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SUMMARY 

A l t e r n a t i v e  mechanizations of a c t i v e  hea t  exchange concepts  were analyzed 
f o r  u s e  wi th  heat  of fu s ion  Phase Change Mate r i a l s  (PCM's) i n  t h e  temperature 
range of 250' t o  350°C f o r  s o l a r  and convent ional  power p l a n t  a p p l i c a t i o n s .  
Over 24 hea t  exchange concepts  were reviewed, and e i g h t  were s e l e c t e d  f o r  de- 
t a i l e d  assessment.  Two candida tes  were chosen f o r  small-scale  experimentat ion:  
a coated tube  and s h e l l  hea t  exchanger and a d i r e c t  con tac t  r e f l u x  b o i l e r .  

A d i l u t e  e u t e c t i c  mixture of sodium n i t r a t e  and sodium hydroxide was se- 
l e c t e d  a s  t h e  PCM from over f i f t y  inorganic  s a l t  mix tures  i nves t iga t ed .  Based 
on a s a l t  screening process ,  e i g h t  major component s a l t s  were s e l e c t e d  f o r  
f u r t h e r  eva lua t ion .  Using an economic assessment program coupling t h e  candi- 
d a t e  s a l t  mixtures  and hea t  exchange concepts ,  NaN03, NaNO , and NaOH appeared 
t o  be t h e  bes t  major components i n  t h e  temperature range o$ 250 t o  350°C. The 
minor components, s e l e c t e d  i n  s i m i l a r  f a sh ion ,  a r e  NaOH, NaOH, and NaN03, r e -  
spec t  i ve ly .  

Prel iminary experiments wi th  v a r i o u s  tube  coa t ings  ind ica t ed  t h a t  a n i c k e l  
o r  chrome p l a t i n g  o r  Teflon o r  Ryton coa t ing  had promise of being succes s fu l .  
A n  e l e c t r o l e s s  n i c k e l  p l a t i n g  was s e l e c t e d  f o r  f u r t h e r  t e s t i n g .  A s e r i e s  of 
t e s t s  wi th  n icke l -p la ted  hea t  t r a n s f e r  tubes  showed t h a t  t h e  s o l i d i f y i n g  sodium 
n i t r a t e  adhered t o  t h e  tubes  and t h e  experiment f a i l e d  t o  meet t h e  requi red  
d i scha rge  hea t  t r a n s f e r  r a t e  of 10 kW(t). 

Tes t ing  of t h e  r e f l u x  b o i l e r  i s  under way. D i r e c t  i n j e c t i o n  of cool  
high-pressure water a s  a spray  i n t o  t h e  u l l a g e  was accomplished and steam was 
generated.  The i n j e c t e d  water was compatible wi th  t h e  s a l t  mixture under t h e  
cond i t i ons  imposed. An improved i n j e c t o r  and a modified water prehea ter  a r e  
being readied  f o r  " f u l l  up1' t e s t i n g .  

INTRODUCTION 

Thermal energy s t o r a g e  (TES) i s  important f o r  e f f i c i e n t  use  of energy r e -  
sources.  Advanced s to rage  technologies  can improve t h e  ope ra t  ion  and economics 
of e l e c t r i c  power systems by s t o r i n g  excess  off-peak energy f o r  l a t e r  use  i n  
meeting peak demands . 



I n  e l e c t r i c  u t i l i t i e s ,  baseload is  t h e  round-the-clock load t h a t  i s  m e t  
wi th  t h e  most f u e l - e f f i c i e n t  equipment. A s  t h e  d a i l y  load i n c r e a s e s ,  t h e  u t i l -  
i t y  incremental ly  b r ings  t h e  next  most e f f i c i e n t  equipment on-l ine.  For t h e  
near  term, energy s t o r a g e  can e f f e c t i v e l y  inc rease  t h e  u s e  of e x i s t i n g  baseload 
equipment. I n  t h e  longer  term, energy s t o r a g e  can inc rease  t h e  percentage of 
baseload capac i ty .  Thus, t h e r e  i s  an  economic i n c e n t i v e  f o r  u t i l i t i e s  t o  u s e  
baseload p l a n t s  t o  m e e t  t h e  peaking loads  now met by l e s s  f u e l - e f f i c i e n t  equip- 
ment. 

Energy s t o r a g e  i s  a  p r a c t i c a l  n e c e s s i t y  f o r  solar- thermal  genera t ion  of 
e l e c t r i c  power. It i s  necessary  f o r  p l a n t  s t a b i l i t y  and c o n t r o l  i s s u e s  r e l a t e d  
t o  high-frequency s o l a r  t r a n s i e n t s .  Two techniques can be used t o  main ta in  t h e  
r e l i a b i l i t y  of t h e  g r i d  w i th  a  l a r g e  s o l a r  p l a n t  on t h e  l i n e .  I n  t h e  f i r s t  
technique,  t h e  s o l a r  p l a n t  is  backed up wi th  a  convent ional  p l a n t  t h a t  i s  
pressed i n t o  s e r v i c e  a s  needed a f t e r  a v a i l a b l e  ins tan taneous  s o l a r  power has 
been suppl ied t o  t h e  g r i d .  The second technique c o n t r o l s  t h e  d e l i v e r y  of power 
t o  t h e  g r i d  so t h a t  t h e  c o l l e c t e d  energy can be s to red  when it i s  a v a i l a b l e  and 
not  needed t o  meet g r i d  demand. This  s to red  energy becomes a v a i l a b l e  f o r  e lec-  
t r i c  genera t ion  when t h e  demand i s  h igh  and d i r e c t  i n s o l a t i o n  i s  no t  a v a i l a b l e .  

For t h e s e  a p p l i c a t i o n s ,  t h e  s p e c i f i c  opera t ing  cond i t i ons  and machinery 
t y p i c a l l y  used i n  power p l a n t s  needs t o  be considered.  The o p e r a t i o n a l  regime 
of convent ional  turbomachinery i s  shown i n  Figure 1 .  I n  F igure  2 ope ra t ing  
cond i t i ons  f o r  c u r r e n t  and advanced s o l a r  power p l a n t s  and f o r  u t i l i t y  systems 
a r e  shown wi th  corresponding e n t r y  flow temperatures .  Notice t h a t  most of t h e  
steam power p l a n t s  ope ra t e  w i th in  a  band of 4 .1 MPa t o  16.5 ;Pa (600 p s i a  t o  
2400 p ~ i a ) ; ~ t h e  s a t u r a t i o n  temperatures  corresponding t o  t h e s e  p re s su res  a r e  
between 250 and 3 5 0 ~ ~ .  

Heat from s t o r a g e  i s  used t o  b o i l  water and provide high-temperature steam 
0 t o  t h e  p l a n t .  To provide steam a t  250 t o  350°c, hea t  should be s to red  a t  a  

temperature g r e a t e r  than t h e  des i r ed  steam temperature.  With an  assumed tem- 
pe ra tu re  drop of 18OC, t h e  u s e f u l  temperature range f o r  s t o r a g e  media i s  from 
268' t o  368'~. S a l t s  wi th  mel t ing  p o i n t s  up t o  4 0 0 ~ ~  were t h u s  considered i n  
PCM s e l e c t  ion.  

SELECTION OF HEAT EXCHANGE CONCEPTS 

A candida te  h e a t  exchange concept a p p l i c a b l e  t o  l a t e n t  h e a t  thermal 
s to rage  u n i t s  must be  capable of t r a n s f e r r i n g  h e a t  from a source  i n t o  t h e  
f rozen  medium caus ing  i t  t o  melt .  Likewise, t h e  concept must b e  capable  of 
t r a n s f e r r i n g  the  thermal  energy s to red  i n  t h e  medium t o  a s i n k  whi le  t h e  
medium undergoes a  s o l i d i f i c a t i o n  process .  I n  both  cases ,  t h e  concept should 
permit  r e l a t i v e l y  h igh  h e a t  t r a n s f e r  r a t e s  whi le  undergoing t h e  phase changes. 

Because of Honeywell's experience us ing  inorganic  s a l t s  w i th  a c t i v e  hea t  
exchange devices ,  a  d i l u t e  e u t e c t i c  medium w a s  used a s  a  b a s i s  i n  formula t ing  
candida te  concepts .  Experience i n  working wi th  d i l u t e  e u t e c t i c  media i n d i c a t e s  
t h a t  t h e  charging o r  mel t ing  process  is  no t  a  c r i t i c a l  i s sue ;  hea t  t r a n s f e r  
dur ing  s o l i d i f i c a t i o n  from t h e  m e l t  is t h e  major i s s u e .  



A survey of hea t  t r a n s f e r  and chemical process ing  l i t e r a t u r e  was made t o  
determine t h e  equipment used i n d u s t r i a l l y  and t h e  cheniical and phys i ca l  pro- 
c e s s e s  explo i ted  i n  e x t r a c t i n g  t h e  l a t e n t  hea t  of f u s i o n  f r o m ' a  m e l t .  A n  in-  
v e s t i g a t i o n  of c r y s t a l l i z a t i o n  p roces s  w a s  performed t o  determine i f  e x i s t i n g  
i n d u s t r i a l  methods might be d i r e c t l y  a p p l i c a b l e  t o  o r  provide  new i d e a s  f o r  
l a t e n t  hea t  s t o r a g e  des ign .  

The processing l i t e r a t u r e  i s  l i m i t e d  i n  coverage of hea t  exchanger crys-  
t a l l i z e r ~ ,  a s  t h i s  approach has  o f t e n  been d is regarded  i n  favor  of a l t e r n a t i v e s .  
The major des ign  and ope ra t ing  problem of a cool ing  c r y s t a l l i z e r  is  c r y s t a l  de- 
p o s i t s  on t h e  hea t  exchanger tubes .  Once t h i s  t a k e s  p l a c e ,  t h e  accumulation 
can inc rease  r a p i d l y ,  and no t  on ly  does t h e  hea t  t r a n s f e r  from t h e  molten s a l t  
decrease  d rama t i ca l ly ,  but  t h e  s o l i d s  a r e  no t  i n  a mobile form f o r  pumping. 
Following is  a l ist  of d i f f e r e n t  methods used i n  t h e  p a s t  and innovat ive  ideas  
put  f o r t h  by Honeywell engineers  t o  overcome t h e  s o l i d  f i l m  problem. 

Mechanical Solids-removing Techniques: 

- Agi t a t ion  
- Vibra t ion  
- Ul t r a son ic s  
- I n t e r n a l  s u r f a c e  s c r a p e r s  
- Externa l  s u r f a c e  s c r a p e r s  
- Flexing s u r f a c e s  
- Tumbling s o l i d s  
- Fluid ized  beds 

Hydraulic Techniques: 

- Flow v a r i a t i o n s  
- Fluid  puls ing  
- Jet impingement 
- Sprayed surf  a c e  exchanger 
- Freeze-remelt 

Techniques Involving Phys i ca l  P r o p e r t i e s  of t h e  S a l t :  

- Crys t a l  volume change 
- Crys t a l  weakening a d d i t i v e  
- Conduct ivity-enhancing add it i v e s  
- Magnetic s u s c e p t i b i l i t y  
- E l e c t r o s t a t i c  s epa ra t ion  
- Finish ing  and coa t ing  of heat-exchanger s u r f a c e s  
- Delayed nuc lea t ion  and supercool ing 

Other Concepts: 

- Direc t  con tac t  hea t  exchange 
- Shot tower l a t e n t  hea t  of f u s i o n  concept 
- P r i l l i n g  tower c r y s t a l l i z a t i o n  
- Liquid meta ls  s a l t  system 
- Immiscible salts 



- Encapsulat ion (pas s ive  system) 
- Dis t r ibu ted  tube  exchanger (pas s ive  system) 

From t h e  survey, Honeywell s e l e c t e d  t h e  fol lowing concepts  as cand ida t e s  f o r  
f u r t h e r  eva lua t ion .  

I n t e r n a l  Su r face  Scraper  
Ex te rna l  Sur face  Scraper 
Coated Tube and S h e l l  
Jet Impr ingement 
Ref l u x  B o i l e r j S e l f  -pressur iz ing  
Reflux Boiler /Continuous S a l t  Flow 3 Direc t  Contact 
Reflux Boiler/Continuous S a l t  Flow Heat Transfer  
w i th  ~ ~ d r a u l i c  Head Recovery 
Tumbling Abrasive 

These conc,epts embody t h e  most convent ional  and promising hea t  t r a n s f e r  proces- 
s e s .  The pas s ive  tube- in tens ive  system was chosen as a r e f e rence  system 
aga ins t  which c o s t  comparisons could be made. 

A comparative a n a l y s i s  of t h e  a c t i v e  h e a t  exchange systems l i s t e d  ind i -  
c a t e s  t h a t  t he  most economical systems a r e  those  t h a t  employ the  most compact 
hea t  t r a n s f e r  su r f aces .  The compactness of t h e  tube  and s h e l l  h e a t  exchanger 
and t h e  high h e a t  t r a n s f e r  r a t e  a s soc i a t ed  wi th  the  d i r e c t  con tac t  r e f l u x  
b o i l e r  concept a r e  t h e  two f e a t u r e s  t h a t  appear t o  be t h e  most promising f o r  
l a rge - sca l e  implementation, i . e . ,  1000 MW(t) r a t e  and 6-hour capac i ty .  

The coated tube and s h e l l  concept c a p i t a l i z e s  on commercial a v a i l a b i l i t y  
of tube and s h e l l  h e a t  exchangers and assumes succes s fu l  development of a non- 
s t i c k  f i n i s h  f o r  t h e  exchanger tubes.  S tud ie s  and d i scuss ions  wi th  c o n s u l t a n t s  
have ind ica t ed  t h a t  t h e r e  i s  a good p o s s i b i l i t y  of achiev ing  major r educ t ions  i n  
t he  adhesion s t r e n g t h  of s o l i d  s a l t s  t o  t h e  cold metal  su r f aces  of t h e  tubes.  
One technique suggested i s  po l i sh ing  t h e  h e a t  t r a n s f e r  s u r f a c e s  t o  minimize 
the  mechanical bonding of t h e  s a l t  t o  t h e  sur face .  Another technique involves  
t h e  a p p l i c a t i o n  of a t h i n  coa t ing  of an amorphous m a t e r i a l  o r  a m a t e r i a l  w i t h  
a c r y s t a l l i z i n g  s t r u c t u r e  d i f f e r e n t  from, y e t  compatible wi th ,  t he  s a l t .  This  
might reduce bonding s t r e n g t h  of t h e  microscopic s ca l e .  

The second system recommended f o r  f u r t h e r  s tudy  is t h e  d i r e c t  con tac t  re- 
f l u x  b o i l e r .  Although two h e a t  exchange processes  are used ( s a l t  t o  water /  
steam and condensing steam on tubes ) ,  t h e  i n d i v i d u a l  thermal r e s i s t a n c e s  are 
s o  low t h a t  t h e i r  sum is less than  t h e  thermal r e s i s t a n c e  of most l iquid-to-  
pipe-to-pipe-to-liquid exchange processes .  Consequently, a h igh  o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  can  be  cont inuously maintained. Furthermore, t h e  system 
can be designed t o  o p e r a t e  without  sal t  t r a n s f e r  pumps. This  is accomplished 
by g r a v i t y  f i l l i n g  t h e  r e f l w i n g  b o i l e r  and subsequent ly expe l l i ng  t h e  s l u r r y  
wi th  r e s i d u a l  s t e a m  pressure .  



Improved thermal  e f f i c i e n c y  through e l imina t ion  of t h e  hea t  exchangers can  
be achieved i n  a system where t h e  hea t  t r a n s f  er medium is t h e  working f l u i d .  
The l i f e t i m e  of t h i s  t y p e  of system i s  d i r e c t l y  r e l a t e d  t o  t h e  content  of salt  
remaining i n  t h e  working f l u i d  as it e n t e r s  t h e  t u r b i n e .  The s a l t  conten t  can  
be minimized by good s e p a r a t o r  des ign .  

COATED TUBE AND SHELL HEAT EXCHANGE CONCEPT MECHANIZATION 

The coated tube  and s h e l l  hea t  exchange system f o r  u s e  wi th  molten s a l t s  
i s  s i m i l a r  t o  any convent iona l  t ube  and s h e l l  hea t  exchange system. The 
d i f f e r e n c e s  l i e  i n  t h e  t u b e  s u r f a c e  proper ty  and t h e  h e a t  s t o r a g e  medium. 
Avai lab le  evidence i n d i c a t e s  t h a t  t h e  proper choice  of t ube  su r f aces ,  s u r f a c e  
p repa ra t ion ,  and medium s e l e c t i o n  w i l l  reduce t h e  sa l t - to- tube  bond s t r e n g t h  
t o  permit t h e  s o l i d  s a l t  t o  be removed by modest hydrodynamic fo rces .  

Analysis  showed that t h e  tube  and s h e l l  hea t  exchange system was t h e  most 
c o s t - e f f e c t i v e  c losed  hea t  t r a n s f e r  system. Only t h e  open-cycle r e f l u x  b o i l e r ,  
which can t a k e  advantage of a h igher  output  temperature,  shows p o s s i b i l i t i e s  
of being more cos t - e f f ec t ive .  From t h e  hardware development s tandpoin t ,  t h e  
tube  and s h e l l  hea t  exchanger technology is b e t t e r  developed and more widely 
used than  any o the r  i n d u s t r i a l  hea t  exchanger technology. The main ques t ions  
t o  be reso lved  i n  i t s  a p p l i c a t i o n  t o  molten s a l t  thermal  s to rage  a r e  t h e  
s u i t a b l e  combinations of s u r f a c e s  and medium, and t h e  temperature,  flow r a t e ,  
and hea t  rate range wi th in  which t h e  system can be opera ted .  

F igure  3 i s  a diagram of a t y p i c a l  counterf low h e a t  exchanger wi th  a n  
enlarged s e c t i o n  of t ube  broken out  t o  i l l u s t r a t e  t h e  d i f f e r e n t  s u r f a c e  condi- 
t i o n s  t o  be explored. F igure  5 is a schematic diagram of a 1000 MW(t) system 
wi th  6 hours  of s t o r a g e  c a p a c i t y  us ing  tube  and s h e l l  h e a t  exchangers t o  e f f e c t  
t h e  removal of t h e  hea t  of f u s i o n  from t h e  molten s a l t  medium thermal s torage .  
For t h i s  system, it i s  expected that t h e  maximum s l u r r y  d e n s i t y  t h a t  is  r e a d i l y  
t r a n s p o r t a b l e  i n  t h e  p i p e  l i n e s  w i l l  be on t h e  o rde r  of 20 percent .  To 
achieve  high l a t e n t  hea t  recovery  from s to rage ,  t h e  s l u r r y  i s  re turned  t o  
s t o r a g e  where g r a v i t y  s e p a r a t i o n  i s  used, causing t h e  s o l i d s  t o  s e t t l e  t o  t h e  
bottom of t h e  tank.  The less dense l i q u i d  rises t o  t h e  top  t o  be r e c i r c u l a t e d  
through t h e  exchanger. 

I n  a l a r g e  hea t  exchanger, a s  was considered f o r  t h e  l a rge - sca l e  system, 
t h e  f l u i d s  i n  t h e  cou r se  of a s i n g l e  pas s  through t h e  exchanger w i l l  f low p a s t  
s e v e r a l  hundred rows of t ubes  a s  d i c t a t e d  by t h e  t u b e  s h e e t s  ( b a f f l e s ) .  It 
becomes a monumental t a s k  t o  bu i ld  a small hea t  exchanger model wi th  hundreds 
of ranks  of tubes ,  but  t h e  e f f e c t  'can be approximated by r e c i r c u l a t i n g  t h e  
f low repea ted ly  over t h e  same tubes .  This  was t h e  approach decided upon f o r  
t h i s  experimental model. 



COATED TUBE AND SHELL EXPERIMENT 

This  experiment,  shown schemat ica l ly  i n  F igure  5, c o n s i s t s  of a n  i n s u l a t e d  
mild steel t ank  t h a t  i s  heated e x t e r n a l l y  w i th  c o n t r o l l a b l e  guard hea t e r s .  A 
sump-type pump i s  mounted i n  t h e  main s t o r a g e  t a n k  such that t h e  pump i s  always 
immersed i n  molten s a l t .  A d i scharge  l i n e  connects  t h e  s a l t  pump t o  t h e  flowby 
module. The module c o n s i s t s  o f sa  r ec t angu la r  chamber w i th  a  t ubu la r  cross-flow 
hea t  exchanger which extends ac ros s  t h e  test chamber. 

The s o l i d  t ubes  a r e  i n a c t i v e ;  i .e.,  t hey  do n o t  t r a n s f e r  hea t  but  are f low 
p a t t e r n s .  F i f t e e n  tubes ,  19 millimeters i n  diameter ,  a r e  arranged t o  t r ansmi t  
hea t  ( p l a i n  t ubes ) .  These tubes  a r e  blanked o f f  a t  t h e  outboard ends and f e d  
wi th  cool ing  o i l  from a manifold through concen t r i c  i n t e r n a l  tubes.  Heated o i l  
f lows out  through t h e  o u t l e t  o i l  manifold. 

The tube  bundle i s  arranged wi th  sepa ra to r  p l a t e s  and, t oge the r  wi th  t h e  
o i l  manifolding,  may be removed as a u n i t  f o r  s e rv i c ing  and changing of coated 
tube elements.  When t h e  u n i t  i s  i n s e r t e d  i n t o  t h e  t e s t  chamber, salt flow, as 
shown by t h e  arrows i n  Figure 5, pas ses  through t h e  tube  bundle t h r e e  t i m e s .  
Turning vanes main ta in  a  proper f low p a t t e r n  t o  s imula te  a  l a r g e  t u b e  bundle. 

A d i scha rge  duc t  l oca t ed  above and a t  t h e  o u t l e t  of t h e  tube  bundle and 
t h e  s a l t  s t ream channels  t h e  flow back t o  t h e  tank.  A b u t t e r f l y  va lve  regu- 
l a t e s  t h e  back p re s su re  and flow l e v e l  i n  t h e  channel.  A f o r c e  guage a t t ached  
t o  a  contoured p i n t l e  measures changes i n  momentum of t h e  s a l t  s l u r r y .  By 
measuring t h e  l i q u i d  he ight  and by knowing t h e  f o r c e ,  t h e  s a l t  s l u r r y  f low can 
be ca l cu la t ed .  An e l e c t r i c a l  contac t  probe was planned t o  determine l i q u i d  
l e v e l s  i n  t h e  flow meter.  A small  q u a n t i t y  of s a l t  w i l l  be  c o n t i n u a l l y  dra ined  
o f f  t h e  channel through a  tube.  This  s a l t  w i l l  f low i n t o  t h e  main s e t t l i n g  
tank.  

REFLUX BOILER CONCEPT MECHANIZATION 

The r e f  l u x  b o i l e r  concept of hea t  exchange i s  depicred  i n  F igure  6. The 
molten s a l t  thermal  s t o r a g e  medium i s  pumped a t  h igh  p re s su re  i n t o  t h e  pres-  
s u r e  v e s s e l ,  where water i s  i n j e c t e d  i n t o  t h e  s a l t .  The water f l a s h e s  t o  
steam, which r a i s e s  t h e  pressure .  The steam f lows t o  a  s h e l l  and t u b e  conden- 
s e r .  H e r e  t h e  steam condenses and t r a n s f e r s  i t s  l a t e n t  hea t  t o  b o i l  t h e  water 
flowing i n s i d e  b o i l e r  tubes.  This  'steam can be de l ive red  t o  a  t u rb ine .  The 
condensate i s  c o l l e c t e d  and r e f l u x e d - i n t o  t h e  b o i l e r  t o  s t a r t  t h e  c y c l e  over.  
Because t h e  condenser and r e f l u x  b o i l e r  both o p e r a t e  a t  n e a r l y  t h e  same 
p re s su re ,  t h e  condensate pump need only supply enough head t o  overcome t h e  
s a l t  h y d r o s t a t i c  head and t h e  t h r o t t l i n g  necessary  t o  achieve  balanced f lows 
through t h e  i n j e c t i o n  nozzles .  

The s a l t  s l u r r y  l eav ing  t h e  r e f l u x  b o i l e r  has  a  l a r g e r  p o t e n t i a l  energy 
due t o  t h e  h igh  pressure .  A hydraul ic  expander can be used t o  recover  t h e  VdP 
energy by d i r e c t l y  coupling t h e  expander t o  t h e  pump. For incompressible  



f l u i d s ,  a w e l l  designed pump can  be  run  i n  reverpe  t o  recover  head. Therefore,  
t h e  expander can be a w e l l  designed motoring pump. S a l t  l e v e l  c o n t r o l  i n  t h e  
r e f l u x  b o i l e r  w i l l  be  maintained by modulating t h e  s l u r r y  d i scha rge  stream. 

A commerc ia l ' s ize  thermal  s t o r a g e  system is shown schemat ica l ly  in Figure  
7.  This  system w a s  s i z e d  t o  d e l i v e r  1000 W ( t )  f o r  6 hours  us ing  e i g h t  r e f lux -  
ing  b o i l e r s  and e i g h t  condenser u n i t s .  Molten s a l t  is  pumped from t h e  t o p  of 
t h e  s t o r a g e  t ank  through t h e  r e f l u x  b o i l e r s ,  and t h e  s a l t  s l u r r y  i s  d i r e c t e d  
back i n t o  t h e  bottom of t h e  s t o r a g e  tanks.  S e t t l i n g ,  w i t h  increased  sepa ra t ion  
of t h e  l i q u i d  and s o l i d  phases,  w i l l  occur  i n  t h e  s t o r a g e  t a n k s  t o  i nc rease  t h e  
percentage of l a t e n t  hea t  recoverable .  

REFLUX BOILER EXPERIMENT 

The experimental  appa ra tus  used t o  model t h e  r e f l u x  b o i l e r  system f o r  a 
10-kWh(t) c a p a c i t y  and 10-kW(t) r a t e  must r e s o l v e  t h e  t e c h n i c a l  i s s u e s . y e t  
circumvent t h e  development of expensive, spec i a l i zed  equipment. This  can be 
done by ope ra t ing  t h e  model i n  a ba tch  mode and us ing  compressed gas  t o  t r a n s f e r  
t h e  molten s a l t  i n t o  t h e  system. Th i s  e l imina te s  t h e  need f o r  a high-pressure 
s a l t  pump. I n  a d d i t i o n ,  t h e  low-head, high-temperature pump necessary  f o r  
feedwater r e f lux ing  i s  rep laced  by a low-temperature, high-pressure pump and 
water p rehea te r .  

The experimental  appa ra tus ,  shown i n  F igure  8 , c o n s i s t s  of a r e f l u x  b o i l e r  
n e a r l y  f i l l e d  wi th  molten s a l t  i n t o  which hot water i s  i n j e c t e d  under high 
pressure .  The molten s a l t  g i v e s  up hea t  t o  b o i l  t h e  water .  The steam bubbles 
t o  t h e  s u r f a c e  of t h e  s a l t  and pas ses  t o  t h e  condenser,  where it condenses on 
t h e  coo l  condenser c o i l s  hea t ing  t h e  secondary hea t  t r a n s f e r  f l u i d .  For t h e  
experiment, t h e  secondary f l u i d  w i l l  be hea t  t r a n s f e r  o i l  Mobiltherm 603 t o  
provide c l o s e  temperature c o n t r o l  and h igh  hea t  t r a n s f e r  rates without us ing  a 
high-pressure r e c i r c u l a t  ing  w a t e r  loop. 

The water-steam c y c l e  w i l l  no t  be operated i n  a r e f l u x i n g  mode, but w i l l  
be operated open-loop t o  provide  an  a c c u r a t e  means of measuring and c o n t r o l l i n g  
t h e  water i n j e c t i o n  r a t e .  This  i s  achieved by measuring t h e  r a t e  of water 
uptake a t  t h e  pump s u c t i o n  p o r t .  The condensate r e c e i v e r  provides  a means of 
c o l l e c t i n g  and s t o r i n g  a nominal 15-minute f low of water, which can l a t e r  be 
cooled and analyzed f o r  s a l t  con ten t  t o  e s t ima te  s a l t  car ryover .  Further  
a n a l y s i s  of s a l t  car ryover  can be made by disassembly of t h e  s h e l l  and tube  
condenser a t  t h e  end of a t e s t  run .  

The advantages of t h i s  mechanization from a modeling s tandpoin t  a r e :  

No high-pressure pumping of s a l t  i s  requi red .  
a No t h r o t t l i n g  of a high-pressure s a l t  o r  s a l t  p l u s  water i s  requi red .  

No va lves  i n  t h e  s a l t  l i n e s  must be opened o r  c losed  whi le  high- 
p re s su re  d i f f e r e n t i a l s  e x i s t  a c r o s s  them. 



EXPERIMENTAL RESULTS 

Coated Tube and S h e l l  Flowby 

Tes t ing  of t h e  coated tube and s h e l l  flowby concept  has  been completed. 
The module was exerc ised  over a  range of AT'S and s a l t  f low v e l o c i t i e s  f o r  a 
given maximum,oil f low r a t e .  The tube bundle was p l a t e d  w i t h  1 t o  2 m i l s  
of e l e c t r o l e s s  n i c k e l  i n  accordance wi th  MIL-C-26074B. The h e a t  exchange 
module f a i l e d  t o  m e e t  t h e  r equ i r ed  10 kW(t) h e a t  e x t  a c t i o n  r a t e .  Overa l l  h e a t  5 0 
t r a n s f e r  c o e f f i c i e n t s  ranged between 500 t o  1500 W/m - K f o r  s a l t  v e l o c i t i e s  
of 0.5 t o  1.5 m / s  and temperature d i f f e r e n c e s  of 2O t o  12c0. For a  given s a l t  
v e l o c i t y  and AT, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  decreased wi th  time, i n d i c a t i n g  
t h e  bui ldup of a  s a l t  . layer on t h e  tubes.  Inc reas ing  t h e  s a l t  v e l o c i t y  im- 
proved t h e  h e a t  e x t r a c t i o n  r a t e ,  b u t  i nc reas ing  t h e  AT f o r  a  given s a l t  f low 
d id  no t  improve t h e  h e a t  e x t r a c t i o n  r a t e .  

Reflux Boi le r  

Tes t ing  of t he  r e f l u x  b o i l e r  i s  under way. D i r e c t  i n j e c t i o n  of cool ,  high- 
p re s su re  water a s  a  spray  i n t o  t h e  u l l a g e  was accomplished, and steam was 
generated.  The i n j e c t e d  water was compatible with t h e  s a l t  mixture under t h e  
condi t ions  imposed. A n  improved water i n j e c t o r  and modified water prehea ter  
a r e  being readied  f o r  " f u l l  up" t e s t i n g .  



TEMPERATURE AND PRESSURE REGION OF CONVENTIONAL TURBOMACHINERY 
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