arulyaim 

Rraulta for the Extended Salt Run 

r r  

TANK 

SEP. TANK 
#' 

Day Concentration of Type of 
Na2HP04 . 121120 Run 

0~~1.1) 

a - 

SURGE TANK 

13 16.58 Cooling 

I L  

PUMP . 

14 46.10 Hea t ing 

I 

15 23.82 Cooling 

a - 
HEAT , 

EXCHANGER 
* 

17 21.85 Cooling 

18 106.45 Heating 

STORAGE 

19 37 .O1 Cooling 

20 137.82 Hasting 

21 18.15 Cooling 

21 134.29 Umating 

22 13.94 Cooling 

TABLE 11. Carry-Over Data for the Extended Salt Run 

Day Period of Superficial Amount Number of 
Collection Velocity (ml) Defrost Cycles 

(hr) (cmlsrc) 


